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CURRICULUM VITAE 
 
 

Flavie Strappazzon 
Née à Chambéry, (France) le 16-02-1981 

Nationalité: Française 
Deux enfants  

PhD en Biologie Cellulaire  
e-mail: flavie.strappazzon@univ-lyon1.fr 

	
 
 

EDUCATION-EXPERIENCE PROFESSIONNELLE 
 

2022-aujourd’hui: 
 

• Position permanente CRCN-CNRS au PNMG (Physiopathologie Génétique du 
Neurone et du Muscle) –Institut Neuromyogène (INMG), Lyon (France). Equipe 
dirigée par le Dr Courchet “Métabolisme énergetique et développement neuronal”.                                                 

 
2020- aujourd’hui: 

 
• Principal Investigator (PI) du projet “My First AIRC” (Fondation italienne pour lutter 

contre le cancer). IRCCS Fondazione Santa Lucia, Rome, Italie “Dissecting the 

role of mitophagy in breast cancer therapy resistance” 

 
2020-2021: 

  
• PI du projet “AGYR2020” (Association italienne pour lutter contre la maladie 

d’Alzheimer). IRCCS Fondazione Santa Lucia, Rome, Italie “Studying a natural 

variant of the autophagy  receptor NDP52 as a possible target for novel 

treatments in Alzheimer’s disease” 
 
Group leader d’un groupe composé de deux post-doctorands et un étudiant en 
master II. 

 
 

2018-2020: 
 

• PI du projet “Roche per la Ricerca 2017” (Prix en Neurosciences, Roche). 
Fondazione Santa Lucia, Rome, Italie “Preventing Neurodegeneration in 

Multiple Sclerosis disease by activating mitophagy” 
 
Group leader d’un groupe composé d’un post-doctorand et deux étudiants en 
master II. 

 
+ Collaborateur sur un projet financé par le Ministère italien de la santé “Giovani 
Ricercatori, under 40 years old”. “Identification of new molecular targets  

promoting bone-marrow  pre-metastatic niche in neuroblastoma 
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2014-2017: 
 

• PI du projet “Giovani Ricercatori”, Financé par le ministère italien de la santé d’une 
durée de 3 ans, IRCCS Santa Lucia (lab. Prof Cecconi), Rome, Italie. “Recovery of 

neuronal Parkinson’s disease neuronal functionality by modulation of 

Ambra1, a novel primer of mitophagy”  
 

2015-2016: 
 

• PI du projet “Trampoline” financé par l’AFM-Telethon français, 1 an, IRCCS Santa 
Lucia (Lab. Prof Cecconi), Rome, Italie. “Recovery of a dystrophic phenotype by 

modulation of Ambra1, a  novel primer of  mitophagy”  

 
 

2010-2014: 
• Post-doctorande 

Laboratoire dirigé par le Prof. F. Cecconi, IRCCS Santa Lucia, Rome, Italie 
(Contrats provenant de l’Université de Rome) « Study of the role of Ambra1 at 

the mitochondria.” 
 

2008-2010: 
 

• Post-doctorande (Marie Curie)  
Laboratoire dirigé par le Prof. Mauro Piacentini, Université de Tor Vergata, Rome, 
Italie « Study of the autophagic role of Transglutaminase 2 in vivo » 

 
2004-2007: 

 
• PhD en Biologie Cellulaire  

Laboratoire dirigé par le Prof. Sadoul, INSERM U108, Grenoble, France « Role of 

Alix and its partners Alg-2 and Pyk2 in neuronal death”   

Mention Honorable avec félicitations du jury   
 

2004: 
 

• Master II en Biologie Cellulaire, Université de Grenoble, France. 
Laboratoire dirigé par le Prof. Sadoul, INSERM U108, Grenoble, France « Study of 

the role of Alix in cell death induced by U.V»         
 

2002-2003: 
 

• Master I en Biologie Cellulaire et Physiologie, Université de Grenoble, France 
 

1999-2001: 
 

• Licence en  Biologie Cellulaire et Physiologie, Université de Grenoble, France 
 

1999: 
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• Baccalauréat scientifique, France. 
 

AFFILIATIONS A DES ASSOCIATIONS SCIENTIFIQUES 
 
2022:               Membre du bureau du Club Francophone de l’Autophagie  
                        (CFATG)  
2019-2022:      Membre de deux associations: Associazione Italiana di NeuroImmunologia  
                        (AINI) et “Women in Autophagy Network” (WIA). 
2011-2014 :     Membre du Club Francophone de l’Autophagie, France  
  

 
ACTIVITIES EDITORIALES ET EVALUATION SCIENTIFIQUES  

 
EDITEUR: Journal Cell Death and Diseases (Groupe Nature). 
 
PEER REVIEW: Membre reviewers du journal Aging Neuroscience et Cells + reviewer 
pour différents journaux comme Autophagy J, Cell Death and Differentiation J, Nature 
Communications J, Molecular and Cellular Oncology J, Frontiers in Neurosciences J, BBA 
J etc… 
J’ai participé à plusieurs évaluations de demandes de financement en collaboration avec 
le  Prof Cecconi : projets AIRC (Italian association for cancer research) et projets KBVU 
(Danish Cancer Society). 
 
 

EXAMINATIONS de PhD  
 

Octobre 2019 (Italie) : Examinateur du PhD d’Elena MARCHESAN (Université de 
Padoue) «Calcineurin regulates Parkin-translocation to mitochondria and mitophagy ». 
PhD dirigé par le Prof Luca Scorrano. 
 
Décembre 2020 (Italie) : Rapporteur de la thèse de Silvia Sorrentino, Université de Rome 
« Cattolica del Sacro Cuore ». 
PhD dirigé par Dr MT Viscomi. 
 
Octobre 2021 (France) : Examinateur du PhD d’Emma GUILBAUD (Université Cote 
d’Azur) « Nouvelles altérations métaboliques des cancers bronchiques non à petites 
cellules- Role de l’efflux du cholesterol et da la mitophagie ». PhD co-dirigé par le Dr 
Laurent YVAN-CHARVET et le Dr. Stoyan IVANOV. 
 
Octobre 2020-2022 (France) : Membre du comité de suivi de thèse de Caroline 
LIENARD. Thèse intitulée « Mécanismes et thérapies pour les maladies 
neuromusculaires » (Université de Montpellier, école doctorale ED168 + Université de 
Lyon, école doctorale BMIC). PhD dirigé par le Dr P Bomont. 
 

MANAGEMENT SCIENTIFIQUE  
 

A ce jour j’ai encadré 3 post-doctorands, 8 étudiants en Master II et co-encadré 1 PhD 
avec le Prof Cecconi. 
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Management scientifique passé: 

 
 
 
 

Nom Université Formation % 
d’encadrement 

Dates Publications 

Matteo 
Vietri-
Rudan  

Tor Vergata, 
Rome 

Master II Co- 
encadrement 
avec le Prof 
Cecconi 

Oct 2011-
Oct 2012 

1 

Beatrice 
Biferali 

Tor Vergata, 
Rome 

Master II Co- 
encadrement 
avec le Prof 
Cecconi 

Oct 2013-
Oct 2014 

/ 

Anthea Di 
Rita  

Tor Vergata, 
Rome 

Master II + 
PhD 

Co- 
encadrement 
avec le Prof 
Cecconi 

Oct 2014-
Oct 2018 

10 

Serena 
Verna  

Tor Vergata, 
Rome 

Master II 100%   
encadrement 

Oct 2015-
Oct 2016 

/ 

Francesca 
Orrecchio 

Tor Vergata, 
Rome 

Master II 100%   
encadrement 

Oct 2016-
Oct 2017 

/ 

Anthea Di 
Rita  

Tor Vergata, 
Rome 

Post-
doctorante 

100%  
encadrement 

Déc 2018-
Déc 2017 

10 

Teresa 
Maiorino  

Santa Lucia 
Foundation 

Bourse 
Post-Master 
II  

100%  
encadrement 

Dec 2019-
Dec 2020 

2 

Krenare 
Bruqi 

Tor Vergata, 
Rome 

Master II 100%  
encadrement 

Oct 2019-
Mar 2020 

1 

Anna 
Mattioni 

Santa Lucia 
Foundation 

Post-
doctorante 

100% 
encadrement  

Fév 2021-
Fév 2022 

1 en 
préparation 

Francesco 
Naso 

Santa Lucia 
Foundation 

Post-
doctorant 

100% 
encadrement  

Mar 2021-
Mar 2022 

1 en 
préparation 
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Management scientifique en cours: 

 

Name University Formation % of 
mentoring 

Dates Publications 

Valentina 
Fraiese 

Sapienza, 
Rome 

Master II 100% 
encadrement 

Sept 
2021- Oct 
2022 

/ 

Anna 
Mattioni 

Santa 
Lucia 
Foundation 

Post-
doctorante 

100% 
encadrement 

Fév 
2022-Fév 
2023 

1 en 
preparation 

Francesco 
Naso 

Santa 
Lucia 
Foundation 

Post-
doctorant 

100% 
encadrement 

Mar 
2022-Mar 
2023 

1 en 
preparation 

 
ACTIVITES D’ENSEIGNEMENT  

 
2004-2007 : Licence 2, Travaux pratiques de Neuro-anatomie/Physiologie et 
Neurobiologie Cellulaire. Université de Grenoble I, Joseph Fourier, sous la supervision du 
Dr Hemming et du Dr Torch (enseignement total : 8hrs/an). 
 
2013-2022 : Licence 2, Cours magistraux de Biologie du Développement  et de 
différentiation cellulaire (Responsable du cours: Prof. F Cecconi). Université de Rome, Tor 
Vergata (Italie) (6h/an). 
 
2016-2019 : Créateur et Responsable de l’unité « Mitochondrial physiopathologies” pour 
les étudiants en Master II en Biologie Cellulaire et Moléculaire (cours optionnel). Université 
de Rome, Tor Vergata (Italie) (16 hrs /an). 
 
2022 : Intervention dans le cours “Aging and Cell Death” pour des étudiants en Master II 
« Génétique de la cellule et pathologies ». Responsable C Kretz, Université Lyon 1 (2 hrs). 

 
Total enseignement: 176 hrs. 

 
 

PRESENTATIONS ORALES 
 
Juin 2022: Présentation orale au 10th CFATG (Club Francophone de l’Autophagie), 
Besançon, France 
 
Octobre 2021: Séminaire portant sur la mitophagie et les maladies neurodégénératives à 
l’université de Rome, Sapienza  (Italie), invitée par le Dr. Guargualini 
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Septembre 2020:  Webminar portant sur la mitophagie et les maladies 
neurodégénératives à l’institut NeuroMyoGene (Lyon, France), invitée par le Dr. Courchet 
 
Mai 2019: Présentation orale au meeting international XXVIII AINI (Associazione Italiana 
Neuroimmunologia), Camogli, Italie. 
 
Mars 2016: Présentation orale (Short talk) au meeting International “Gordon Research 
Conference” “From the Basics in the Signalling and Molecular Aspect of Autophagy to the 
Identification of Therapeutic Targets”, Californie, USA. 
 
Octobre 2015: Présentation orale (short talk) au meeting “European Cell Death 
Organization (ECDO)” ‘Death pathways and beyond”, Genève, Suisse. 
 
Novembre 2015: Séminaire au département de Biologie de l’université de Rome, Tor 
Vergata  (invitée par le Prof Cecconi). 
 
Avril 2014: Présentation orale au meeting International Gordon “Autophagy in stress, 
development and disease”, Italie. 
 
2006-aujourd’hui: Plus de 10 présentations de posters effectuées en tant que doctorante 
et post-doctorante à des meetings internationaux dans le domaine de la mort cellulaire et  
de l’autophagie (Canada, Japon, USA, etc.). 
 
 
 

VULGARISATION SCIENTIFIQUE  
 

2022 : Intervention au festival de l’orientation des lycéens de Bologne (Italie) pour 
favoriser l’insertion des femmes dans le domaine scientifique (Evènement intitulé : A tutto 
STEAM ! Protagoniste al femminile oltre gli stereotipi di genere)  
 
2021 : Interview pour le journal “Sesta Stagione” afin d’expliquer au grand public (incluant 
les patients Alzheimer) mon projet financé par l’AirAlzh (Rome, Italie). 
 
2021 : Présentation orale à la journée internationale « Alzheimer’s Day » organisée pour 
le grand public, incluant les patients Alzheimer ou leurs familles (Cesenatico, Juin 2021, 
Italie). 
 
2019 : Interview pour l’association “Bellunesi nel mondo”(Italie du Nord) afin d’expliquer e 
ma carrière professionnelle au grand public (https://www.bellunesinelmondo.it/133-storie-
dalla-community-di-bellunoradici-net-flavie-strappazzon/) 
 
2018 : Interview en directe à la Radio Cusano (Rome, 22 Février) afin d’expliquer au 
grand public mon projet “Roche per la Ricerca” et ma carrière de jeune chercheuse (moins 
de 40 ans) (https://www.tag24.it/201516-201516) 
 
2018 : Interview aux journalistes d’ADNKronos afin d’expliquer au grand public mes 
recherches (https://www.adnkronos.com/salute/2018/02/21/dalla-francia-all-italia-caccia-
dei-segreti-della-sclerosi-multipla_I8HcoWYOvVQBQcdbqldXeM.html) 
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2018 : Interview au journal “Scienze e Medicine” Aquila (Italy) afin d’expliquer  au grand 
public mes travaux de recherches publiés dans le journal Nature 
Communication  (https://www.improntalaquila.com/2018/09/14/sanita-scoperte-tre-nuove-
molecole-che-controllano-neurodegenerazioni-e-tumori) 
 
2018 : Interview à l’Université de Rome Tor Vergata afin d’expliquer mes recherches 
« ROCHE » 
(https://web.uniroma2.it/module/name/Content/action/showpage/content_id/52359) 
 
2018 : Interview au prestigieux journal italien de nouvelles “La Reppublica” afin d’expliquer 
mes recherches financées par la  ROCHE au grand public 
(https://www.centronutrizionecarrozzo.it/sclerosi-multipla-si-testa-un-nuovo-modo-per-
combatterla/) 

 
ANIMATIONS SCIENTIFIQUES 

 
2022: Chairwomen au 10th Scientific Days of Autophagy (CFATG10), Besançon, France. 
 
2015: Membre du comité d’organisation du meeting "EMBO conference on Autophagy" 
(Chairs: Francesco Cecconi, co-chair: Marja Jaatela), Sardègne, Italie.  
 
2011: Membre du comité d’organisation du meeting "European Cell Death Organisation” 
meeting on Apoptosis (Chairs: Francesco Cecconi, Mauro Piacentini), Rome, Italie. 
 

FINANCEMENTS 
 

n=7 (comme PI ou Collaborateur) pour un total de 1 830 000 euros depuis 2014 
+ 1 financement en cours de demande à l’association France Alzheimer 	

 
2021-2026                       Consortium “MYONEURALP2” 
 

v Fonds de l’AFM-Téléthon  (France) 
v 90 000 euros/an pendant 5 ans  
v Titre du projet: Dysregulation of skeletal muscle homeostasis in neuromuscular 

disorders 

 
 
2020- 2025                     Principal Investigator, “My First AIRC”  
 

v Fonds de l’AIRC (Foundation for Cancer Research in Italy) 
v 500 000 euros 
v Titre du projet: Dissecting the role of mitophagy in breast cancer therapy resistance.  

 
 
2020- 2021                     Principal Investigator, Airalzh-Grant-for-Young-Researchers 
 

v Fonds de l’association Airalzh (Italian Association for Alzheimer's Research)  
v 35 000 euros/ 1 an 
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v Titre du projet: Studying a natural variant of the autophagic receptor NDP52 as a 
possible target for novel treatments in Alzheimer’s disease. 
 

 
2018- 2020                     Principal Investigator, “Roche per la Ricerca 2017”  
 

v Fonds de la Roche «Roche per la Ricerca, 2017 », Section Neurosciences 
v 100 000 euros pour 2 ans 
v Titre du projet: Preventing Neurodegeneration in Multiple Sclerosis disease by 

activating mitophagy. 
 

 
2017- 2020                    Collaborateur du projet, “Giovani Ricercatori”  
 

v Fonds provenant du Ministère Italien de la Santé (Financement pour les jeunes 
chercheurs de moins de 40 ans)  

v PI: Dr Di Giannatale («Bambino Gesù hospital, Rome)  
v 450 000 euros/ 3 years 
v Titre du projet: Identification of new molecular targets promoting bone-marrow pre-

metastatic niche in neuroblastoma. 
 

2014-2017                   Principal Investigator du projet  “Giovani Ricercatori”  
 

v Fonds provenant du Ministère Italien de la Santé (Financement pour les jeunes 
chercheurs de moins de 40 ans)  

v 235 000 euros/ 3 years 
v Titre du projet: Recovery of Parkinson's disease neuronal functionality by 

modulation of Ambra1, a novel primer of mitophagy. 
 
2015                              Principal Investigator du projet Trampoline (Telethon)  
 

v Fonds de l’association AFM-Téléthon  
v 35 000 euros/ 1 an  
v Titre du projet: Recovery of dystrophic phenotype by modulation of Ambra1, a novel 

primer of mitophagy. 
 

PRIX ET RECOMPENSES  
 

2004 : Bourse ministérielle de Doctorat (durée de 3 ans). 
 
2006 : Bourse Marie Curie de voyage et d’inscription au meeting 14th Euroconference 
on Apoptosis, Italie (700 euros). 
 
2009 : Bourse Keystone (voyage et inscription) afin de participer au meeting 
international “Keystone symposia on Cell Death” (Vancouver, Canada) (750 dollars). 
 
2008 : Bourse postdoctorale Marie Curie (ITN postdoctoral fellowship). 
 
2011 : Bourse post-doctorale Santa Lucia  
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2014: Bourse de voyage CFATG (Club Francophone de l'Autophagie) afin de participer  
au meeting Gordon “Autophagy in stress, development and disease” (Lucca, Italie) (450 
euros). 
 
2014: Prix de la meilleure présentation orale au meeting Gordon “Autophagy in stress, 
development and disease” (400 euros). 
 
2017: Prix en Neurosciences “Roche per la Ricerca 2017” (100 000 euros),  
 
2021: Ma post-doctorande (A. Mattioni) a obtenu un prix/invitation provenant de 
l’association “Women in Autophagy” afin de participer au meeting Tau Consortium. 
 
2022: Ma post-doctorande (A. Mattioni) a obtenu un Travel Grant EMBO afin de participer  
au meeting EMBO Autophagy in brain health and diseases. 

 

2022: Mon post-doctorant (F. Naso) a obtenu un Travel Grant de la part du CFATG afin 
de participer au meeting 10th Scientific Days of Autophagy (CFATG10) à Besançon, 
France. 
 

 
Metrics/Publications 

 
Researcher ID /Publon: ABB-6775-2020 

ORCID ID : 0000-0003-0285-7449 
H-index (Scopus)= 20 

Articles= 38 dont n=11 en tant qu’auteur principal (first, last or co-last author) 
Citations totales=2348 

 
 

ARTICLES DE RECHERCHE 
 

Gambarotto L, Metti S, Chrisam M, Cerqua C, Sabatelli P, Armani A, Zanon C, Spizzotin 
M, Castagnaro S, Strappazzon F, Grumati P, Cescon M, Braghetta P, Trevisson E, 
Cecconi F, Bonaldo P. Ambra1 deficiency impairs mitophagy in skeletal muscle. J 
Cachexia Sarcopenia Muscle. 2022 May 20. IF: 12,91 
 
Di Rita A, Angelini DF, Maiorino T, Caputo V, Cascella R, Kumar M, Tiberti M, Lambrughi 
M, Wesch N, Löhr F, Dötsch V, Carinci M, D'Acunzo P, Chiurchiù V, Papaleo E, Rogov 
VV, Giardina E, Battistini L, Strappazzon F. Characterization of a natural variant of human 
NDP52 and its functional consequences on mitophagy. Cell Death Differ. 2021 
Aug;28(8):2499-2516. IF: 15,8 
 
Di Rita A, Angelini DF, Maiorino T, Campoli G, Cascella R, Kumar M, Tiberti M, Lambrughi 
M,Wesch N, Löhr F, Dötsch V, Carinci M, D’Acunzo P, Chiurchiù V, Papaleo E, Rogov VV, 
Giardina E, Battistini L and  Strappazzon F. Characterization of a natural variant of human 
NDP52 and its functional consequences on mitophagy. Cell Death Differ. 2021 
Aug;28(8):2499-2516. IF: 15,8 
 
Di Rita A, Maiorino T, Bruqi K, Pulcrano S, Bellenchi GC and  Strappazzon F* . miR-218 
inhibits mitochondrial clearance by targeting PRKN E3 Ubiquitin ligase. Int J Mol Sci. 2020 
Jan 5;21(1). *Last and corresponding author IF: 5,9 
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* Co-corresponding author  IF: 15,8 
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HUWE1 promotes PINK1/PARKIN-independent mitophagy by regulating AMBRA1 
activation, through IKKα. Nat Comm, 2018 Sep 14;9(1):3755. * co-last and co-
corresponding author IF: 14,9 
 
Di Rita A, D’Acunzo P , Strappazzon F* and Cecconi F* AMBRA1-mediated mitophagy 
counteracts oxidative stress and apoptosis induced by neurotoxicity in human 
neuroblastoma SHSY5Y cells. Frontiers in Cellular Neuroscience 2018 Apr 18;12:92. * co-
last and cocorresponding author IF: 4,5 
 
Antonelli M,  Strappazzon F, Arisi I, Brandi R, D'Onofrio M, Sambucci M, Manic G, Vitale 
I,Barilà D, Stagni V. ATM kinase sustains breast cancer stem-like cells by promoting 
ATG4C expression and autophagy. Oncotarget. 2017 Mar 28;8(13):21692-21709. IF: 3,3 
 
Strappazzon F*, Di Rita A, Cianfanelli V, D'Orazio M, Nazio F, Fimia GM, Cecconi F*. 
Prosurvival AMBRA1 turns into a proapoptotic BH3-like protein during mitochondrial 
apoptosis. Autophagy. 2016 Jun 2;12(6):963-75. * co-corresponding author IF: 16 
 
D'Acunzo P,  Strappazzon F, Caruana I, Meneghetti G, Di Rita A, Simula L, Weber G, Del 
Bufalo F, Dalla Valle L, Campello S, Locatelli F, Cecconi F. Inducing mitophagy reversibly 
by an optogenetic bimodular system. Nat Comm. 2019 Apr 4;10(1):1533. IF: 14,9 
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Borsellino G, Campello S, Mandolesi G, De Bardi M, Fimia GM, D'Amelio M, Ruffini F, 
Furlan R, Centonze D, Martino G, Braghetta P, Chrisam M, Bonaldo P, Matarese G, 
Locatelli F, Battistini L, Cecconi F. AMBRA1 Controls Regulatory T-Cell Differentiation and 
Homeostasis Upstream of the FOXO3-FOXP3 Axis. Dev Cell. 2018 Dec 3;47(5):592-
607.e6. IF: 10 
 
Capizzi M, Strappazzon F, Cianfanelli V, Papaleo E, Cecconi F. MIR7-3HG, a MYC-
dependent modulator of cell proliferation, inhibits autophagy by a regulatory loop involving 
AMBRA1.Autophagy. 2017 Mar 4;13(3):554-566. IF: 16 
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financed by a French government PhD scholarship. After graduation, in 2008, I moved 

to Italy as a post-doctoral ITN Marie-Curie Fellow hosted by Prof. Piacentini (University 

of Rome). I worked on the molecular mechanisms involved in the assembly of protein 

aggregates, as well as their clearance by autophagy.  Afterward, in 2010, as a second 

post-doctoral training, I joined the laboratory of Prof Cecconi, a leading expert in 

autophagy (Rome, Italy). My main researches focused on selective autophagy of 

mitochondria, i.e. mitophagy. I next evolved as a Principal Investigator (PI) in the 

laboratory of Prof Cecconi. In 2018 I became head of laboratory at Santa Lucia 

Foundation in Rome but without permanent position. Since 2022, I have a permanent 

position as a CRCN CNRS in the team “Métabolisme énergetique et développement 

neuronal” directed by J. Courchet at Physiopathologie Génétique du Neurone et du 

Muscle (PNMG) –Institut Neuromyogène (INMG), Lyon (France).  
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Graduate studies (2004-2007): “Characterization of the mechanisms of action of Alix 

and its partners Alg-2 and Pyk2 in neuronal survival and death” 
  
The pro-apoptotic protein Alix controls some aspects of cell death, particularly neuronal 

apoptosis induced by various stimuli. Alix implication in cell death signalling requires its 

interaction with its partner Alg-2 (apoptosis-linked gene-2), a regulator of calcium-induced 

apoptosis following endoplasmic reticulum (ER) stress. The work I have conducted has 

focused on defining the molecular mechanisms underlying the pro-apoptotic function of the 

Alix/Alg-2 couple upon apoptosis triggered by defects of calcium homeostasis. My work 

has established that the Alix/Alg-2 couple interacts in a calcium-dependent manner and 

promotes initiator caspase 9 activation triggering apoptotic cascade (see Strappazzon et 

al., 2010, BBRC). I also studied the implication of the Alix/Alg-2 couple in death receptor 

induced apoptosis and showed that TNF1 induced apoptosis in neurons requires the 

recruitment of caspase 8 within macromolecular platform of activation which triggers 
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downstream effector caspase activation and cell death (see Mahul-Mellier et al., 2008, 

JBC). The altered neuronal activity resulting from epileptic seizures can lead to excitotoxic 

neuronal death, thus further worsening the disease. One classical model to study neuronal 

cell death in vitro is the apoptosis of cerebellar granular neurons (CGN) induced by 

potassium depletion. In this context, I studied the role of the tyrosine kinase Pyk2 as a 

putative negative regulator of the Alix/Alg-2 couple. My results provide evidence that the 

inactivation of Pyk2 by expressing a dominant-negative mutant in CGN overcomes the 

trophic effect of depolarization, and that increasing Pyk2 activity by overexpressing wild-

type Pyk2 prevents CGN apoptosis induced by the suppression of membrane 

depolarization. We demonstrated that Pyk2 is an important downstream component of the 

Ca2+/CaM mediated survival cascade leading to AKT signalling activation in CGN (see 

Strappazzon et al., 2007, Mol Cell Neurosc.). This cascade is important for developing-

cerebellar granule cells in the external granule cell layer to cease proliferation and begin 

migration to the internal granule cell layer. Thus, these results enriched our 
understanding of the putative dynamics of cerebellar neuronal development.  
Alix is known to bind to two protein members of the so-called Endosomal Sorting Complex 

Required for Transport (ESCRT), which facilitates membrane fission events during 

multivesicular endosome formation. Because ESCRT proteins were shown to be 

implicated in autophagy, a process involved in bulk degradation of cytoplasmic 

constituents in lysosomes, which can also participate in cell death, we investigated 

whether Alix could be involved in autophagy. We did not find any effect of this protein in 

the autophagic process (see Petiot et et al., 2008 BBRC). 

These results suggested that the capacity of several mutants of Alix to modulate 
cell death does not relate to their capacity to modulate autophagy. Furthermore, 
they demonstrated that the role of Alix is different from that of classical ESCRT 
proteins. 
 In total, my PhD work led to the publication of two articles as first author in Mol 

and Cell Neuroscience and Biochem Biophys Res Commun jounals; two articles as 

second author in J Biol Chem and Biophys Res Commun jounals and one review as 

second author in Biochem Soc Trans journal (see PDF bellow).  
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a b s t r a c t

The cytoplasmic protein Alix/AIP1 (ALG-2 interacting protein X) is involved in cell death through mech-
anisms which remain unclear but require its binding partner ALG-2 (apoptosis-linked gene-2). The latter
was defined as a regulator of calcium-induced apoptosis following endoplasmic reticulum (ER) stress. We
show here that Alix is also a critical component of caspase 9 activation and apoptosis triggered by cal-
cium. Indeed, expression of Alix dominant-negative mutants or downregulation of Alix afford significant
protection against cytosolic calcium elevation following thapsigargin (Tg) treatment. The function of Alix
in this paradigm requires its interaction with ALG-2. In addition, we demonstrate that caspase 9 activa-
tion is necessary for apoptosis induced by Tg and that this activation is impaired by knocking down Alix.
Altogether, our findings identify, for the first time, Alix as a crucial mediator of Ca2+ induced caspase 9
activation.

! 2010 Elsevier Inc. All rights reserved.

1. Introduction

Calcium plays a central role in regulating a variety of cellular re-
sponses, notably in neurons. In particular, it is now well estab-
lished that alteration in intracellular calcium homeostasis is a
common feature of many apoptotic processes, which are associ-
ated with local elevations of cytosolic Ca2+ released from endoplas-
mic reticulum (ER) stores [1–5]. Although cytosolic Ca2+ elevation
induces caspase 9 activation as a necessary step for apoptosis, the
way of activation of the caspase remains dubious. In particular, it is
still unclear whether caspase 9 activation requires Apaf-1 or occurs
in a separate ER based complex [6–8]. Using Apaf-1 !/! cells, Rao
et al. defined the apoptosis-linked gene-2 (ALG-2), a calcium-bind-
ing protein belonging to the penta-EF hand protein family, as a reg-
ulator of ER stress-induced death involving Ca2+ [8]. Indeed, knock-
down of ALG-2 reduced cell death due to thapsigargin (Tg), which

elevates cytosolic calcium by blocking the ER Ca2+-ATPase. They
went on to suggest that ALG-2 is part of a high molecular weight
complex containing caspases 9 and 12 and that knocking down
ALG-2 inhibits Tg-induced caspase 9 activation.

Ca2+ binding to ALG-2 induces a conformational change which
allows it to interact with several proteins [9,10], among which
the multifunctional adaptor protein Alix/AIP1 [11,12]. Alix is a
cytosolic protein which interacts with proteins involved in deform-
ing membranes during various processes including endocytosis,
endosomal sorting, virus budding and cytokinesis [13,14]. Up-reg-
ulation of Alix expression in vivo correlates with calcium-induced
cell death, as observed in degenerating neurons of the rat hippo-
campus undergoing epileptic seizures [15]. We also found that
over-expression of the full length protein (Alix-wt) in cultured
neurons was sufficient to activate caspases and thereby apoptosis.
In contrast expression of the C-terminal half of the protein encom-
passing the ALG-2 binding site blocked neuronal death both in vivo
and in vitro [16,17]. The pro- and anti-apoptotic functions of Alix-
wt and Alix-CT, respectively, were tightly dependent on their
capacity to bind to ALG-2. Expression of Alix lacking its ALG-2
binding site could block naturally occurring death of motoneurons
during development of the chick embryo [18,19]. Given the fact
that ALG-2 needs to bind Ca2 in order to interact with Alix, these
observations suggest that ALG-2 and Alix cooperate in transducing
Ca2+-regulated signals during cell death. Here we report that
knock-down of Alix protects cells from Tg-induced cell death
which is mediated by caspase 9. Furthermore, we show that Alix
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expression is required for caspase 9 activation induced by calcium
elevation. These results suggest that Alix and ALG-2 act upstream
of caspase 9 activation following cytosolic calcium elevation.

2. Material and methods

2.1. Constructs and antibodies

Polyclonal anti-Alix was previously described [16], rabbit anti-
Flag (Sigma), monoclonal anti-HA (Cell Signaling), monoclonal
anti-actin (Chemicon), alexa-488 conjugated goat anti-rabbit and
alexa-488 conjugated goat anti-mouse (Molecular Probes), peroxi-
dase-conjugated goat anti-mouse and peroxidase goat anti-rabbit
(Jackson). Alix expression plasmids have been described previously
[20]. pcDNA3 vectors coding for dominant-negative mutants of
procaspase 8 (C360A) and 9 mutants (C287A) were a kind gift of
P. Mehlen (Lyon).

2.2. Cell cultures

Primary cultures of cerebellar granule cells (CGN) were pre-
pared from 6-day-old S/IOPS NMRI mice (Charles River Laborato-
ries), as described previously [16]. Dissociated neurons were
plated in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
containing 25 mM KCl (K25 medium) supplemented with 10% fetal
bovine serum. After 4 DIV, the medium was replaced with serum-
free K25. Twenty-four hours later, thapsigargin (Invitrogen)
(200 nM in 0.01% DMSO) or DMSO alone were added to K25 med-
ium. Baby hamster kidney cells (BHK-21) were used as described
previously [21]. Cells were treated with 1 lM Tg 24 h after plating.

2.3. Cell transfections

Transient transfection of cultured CGN was performed using the
calcium phosphate co-precipitation method as previously de-
scribed [16]. BHK-21 cells were grown at 37 "C in Glasgow MEM
(GMEM) supplemented with 5% fetal calf serum. Transient trans-
fections of BHK-21 cells were performed using JetPEI (PolyPlus
Transfection).

2.4. Establishment of an Alix-deficient BHK-21 cell line

An shRNA was cloned downstream of the human H1 promoter
in the pSuperGFP vector (Oligoengine, Seattle, WA, USA). Forward
and reverse sequences for the Alix shRNA construct were: 50-GAT
CCCCGCCGCTGGTGAAGTTCATCTTCAAGAGAGATGAACTTCACCAGC
GGCTTTTTGGAAA-30and 50-AGCTTTTCCAAAAAGCCGCTGGTGAAGT
TCATCTCTCTTGAAGATGAACTTCACCAGCGGCGGG-30, respectively.
The synthetic oligonucleotides were synthesised by Invitrogen.
The annealed oligonucleotides were ligated into the BglII–HindIII
site of the pSuperGFP vector.

BHK-21 cells were transfected with pSuper–Sh Alix or pSuper
vectors as control by using JetSi transfection (Polyplus tranfection).
Cells were selected by adding G418 (800 lg/ml) to the culture
medium. After 15 days, clones were isolated and screened by
Western blot analysis for the best reduction in Alix expression. Per-
manent cell lines (pSuper/Sh Alix and control were maintained
with G418 (800 lg/ml).

2.5. Determination of cell viability

MTTassay. The tetrazolium salt MTT [3-(4,5-dimethyl-2-thiazol-
yl)-2-5-diphenyl-2H-tetrazoliumbromide] (Sigma) was added to
cell cultures (1 mg/ml) and incubated for 30 min at 37 "C. Cells
were then lysed in DMSO. Formazan production by living cells
was assessed by measuring absorbance at 540 nm.

Hoechst staining. Cultures were fixed in 4% paraformaldehyde
in PBS for 20 min at 4 "C and stained with the bisbenzimide
(Hoechst 33342, Sigma; 4 lg/ml) in PBS for 20 min at room tem-
perature. Cells were washed three times with PBS, mounted in
Mowiol (Calbiochem) and observed under an Axiovert micro-
scope (Zeiss) connected to a CDD camera. For each condition,
random images were captured and analyzed. Cell viability was
then scored on the basis of nuclear morphology: cells containing
condensed or fragmented nuclei were counted as dying or dead
cells.

2.6. Determination of caspase 9 activation in cells

Caspase 9 Detection kit (Calbiochem) uses the fluorescent mar-
ker red LEHD-fmk which enters living cells and binds irreversibly
to activated caspase 9. After 24 h treatment with 1 lM Tg or vehi-
cle (DMSO), cells were incubated for 1 h at 37 "C with the fluores-
cent marker according to the supplier’s instructions and observed
under an Axiovert microscope (Zeiss).
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Fig. 1. Ectopic expression of the C-terminal half of Alix delays cell death of BHK-21
cells and CGN induced by an ER stress. BHK-21 cells grown for 24 h (A) or cerebellar
granule neurons (CGN) cultured for 4 days (B) were transfected with vectors
encoding either Flag-Alix-CT, Flag-Alix-CTDALG-2 or RFP. One day later, cells were
treated with Tg (1 lM (a) 200 nM (B)) or vehicle (0.01% DMSO) for 24 h.
Transfected cells were revealed using an anti-Flag antibody and cells with
condensed/fragmented nuclei were scored as pyknotic. Results are expressed as
the percentage of transfected cells displaying pyknotic nuclei. Values are given as
a percentage (±SD) of cell death and statistical analysis was performed by analysis
of variance (one-way ANOVA followed by Scheffe’s post hoc test). *P < 0.05 versus
RFP control.
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2.7. Immunofluorescence

Cells were fixed in 4% paraformaldehyde in PBS for 10 min at
37 "C. After permeabilization and blocking with 3% goat pre-im-
mune serum (Invitrogen), cells were incubated at room tempera-
ture with primary antibodies (monoclonal anti-HA: 1/100,
polyclonal anti-Flag: 1/500) then with Alexa Fluor-conjugated sec-
ondary anti-mouse antibody (1/1000) or anti-rabbit antibody (1/
1000) (Invitrogen). Cells were rinsed with PBS, and stained with
Hoechst 33342 before examination.

2.8. Western blot analysis

Cells were washed twice with PBS before harvesting with lysis
buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 0.5% DOC (sodium
deoxycholate), 1% NP40, 0.1% SDS (sodium dodecyl sulfate), 1 mM
Na3VO4, 50 mM NaF, 10 mM b-glycerophosphate and 2" protease
inhibitor cocktail (Complete™, Boehringer). Cell extracts were cen-
trifuged at 15,000g for 15 min at 4 "C and 20 lg protein was sepa-
rated by SDS–PAGE and transferred onto nylon membranes
(Immobilon-P, Millipore). After incubation with the membranes pri-
mary antibodies were revealed using peroxidase-coupled secondary
antibodies and the SuperSignal detection method (Pierce).

3. Results

3.1. Alix C-terminal half protects BHK-21 cells and cerebellar neurons
from thapsigargin-induced cytotoxicity

We first used BHK-21 cells to analyze the effect of the C-termi-
nal half of Alix (Alix-CT) on apoptosis following a Ca2+ increase due

to Tg treatment. 24 h after transfection, BHK-21 cells were treated
with 1 lM Tg and viability estimated after a further 24 h culture
period. Sixty percent of control RFP-expressing cells exhibited al-
tered nuclear morphology indicative of apoptosis whereas 15%
were dead or dying in untreated control cultures (Fig. 1A). In con-
trast, only 30% of Alix-CT-expressing cells died following the same
treatment. Remarkably, Alix-CT deleted of its ALG-2-binding do-
main (Alix-CTDALG-2) did not afford any protective effect against
Tg-induced apoptosis (Fig. 1A).

Similar experiments using cerebellar granule neurons (CGN)
gave comparable results. Indeed, while a 24 h incubation with
200 nM Tg increased death of RFP transfected CGN by 36%, the
number of Alix-CT-expressing neurons showing a condensed or
fragmented nucleus did not significantly differ from that of un-
treated cultures (Fig. 1B). Deletion of the ALG-2 binding site on
Alix-CT abrogated its capacity to rescue neurons. Our findings indi-
cate that expression of a dominant-negative form of Alix counter-
acts the deleterious effect of Tg in a way which depends on its
capacity to interact with ALG-2.

3.2. Alix depletion reduces thapsigargin-induced cell death

To reinforce our suggestion of a possible role of Alix in mediat-
ing ER stress apoptosis, we established a BHK-21 cell line in which
we down regulated Alix expression using a pSuper vector coding
for a short hairpin RNA against Alix (Sh Alix). As illustrated in
Fig. 2A, Alix content was reduced by at least 90% in cells stably
expressing Sh Alix compared to control cells expressing an empty
P-Super (Sh control). Exposure to 1 lM Tg did not significantly al-
ter Alix expression in Sh control or Sh Alix cells (Fig. 2A). Using the
MTT assay, we observed a time-dependent reduction in metabolic
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Fig. 2. Reduction of Alix expression protects BHK-21 cells from Tg cytotoxicity. (A) Western blot analysis of Alix expression in Sh control or Sh Alix BHK-21 cells with or
without Tg for 24 h. (B) Sh control or Sh Alix BHK-21 cells were treated with 1 lM Tg and the percentage of viable cells was estimated at various time intervals using the MTT
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performed by analysis of variance (one-way ANOVA followed by Scheffe’s post hoc test). *P < 0.05 versus RFP-overexpressing Sh Alix cells.
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activity of Sh control cells following Tg treatment reaching 70% at
72 h (Fig. 2B). In contrast, after an initial limited decline, MTT
metabolism remained constant over until the end of the experi-
ment in Sh Alix cells. These findings suggest that Alix-depleted
cells are less sensitive to Tg cytotoxicity. To confirm this, cell via-
bility was estimated using Hoechst nuclear staining 24 h after
addition of Tg. After Tg treatment about 55% of Sh control cells
exhibited condensed or fragmented nuclei, while only 15% of Sh
Alix cells showed these apoptotic features (Fig. 2C). Therefore,
reducing Alix expression greatly improves the survival of BHK-21
cells exposed to Tg.

To strengthen our finding, we restored Alix expression in Sh Alix
BHK-21 cells using an expression vector coding for the protein
(Fig. 2C, upper panel). Even though, Alix over-expression did not
affect the sensitivity of Sh control cells towards Tg, it almost com-
pletely restored Tg-induced death in Sh Alix cells (Fig. 2C). In con-
trast, RFP expression did not influence viability in either Sh control
or Sh Alix cells. This observation, together with the fact that Alix-
DALG-2 did not significantly restore Tg-induced cell death indi-
cates that Alix mediates apoptosis following cytosolic Ca2+

elevation and that this activity requires its capacity to bind to
ALG-2.
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Fig. 3. Reduction of Alix expression impedes caspase 9 activation following Tg treatment in BHK-21 cells. (A) Expression of DN-caspase 9 protects cells from Tg-induced
apoptosis. BHK-21 cells were transfected with vectors coding for RFP or dominant-negative forms of either caspase 8-HA or caspase 9-HA. Twenty-four hours later, cells were
treated with 1 lM Tg, 24 h. RFP transfected cells were treated or not with 100 lM pan-caspase inhibitor BAF (Boc-aspartyl (OMe)-fluorymethylketone; Bio-Rad). Cells were
then immunostained using a monoclonal anti-HA antibody and nuclei stained with Hoechst. Ten random fields from two or three different wells were counted and
condensed/fragmented nuclei were scored as pyknotic. Results are expressed as the percentage of transfected cells displaying pyknotic nuclei. Data represent means ± SD of
three independent experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA followed by Scheffe’s post hoc test). *P < 0.05 versus DN-caspase
8 overexpressing BHK-21 cells (treated with DMSO). (B,C) Caspase 9 activation following Tg treatment requires Alix expression. Sh control or Sh Alix BHK-21 cells were
treated with 1 lM Tg or with DMSO vehicle. After 24 h cells were labeled for activated caspase 9 (red LETD-fmk) and stained with Hoechst. (B) Representative fields. Arrows
indicate cells with pyknotic nuclei displaying activated caspase 9. (C) Quantification of cells displaying activated caspase 9. Results are expressed as the percentage of cells
labeled with red LETD-fmk. Data represent means ± SD of three independent experiments. *p = 0.0002 using Student’s t test. No significant difference in the percentage of cells
displaying activated caspases 9 could be observed between Sh Alix cells with or without Tg (p = 0.14).
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3.3. Caspase 9 activation is required for Tg-induced apoptosis

Since Alix over-expression is sufficient to activate caspases in
CGN [16], we hypothesized that Alix downregulation might affect
activation of apical caspases following Tg treatment. Because some
reports involved caspase 8 [22] and caspase 9 [7,23] in ER stress,
we first determined which of these two caspases initiates Tg-in-
duced death in BHK-21 cells. For this, we tested the effects on cell
survival of catalytically dead mutants (DN-caspases) of caspases 8
and 9 which inhibit activation of their relevant endogenous coun-
terparts. Twenty-four hours after transfection, BHK-21 cells were
treated with 1 lM Tg and further grown for 24 h (Fig. 3A). This
treatment robustly increased the number of apoptotic cells among
control cultures expressing RFP. Tg-induced apoptosis was signifi-
cantly reduced by DN-caspase 9 expression as did the pan-caspase
inhibitor BAF. In contrast expression of DN-caspase 8 did not afford
protection but even significantly sensitized cells to Tg. Thus, acti-
vation of caspase 9 seems to be necessary for BHK-21 apoptosis in-
duced by Tg.

3.4. Alix is involved in caspase 9 activation required for thapsigargin-
induced apoptosis

We then tested the relationship between Alix and caspase 9
activation following Tg. Using a caspase 9 detection kit, activated
caspase 9 could not be detected in either Sh control or Sh Alix cells
(Fig. 3B). However, following a 24 h exposure to Tg, caspase 9 acti-
vation could be detected in 30% of Sh control cells. Most of these
cells displayed condensed or fragmented nuclei typical of apopto-
sis. In sharp contrast, the number of cells containing activated cas-
pase 9 did not increase significantly after Tg treatment in cells in
which Alix was knocked down (Fig. 3C). This demonstrates that
Alix is required for caspase 9 activation following Tg treatment.

4. Discussion

Alix controls some aspects of cell death, particularly neuronal
apoptosis induced by various stimuli [15–17,24]. Here, we provide
the first evidence for a role of Alix in mediating caspase 9 activa-
tion and apoptosis involving alteration in Ca2+ homeostasis.
Expression of a dominant-negative form of Alix (Alix-CT) protects
CGN and BHK-21 cells against apoptosis induced by Tg, which
blocks the sarcoendoplasmic reticulum Ca2+-ATPase (SERCA). Dele-
tion of the ALG-2 binding site on Alix-CT abolished the capacity of
the mutant to block cell death. Consistent with this, Alix knock-
down in BHK-21 cells protected these cells against Tg whereas
complementation with wt Alix (wild-type Alix) restored their sus-
ceptibility to Tg in a way depending on its capacity to bind ALG-2.
Finally, we also show that Alix is necessary for caspase 9 activation,
a process necessary for induction of apoptosis induced by Tg.

Our finding that, in BHK cells, caspase 9 is instrumental for apop-
tosis induced by cytosolic elevation is in good agreement with sev-
eral reports showing that cells derived from caspase 9 knock-out
animals or in which caspase 9 activation was blocked, are protected
against death induced by alteration in ER calcium homeostasis [6–
8]. More disputed is the way of activation of caspase 9, which was
demonstrated to be both dependent and independent of the intrin-
sic/Apaf-1 pathway [6,8]. Rao et al. demonstrated that ALG-2 co-
immunoprecipitates with vectorially expressed caspases 9 and 12.
They also showed that knock-down of ALG-2 inhibits activation of
procaspase 9 and suggested that activation by Tg stress features
an Apaf-1-independent pathway that requires, among others, ATP,
calcium, ALG-2, caspase 9, caspase 12 and additional factors present
in microsomes [8]. Several studies have now shown that, in various
situations and several types of cells [25], caspase 12 is not critical

for the ER stress-induced apoptotic cascade [6,22,23,26]. Our pres-
ent results demonstrate that, like ALG-2, Alix expression is neces-
sary for caspase 9 activation induced by Tg.

Another link between the ER and ALG-2 had been demonstrated
by Draeby et al. [27] who reported that ALG-2 interacts with the
ER-localized scotin protein which is a proapoptotic-p53-inducible
protein. Noteworthy is that deletion of the PRD C-terminal region
of scotin containing the ALG-2 binding site, abolished the ER local-
ization and proapoptotic function of the protein. Furthermore,
ALG-2 is temporarily and Ca2+-dependently recruited by Sec31 of
Cop-II at ER exit sites [28–30]. Alix also translocates to ER exit sites
in response to a rise in cytoplasmic Ca2+ suggesting a possible func-
tion of the protein in this compartment [30]. In line with this, we
have previously reported that Alix-CT expressed in HEK-293 cells
concentrates on tubular vesicular structures stained with an anti-
body recognizing ER resident proteins bearing KDEL [20]. Thus,
Alix and ALG-2 localization is compatible with a scenario in which
changes in ER Ca2+ homeostasis induce the Ca2+-dependent recruit-
ment by ALG-2 of Alix and additional proteins required for the
building of a platform allowing activation of caspase 9.
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Alix and ALG-2 Are Involved in Tumor Necrosis Factor
Receptor 1-induced Cell Death*
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Alix/AIP1 regulates cell death in a way involving interactions
with the calcium-binding protein ALG-2 and with proteins of
ESCRT(endosomal sortingcomplexrequired for transport).Using
mass spectrometry we identified caspase-8 among proteins co-
immunoprecipitatingwithAlix in dying neurons.Wenext dem-
onstrated that Alix and ALG-2 interact with pro-caspase-8 and
that Alix forms a complex with the TNF! receptor-1 (TNF-R1),
depending on its capacity to bind ESCRT proteins. Thus, Alix
and ALG-2 may allow the recruitment of pro-caspase-8 onto
endosomes containing TNF-R1, a step thought to be necessary
for activation of the apical caspase. In line with this, expression
of Alix deleted of its ALG-2-binding site (Alix"ALG-2) signifi-
cantly reduced TNF-R1-induced cell death, without affecting
endocytosis of the receptor. In a more physiological setting, we
found that programmed cell death of motoneurons, which can
be inhibited by Alix"ALG-2, is regulated by TNF-R1. Taken
together, these results highlightAlix andALG-2 as new actors of
the TNF-R1 pathway.

Endocytosis of cell surface receptors has long been described
as an effective way of switching off extracellularly induced sig-
nals. Endocytosed activated receptors traffic through early
endosomes and are sorted into intralumenal vesicles accumu-
lating inside endosomes known as multivesicular bodies
(MVBs).5 TheseMVBs fusewith lysosomeswhere the receptors
meet their end by acid hydrolysis (1).

In some cases however, such as for neurotrophin-bound Trk
receptors, activated receptors continue signaling inside endo-
somes (2). Also, in the case of death receptors, Schütze and co-
workers (3) showed that endocytosis of TNF-R1, which occurs
afterbinding toTNF!, is anecessary step for activationof caspases
and consequently apoptosis. They found that the apical pro-
caspase-8 is recruited and thereby activated on the surface ofmul-
tivesicular endosomes containing activated TNF-R1.
Biogenesis ofMVBs is under tight control by a set of proteins,

making the so-called ESCRT-0 to -III (endosomal sorting com-
plex required for transport), which sequentially associate on the
cytosolic surface of endosomes (4). A partner of ESCRT pro-
teins, which also regulates the making of MVBs, is the protein
Alix/AIP1, first characterized as an interactor of the calcium-
binding protein ALG-2 (apoptosis-linked gene-2) (5–7). Envel-
oped viruses, like human immunodeficiency virus, type 1, use
Alix to recruit the ESCRT machinery to deform membranes
and allow fission during viral budding (8, 9). Furthermore, two
recent reports have claimed that Alix together with ESCRT
proteins might also be involved in the abscission stage of cyto-
kinesis (10, 11).
Besides Tsg101 and CHMP-4B of ESCRT-I and –III, respec-

tively, Alix interacts with lysobisphosphatidic acid, a phospho-
lipid involved in intralumenal vesiculation of endosomes (12),
and with regulators of endocytosis (CIN85 and endophilins)
(13, 14). However, the precise role of Alix on endosomes
remains largely unclear because neither we nor other laborato-
ries have found any striking effect of Alix on endocytosis and
degradation of EGF or transferrin receptors (15, 16).
We and others have gathered evidence that Alix plays a role

in cell death. In particular, expression of a mutant lacking the
N-terminal part (Alix-CT) blocks death of HeLa cells induced
by serum starvation (7) and of cerebellar neurons deprived of
potassium (17). In this latter paradigm, Alix-CT, whose pro-
tecting activity was strictly correlated with its capacity to bind
ALG-2, accumulated inside cytoplasmic aggregates together
with ALG-2 and caspases. We also demonstrated, using elec-
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troporation in the chick embryo, that Alix mutants block pro-
grammed cell death of motoneurons during normal develop-
ment, depending on binding to ALG-2 and ESCRT-I and -III.
Our interpretation of these results is that some truncated forms
of Alix behave as dominant negative mutants, blocking the for-
mation of an ALG-2-Alix-ESCRT complex necessary for cell
death (18). Therefore the Alix-ALG-2 complex could make a
link between endosomes and a signaling or an execution step of
neuronal death (19).
We have undertaken the present study to characterize this

link and found that Alix and ALG-2 form a complex with endo-
cytosed TNF-R1 and pro-caspase-8. The physiological rele-
vance of these interactions was revealed by the demonstration
that several Alix mutants inhibit TNF-R1-induced cell death
both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Human recombinant TNF!-
FLAG was from Alexis Biochemicals (Covalab). Mouse mono-
clonal anti-hemagglutinin (HA) antibody was fromCell Signal-
ing (Ozyme); polyclonal antibodies against Myc, TNF-R1, and
FADD were from Santa Cruz Biotechnology; polyclonal anti-
bodies against LAMP1 and EEA1 were from AbCam; anti-
FLAG monoclonal (M1 and M2) and polyclonal antibodies
were from Sigma-Aldrich; GM130 and monoclonal anti-AIP1/
Alix were from BDTransduction; anti-ALG-2 was from Swant;
HSP70 mitochondria was from Affinity Bioreagents (Ozyme);
anti-caspase 8 was from Biovision (Clinisciences); horseradish
peroxidase-conjugated goat anti-mouse and anti-rabbit
Alexa594 antibody were from Jackson Laboratories; and biotin-
ylated goat anti-rabbit antibody was from Vector Laboratories.
DNA Constructs—For expression in the chick embryo,

human TNF-R1 (wt or mutants), a catalytically dead version of
human pro-caspase-8 (mutation C360A), and baculovirus p35
were inserted into the pCAGGS expression vector (a gift of
Tsuyoshi Momose, Nara Institute of Science and Technology).
Mammalian expression vectors coding for DN-caspase-8-HA-
tagged and p35 were a gift of P. Mehlen (INSERM, Lyon,
France). Those coding for wt or mutated human TNF-R1 were
kind gifts from W. Schneider-Brachert (University of Regens-
burg, Regensburg, Germany). Mutated ALG-2!EF1,3 was a gift
of M. Maki (Nagoya University, Nagoya, Japan).
In Ovo Electroporation—Fertilized Isa Brown eggs (Société

Française de Production Avicole, St. Marcellin, France) were
electroporated at Hamburger-Hamilton (HH) stage 16. Plas-
mid DNA was electroporated as described in Ref. 18.
Histological Analysis—Chick embryos were collected 48 h

after electroporation processed and cryo-sectioned as
described previously in Ref. 18.
Immunohistochemistry and Immunofluorescence—Frozen

sections were incubated with polyclonal anti-TNF-R1 or
monoclonal anti-HA antibodies, diluted to 1/100 in Tris-buff-
ered saline containing 1%GS, 0.02% saponine (TBSS) for 12–24
h at 4 °C. The sections were rinsed in TBSS and treated with a
secondary anti-rabbit Alexa594 antibody or a biotinylated goat
anti-rabbit secondary antibody, amplified using the ABC kit
(Vector Laboratories) and revealed with 3,3"-diaminobenzi-
dine and nickel intensification. The sections were rinsed in

TBS, incubated 30 min at 37 °C in Hoechst 33342, 2 "g/ml
(Sigma, France) before mounting in Mowiol (Calbiochem,
France).
Terminal Deoxynucleotidyl Transferase-mediated dUTP-Bi-

otin Nick End Labeling (TUNEL) Method—TUNEL analysis
was performed using an in situ cell death detection kit (Roche
Applied Science). Fluorescent positive cells were counted in
every third section. Twelve sections/embryo were counted.
Reverse Transcription-PCR—RNA were extracted from

whole chick embryo using TRIzol reagent (Invitrogen). cDNAs
were synthesized with Moloney murine leukemia virus reverse
transcriptase (Promega) and controlled with glyceraldehyde-3-
phosphate dehydrogenase. TNF-R1 expression was further
analyzed by amplification of a 695-nt fragment with the
following oligonucleotides: 5"-GATACTGTGTGTG-
GCTGT-3" and 5"-CGTAAATGTCGATGCTCC-3" based
on the chick TNF-R1 homologue (Gallus gallus accession
number AJ720473).
Cell Culture and Transfection—HEK-293 cells were main-

tained in Dulbecco’s modified Eagle’s medium (Invitrogen)
containing 10% fetal bovine serum (Invitrogen), 2 mM gluta-
mine, 10 "g/ml streptamycin, and 10 units/ml penicillin.
BHK-21 cells were maintained in Glasgow minimum essential
medium (Invitrogen) containing 5% fetal bovine serum, 2.6 g/li-
ter tryptose phosphate broth, 2 mM glutamine, 10 "g/ml
streptamycin, and 10 units/ml penicillin. HEK 293 or BHK-21
cells were transfected using JetPEI (Ozyme).
Alix Knockdown in BHK Cells—The Alix small hairpin RNA

was cloned downstream of the human H1 promoter in the vec-
tor pSuperGFP (Oligoengine). The sequences of the synthetic
oligonucleotides (Invitrogen) used for Alix small hairpin RNA
construct were the following: 5"-GATCCCCGCCGCTGGTG-
AAGTTCATCTTCAAGAGAGATGAACTTCACCAGCGG-
CTTTTTGGAAA-3" and 5"-AGCTTTTCCAAAAAGTTCA-
TCCAGCAGACTTACTCTCTTGAAGTAAGTCTGCTGG-
ATGAACGGG-3". Annealed oligonucleotides were ligated
into the BglII cleavage site within the pSuperGFP vector linear-
ized with the same restriction enzymes.
BHK cells were transfected with pSuper/shAlix plasmid or

pSuperGFP vector for control using the JetSi transfection rea-
gent (Polyplus Transfection). Transfected cells were selected
using 800"g/ml ofG418.After 15 days, the cloneswere isolated
and selected for the best reduction in Alix expression. Cells
(pSuper/shAlix and control) were grown in the presence of 800
"g/ml of G418.
Mass Spectrometry and Protein Identification—Cultures of

mousecerebellar granuleneuronswerepreparedasdescribedpre-
viously (17) and cultured in basalmediumEagle containing 25mM
potassium. The medium was changed for basal medium Eagle
containing 5 mM potassium, and the cells were lysed 4 h later in
RIPA buffer (150mMNaCl, 50mMTris, pH 8.0, 1%Nonidet P-40,
0.5% deoxycholate, 0.1% SDS containing a protease inhibitormix-
ture (Roche Applied Science). Immunoprecipitations were per-
formedusingpolyclonalanti-AlixantibodyandproteinG-coupled
Sepharose beads. After separation by SDS-PAGE, discrete bands
were excised from the Coomassie Blue-stained gel. In-gel diges-
tion was performed as previously described (20). Gel pieces were
then sequentially extractedwith5%(v/v) formic acid solution, 50%
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acetonitrile, 5%(v/v) formicacid, andacetonitrile.Afterdrying, the
tryptic peptides were resuspended in 0.5% aqueous trifluoroacetic
acid. For MALDI-TOF mass spectrometry analyses, a 0.5-"l ali-
quot of peptide mixture was mixed with 0.5 "l of matrix solution
(cyano-4-hydroxycinnamic acid at half-saturation in 60% acetoni-
trile, 0.1% trifluoroacetic acid (v/v)). The resulting solution was
spotted on aMALDI-TOF target plate, dried, and rinsedwith 2"l
of 0.1% trifluoroacetic acid. Peptide mixtures were then analyzed
with a MALDI-TOF mass spectrometer (Autoflex, Bruker Dal-
tonik, Germany) in reflector/delayed extractionmode over amass
range of 0–4200 Da. The spectra were annotated (XMass soft-
ware), and thepeptidemass fingerprintsobtainedwere finally sub-
mitted to data base searches against the Swissprot Trembl data
base with an intranet 1.9 version ofMASCOT software.
Immunoprecipitation and Western Blotting—Twenty-four

hours after transfection, HEK-293 or BHK-21 cells were lysed
in RIPA buffer. The cell lysates were cleared by a 14,000 # g
centrifugation for 15 min and incubated overnight at 4 °C with
anti-FLAGmonoclonalM2 antibody. Immune complexes were
precipitated with protein G-Sepharose (Amersham Bio-
sciences), and the beads were washed with RIPA buffer. Immu-
noprecipitated proteins were separated by 10% SDS-PAGE and
transferred onto a polyvinylidene difluoride membrane (Milli-
pore). The membranes were blocked with 5%milk in TBS con-
taining 0.1% Tween and incubated with the appropriate anti-
bodies. The bands were revealed using the ECL detection
reagent (Perbio).
In the case of immunoprecipitation between endogenous

Alix andTNF-R1,HeLa cells were lysed in RIPAbuffer. The cell
lysates were cleared by a 14,000 # g centrifugation for 15 min
followed by two incubations of 30 min with protein G-Sepha-
rose beads. The cell lysates containing 5 mg of total proteins
were incubated for 1 h at 4 °C with the polyclonal antibody
against TNF-R1. Immune complexes were precipitated with
protein G-Sepharose (Amersham Biosciences), and the beads
were washed with RIPA buffer. Immunoprecipitated proteins
were separated by 8% SDS-PAGE and treated as described
above. Alix was detected using the monoclonal anti-AIP1/Alix
from BD Transduction Laboratories.
Quantification of Cell Death Induced by TNF-R1—Twenty

hours after transfection, HEK-293 were washed in PBS, pH 7.4,
and fixed in 4% paraformaldehyde for 20 min at 4 °C. The cells
were stained with polyclonal anti-TNF-R1 antibody (1/100)
and anti-rabbit Alexa594 antibody (1/500). The cells were rinsed
in TBS, incubated for 30min at 37 °C in 2"g/mlHoechst 33342
(Sigma), and mounted in Mowiol. Cell viability was scored on
the basis of nuclear morphology, with condensed or frag-
mented nuclei being counted as dead.
In some cases, tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (Sigma) was added to cells at
a final concentration of 1 mg/ml and incubated for 30 min at
37 °C. Dimethyl sulfoxide was used to dissolve the formazan
product, and absorbance was measured in each well at 540 nm,
using a measure at 630 nm as reference, in a Biotek Elx-800
microplate reader (Mandel Scientific Inc.).
TNF! Internalization—BHK cells co-expressing TNF-R1

and the indicated proteins were incubated for 1 h at 4 °C with 1
ng of 125I-labeled human recombinant TNF! (specific activity,

2160 kBq/"g) (PerkinElmer Life Sciences). The cells were then
incubated at 37 °C to allow endocytosis for the indicated times.
The amount of intracellular 125I-TNF receptor complexes
formed at 37 °C was estimated after washing cells for 5 min in
cold acetic acid buffer (200 mM acetic acid, 500 mM NaCl, pH
2.5). After two washes in PBS, the cells were lysed in RIPA
buffer. Total amount of cell-associated 125I-TNF! was deter-
mined on cells, washed only with PBS, instead of the acetic acid
buffer. The amount of internalized (pH 2.5 resistant) 125I-TNF
was calculated as a percentage of 125I-TNF bound at pH 7.4.
Magnetic Isolation of Endosomes Containing TNF-R1 Bound

to TNF!—HEK 293 cells transfected with TNF-R1 and Alix-
Mycwere incubated in a total volume of 1ml of coldD-PBS (0.9
mM CaCl2, 0.493 mM MgCl2, 2.67 mM KCl, 1.47 mM KH2PO4,
138 mM NaCl, 8 mM Na2HPO4) containing 3% bovine serum
albumin, 100 ng/ml TNF!-FLAG, and 10 "g/ml anti-FLAG
monoclonalM1 for 1 h at 4 °C. They were then washed twice in
cold D-PBS and incubated for 1 h at 4 °C in 1 ml of cold D-PBS
containing 50 "l of protein G microbeads ("MACS Protein G
Microbeads,MACSMolecular,Miltenyi Biotec). The cells were
then washed twice in cold D-PBS and incubated in Dulbecco’s
modified Eagle’s medium containing 10% SVF and kept at 4 °C
or incubated for 30min at 37 °C. Removal of surface-boundM1
antibody was achieved by washing the cells three times for 5
min in cold PBS containing 1mM EDTA. A post-nuclear super-
natant was prepared in 8% sucrose supplemented in 3mM imid-
azole, pH 7.4, and 2# protease inhibitormixture. Themagnetic
immune complex was passed over a column placed in the mag-
netic field of a MACS Separator. The labeled TNF! recepto-
some was retained within the column, whereas unboundmate-
rial was washed away with 8% sucrose, 3 mM imidazole, pH 7.4.
Themagnetic fractions were collected by removing the column
from the magnetic field and analyzed by SDS-PAGE andWest-
ern blotting. Solubilization of endosomes was performed using
a solution of 8% sucrose, 3 mM imidazole, pH 7.4, containing
0.5% Triton X-100.

RESULTS

Alix Interacts with Pro-caspase-8 throughALG-2—Tounder-
stand how Alix might control cell death, we first characterized
some of the proteins interacting with it during apoptosis. For
this, we used cerebellar granule cells, which survive in absence
of serum when cultured in high extracellular potassium (25
mM) but undergo apoptosis soon after they are incubated in a
medium containing normal extracellular potassium concentra-
tions (5 mM). We previously observed that expression of
Alix-CT blocks caspase activation in neurons deprived of
potassium (17). We used a polyclonal anti-Alix antibody to
immunoprecipitate the endogenous protein from cell lysates
made fromneurons incubated for 4 h in 5mMpotassium. Using
peptide mass fingerprinting (see “Experimental Procedures”),
we found caspase-8 among the proteins co-immunoprecipi-
tated with Alix, suggesting that the protease may physically
associate with Alix. We further showed that in BHK-21 cells,
FLAG-tagged Alix (FLAG-Alix) and an HA-tagged, catalyti-
cally inactive version of pro-caspase-8 (HA-DN-pro-caspase-8)
(Fig. 1) co-immunoprecipitated. This demonstrates that the
two proteins exist in a complex and that activity of the caspase
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is not required for this interaction (Fig. 2A). Furthermore, dele-
tion of the prodomain of pro-caspase-8 containing the two
death effector domains (DEDs) abolished the capacity of the
caspase to interact with Alix (Fig. 2B). The addition of 1 mM
Ca2$ in the lysates strikingly enhanced the amount of Alix co-
immunoprecipitating with pro-caspase-8 (Fig. 2A), and we
detected endogenous ALG-2 in immunoprecipitates contain-
ing overexpressed Alix and pro-caspase-8 (Fig. 2C). This
prompted us to test a potential interaction of pro-caspase-8
with ALG-2, whose binding to Alix depends on calcium. In the
case where ALG-2 was co-expressed with DN-pro-caspase-8,
ALG-2 co-immunoprecipitated with the caspase in presence of
1 mM CaCl2 (Fig. 3A). Here again, this interaction required the
pro-domain of the caspase (Fig. 3B). FLAG-Alix deleted of the
sequence 802PPYPTYPGYPGY813 necessary for the binding of
ALG-2 (17) (Alix!ALG-2) (Fig. 1) did not immunoprecipitate
with DN-pro-caspase-8 (Fig. 3C). On the other hand, ALG-2
could be co-immunoprecipitated with DN-pro-caspase-8
equally well from lysates of wt BHK cells or from cells in which
Alix expression had been down-regulated using a pSuper vector
coding for an small hairpin RNA against Alix, indicating that
ALG-2 can interact with pro-caspase-8 independently of Alix
(Fig. 3D).
Alix Immunoprecipitates with TNF-R1 Independently of

ALG-2—The demonstration that TNF-R1 needs endocytosis to
recruit pro-caspase-8 prompted us to test whether Alix and

ALG-2 act as adaptors bringing pro-
caspase-8 into close vicinity of
endosomes containing TNF-R1.
First, we examined whether Alix
andALG-2 can forma complexwith
TNF-R1.
These experiments were per-

formed in HEK 293 cells transiently
transfected with expression vectors
coding for TNF-R1 and Alix. As
reported (21), TNF-R1 overexpres-
sion was sufficient to induce apop-
tosis, even in the absence of TNF!.
Western blot analysis of Alix or
TNF-R1 immunoprecipitates (Fig.
4A and not shown) revealed the
presence of TNF-R1 and Alix,
respectively, suggesting the exist-
ence of a complex containing both
proteins. We further proved the
existence of such a complex by
showing that endogenously ex-
pressed Alix is pulled down with
endogenous TNF-R1 immunopre-
cipitated from HeLa cells (Fig. 4B).
In HEK 293 cells, TNF-R1 mutant
deleted of the death domain (TNF-
R1!DD) (Fig. 1) did not co-immu-
noprecipitate with Alix, indicating
that the interaction depends on the
integrity of this region (Fig. 4C).
Alix!ALG-2, which does not inter-

actwith pro-caspase-8, was capable of co-immunoprecipitating
with TNF-R1 (Fig. 4C). This underscores the fact that binding
of Alix to a TNF-R1 complex is independent of ALG-2 and of
pro-caspase-8. Interestingly, Alix mutants lacking the Bro1
domain, required for interactionwithCHMP-4B, or four amino
acids necessary for binding to Tsg101, were not capable of co-
precipitatingwith TNF-R1 (Fig. 4D). Thus, co-immunoprecipi-
tation of Alix with TNF-R1 requires its ability to bind ESCRT
proteins.
ALG-2 Immunoprecipitates with TNF-R1 in a Way That

Tightly Depends on Its Capacity to Bind Calcium—We next
asked whether ALG-2 can associate to TNF-R1. Lysates from
HEK 293 cells co-transfected with FLAG-ALG-2 and wild type
TNF-R1 expression vectors were immunoprecipitated with
anti-FLAG (Fig. 5A) or with anti-TNF-R1 antibodies (not
shown). In both cases, Western blots revealed co-immunopre-
cipitation of TNF-R1 with ALG-2. Furthermore, endogenous
Alix was detected in the ALG-2 immunoprecipitates contain-
ing TNF-R1 (Fig. 5A).
We also used a mutated form of ALG-2, ALG-2!EF1,3, har-

boring point mutations in the first and third EF hands, which
abolish its capacity to bind calcium. In accordance to published
observations (22), this calcium binding-deficient ALG-2 did
not co-immunoprecipitate with Alix (Fig. 5B, panel a). ALG-
2!EF1,3 was also unable to interact with TNF-R1, stressing the
fact that ALG-2 must be able to bind Ca2$ to co-immunopre-
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FIGURE 1. Schematic representation of Alix pro-caspase-8 and TNF-R1 and their mutants used through-
out this study.
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cipitate with TNF-R1 (Fig. 5B, panel b). These results show that
even though formation of a complex containing TNF-R1/Alix
does not necessitate interaction with ALG-2, the latter bound
to calcium can associate with it, possibly by binding to Alix.
Alix Is Associated with TNF-R1 Receptosomes—Our observa-

tion that deletion of ESCRT-interacting domains from Alix
impairs its capacity to bind to TNF-R1-containing complexes
could suggest that interaction of the protein with the TNF-R1
complex occurs on endosomes. To examine this possibility, we
used magnetic beads coupled to protein G to immunoisolate
TNF! containing endosomes, a method modified from that
published by Schütze and co-workers (3); FLAG-tagged TNF!
was applied to HEK 293 cells overexpressing TNF-R1 at 4 °C in
presence of M1, an anti-FLAG antibody binding only in pres-
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FIGURE 2. Alix co-immunoprecipitates with DN-pro-caspase-8. A, Alix/
pro-caspase-8 co-IP requires calcium. BHK cells co-expressing FLAG-Alix
and HA-DN-pro-caspase-8 were lysed and immunoprecipitated with
anti-HA antibody in RIPA buffer supplemented or not with 1 mM CaCl2.
Immunoprecipitates were blotted and analyzed with polyclonal antibodies
against Alix (lower panel) and against HA (upper panel). B, co-IP of Alix with
DN-pro-caspase-8 requires the pro-domain of the zymogen. BHK cells co-
expressing FLAG-Alix together with HA-DN-pro-caspase-8 or HA-DN-
caspase-8-!DED were lysed and immunoprecipitated with anti-HA in RIPA
buffer containing 1 mM CaCl2 (CaRIPA) and analyzed as in A. C, endogenous
ALG-2 is detected in pro-caspase-8/Alix co-immunoprecipitates. BHK cells co-
expressing FLAG-Alix together with HA-DN-pro-caspase-8 were lysed and
immunoprecipitated as in B; immunoprecipitates were analyzed by Western
blot with polyclonal anti-HA, anti-ALG-2, and anti-FLAG antibodies (from top
to bottom).

FIGURE 3. ALG-2 co-immunoprecipitates with DN-pro-caspase-8.
A, ALG-2/pro-caspase-8 co-IP requires calcium. BHK cells co-expressing
FLAG-ALG-2 and HA-DN-pro-caspase-8 were lysed and immunoprecipi-
tated with anti-HA in RIPA buffer (#) or RIPA buffer containing either 3 mM
EGTA or 1 mM CaCl2. Immunoprecipitates were analyzed using polyclonal
antibodies against HA (upper panel) and FLAG (lower panel). B, co-IP of
ALG-2 with DN-pro-caspase-8 requires the pro-domain of the zymogen.
BHK cells co-expressing FLAG-ALG-2 together with HA-DN-pro-caspase-8
or HA-DN-caspase-8-!DED were lysed and immunoprecipitated with
anti-HA in CaRIPA and analyzed as in A. C, co-IP of Alix with DN-pro-
caspase-8 requires its ALG-2 binding domain. BHK cells were co-trans-
fected with either FLAG-Alix WT or FLAG-Alix!ALG-2 and HA-DN-pro-
caspase-8. IP with anti-HA antibody were performed in CaRIPA.
Immunoprecipitates were analyzed by Western blot using polyclonal anti-
bodies against HA (upper panel) and Alix (lower panel). D, ALG-2 co-immu-
noprecipitates with DN-pro-caspase-8 in cells depleted of Alix. BHK cells
expressing shAlix to down-regulate expression of the protein were trans-
fected with FLAG-ALG-2 and HA-DN-pro-caspase-8 lysed in CaRIPA and
immunoprecipitated with an anti-HA antibody. Immunoprecipitates were
analyzed by Western blot using anti-FLAG (lower panel) and HA polyclonal
antibodies (upper panel). Right inset, Western blot analysis of lysates using
a polyclonal antibody anti-Alix and a monoclonal anti-actin shows the
decrease of endogenous Alix expression in BHK shAlix cells.
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ence of calcium. The cells were incubated at 37 °C for 30min to
allow endocytosis and then treated briefly with EDTA to
remove surface-bound antibody. The resulting immunoiso-
lated membrane fractions contained TNF-R1, two markers of
endosomes, EEA1 and Lamp-1, but neither the mitochondrial
marker HSP70, nor cis-Golgi marker GM130, stressing the
endosomal origin of these fractions (Fig. 6A). None of the pro-
teins tested could be detected in magnetic particles recovered
from cells left at 4 °C and treated with EDTA (Fig. 6A, lanes 0),
thus demonstrating the efficiency of the washing procedure for
removing the M1 anti-FLAG antibody from TNF! bound to
TNF-R1 remaining on the cell surface.
Triton X-100 solubilization of the endosomal membranes,

witnessed by the loss of EEA1 and Lamp-1 labeling, left intact
TNF-R1, Alix, ALG-2, pro-caspase-8, and FADD immunoreac-
tivity (Fig. 6B). This result indicates that these proteins interact
within complexes containing endocytosed TNF-R1 bound to
TNF!.
Alix!ALG-2 Protects HEK 293 Cells from TNF-R1-induced

Cell Death without Affecting Internalization of the Receptor—
HEK 293 cells die soon after transfection with an expression

vector coding for TNF-R1 but not
with one encoding TNF-R1!DD
(Fig. 7A, panel a). Blocking clathrin-
dependent endocytosis by a domi-
nant negativemutant of dynamin 2a
significantly reduced TNF-R1-in-
duced cell death (Fig. 7A, panel a).
Alix!ALG-2, which interacts with
TNF-R1 but not with pro-
caspase-8, inhibited cell death
induced by TNF-R1, estimated by
Hoechst nuclear staining (Fig. 7A,
panel b) and 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium
bromide assay (Fig. 7B). Alix-wt or
Alix!TSG101, which cannot inter-
act with TNF-R1, did not protect
against TNF-R1-induced cell death
(Fig. 7A, panel b).
Using 125I-radiolabeled TNF!,

we found no difference in TNF!
internalization between TNF-R1
overexpressing cells co-transfected
with control plasmid, Alix, or
Alix!ALG-2, whereas internaliza-
tion was abolished by co-transfec-
tion with a dominant negative
mutant of dynamin 2a (Fig. 7C).
These results indicate that the pro-
tective effect of Alix!ALG-2 is not
due to blockade of receptor
internalization.
Alix!ALG-2 Blocks Cell Death of

Cervical Motoneurons, Which Is
Regulated by TNF-R1—We finally
tested whether the participation of
Alix and ALG-2 in the TNF-R1

death pathway demonstrated in vitromay also apply in vivo. For
this we searched whether programmed cell death of cervical
motoneurons (MTN) in the chick embryo, which is efficiently
blocked by expression of Alix!ALG-2 (18), depends on TNF-
R1. Reverse transcription-PCR analysis revealed expression of
the TNF-R1 mRNA in whole chick embryo extracts from HH
stage 16 to HH stage 27 (Fig. 8A). We next used a polyclonal
antibody, raised against the extracellular part of human TNF-
R1, whichwe verified to recognize the chick counterpart (40.5%
identity on the 222 extracellular amino acids). Indeed, the anti-
body revealed bands at the expected 55 kDa in blots prepared
from chick fibroblasts (DF1 cell line) and chick embryo extracts
(Fig. 8B). Immunostaining revealed expression of TNF-R1 in
the dermomyotome but not in the neural tube of HH stage 16
chick embryo. Labeling of the ventral-most part of the ventral
horn and ofMTNaxons growing out of the tubewas detected at
HH stages 21 and 24 (Fig. 8,C andD) and decreased atHH stage
27 (not shown). Taken together, these results show that
TNF-R1 is transiently expressed in MTN during a short period
corresponding to that of programmed cell death. In compari-
son, Alix is expressed in the same areas of the neural tube but

FIGURE 4. Alix co-immunoprecipitates with TNF-R1. A, Co-IP of overexpressed Alix and TNF-R1. RIPA lysates
of HEK 293 cells co-expressing FLAG-Alix and TNF-R1 were immunoprecipitated with anti-FLAG antibodies and
blots probed with anti-Alix (upper panel) and anti-TNF-R1 (lower panel). B, co-IP of endogenous Alix and TNF-R1.
RIPA lysates of HeLa cells were immunoprecipitated using a polyclonal anti-TNF-R1. The IP was analyzed by
Western blot using a monoclonal antibody against human Alix. C, co-IP of Alix with TNF-R1 requires the death
domain of the receptor. RIPA lysates of HEK 293 cells co-expressing FLAG-Alix and TNF-R1 deleted from its
death domain (TNF-R1!DD) were immunoprecipitated with anti-FLAG or with anti-TNF-R1, and blots were
probed with the appropriate polyclonal antibodies as in A. D, co-immunoprecipitation of Alix with TNF-R1
requires its binding site to Tsg101 and Bro1 but not to ALG-2. Cells co-expressing TNF-R1 and either FLAG-
Alix!Tsg101, FLAG-Alix!Bro1, or FLAG-Alix!ALG-2 were solubilized in RIPA buffer, and total lysates were
immunoprecipitated with anti-FLAG; Western blots were probed with the appropriate polyclonal antibodies as
in A and C.
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appearing earlier (HH stage 16) and for longer during develop-
ment (23).
We first tested the involvement of caspase-8 during death

of MTN, using electroporation of the chick neural tube. This
technique allows expression of the protein of interest in one

FIGURE 5. ALG-2 co-IP with TNF-R1 requires its capacity to bind calcium.
A, ALG-2 co-IP with TNF-R1 and Alix. HEK293 cells were co-transfected with
FLAG-ALG-2 and TNF-R1. RIPA cell lysates were immunoprecipitated with
anti-FLAG or with anti-TNF-R1, and blots were probed with the appropri-
ate antibodies. The bottom panel shows the presence of endogenous Alix
within the immunoprecipitates as revealed with an anti-Alix antibody.
B, calcium binding-deficient ALG-2 mutant does not co-IP with Alix
(panel a) or with TNF-R1 (panel b). HEK293 cells co-expressing FLAG-Alix
(panel a) or TNF-R1 (panel b) together with FLAG-ALG-2!EF1,3, a point
mutant unable to bind Ca2$, were solubilized and immunoprecipitated in
CaRIPA; Western blots were probed with the appropriate polyclonal
antibodies.

FIGURE 6. Alix and ALG-2 are present with pro-caspase-8 and FADD on TNF
receptosomes. A, Western blot analysis of FLAG-TNF! containing endosomes
prepared from HEK 293, over-expressing TNF-R1 and Myc-Alix. Lane 0, cells main-
tained at 4 °C were washed with EDTA prior to endosome preparation. Lane 30,
cells incubated for 30 min at 37 °C to induce endocytosis of TNF! bound to
TNF-R1 before lysis. Magnet-isolated endosomes were run on SDS-PAGE and
immunoblotted to reveal the presence of EEA1 (early endosomes), LAMP1 (late
endosomes and lysosomes), GM130 (cis-Golgi), or HSP70 (mitochondria). B, solu-
bilization of TNF-R1 receptosomes leaves intact a complex containing Alix,
ALG-2, FADD, and pro-caspase-8. TNF-R1 receptosomes prepared as in A were
solubilized on the affinity column using 0.5% Triton X-100 and analyzed by West-
ern blotting using the appropriate antibodies. The lack of EEA1 and LAMP1 con-
firms membrane solubilization of TNF receptosomes.
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half of the embryo, the other half being left intact for com-
parison. p35, a baculovirus protein inhibiting most caspases
(24), was electroporated into the cervical neural tube of HH
stage 16 embryos, which were sacrificed 48 h later (Fig. 9A,
panel a). Comparison between transfected and non trans-
fected ventral horns of the same embryo revealed a reduction
by half of the number of TUNEL positive neurons in the p35
expressing ventral horn (Fig. 9, A, panel b, and B). Using the

same technique, we found that expression of DN-pro-
caspase-8 (Fig. 9, A, panels c and d, and B) also reduced the
number of dying neurons to a similar degree as Alix!ALG-2
(18). This indicates a role of Alix/ALG-2 and of the death
receptor-regulated apical caspase-8 in MTN programmed
cell death during development.
Overexpression of humanwild typeTNF-R1 is sufficient, like

Alix overexpression, to induce massive apoptosis throughout
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FIGURE 7. Alix"ALG-2 protects HEK293 from TNF-R1-induced cell death without impairing internalization of the receptor. A, TNF-R1 overexpression
triggers apoptosis, which is inhibited by Alix!ALG-2 but not by Alix!Tsg101 or SKD1 DN. Panels a and b, HEK 293 cells transfected with expression vectors
coding for RFP or TNF-R1 and the indicated proteins. Viability was scored on the basis of nuclear morphology; cells with condensed or fragmented nuclei were
counted as dead. The values are the means % S.D. of dying cells from three independent experiments. **, t test, p & 0.001. B, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide metabolic colorimetric test confirms the protective effect of Alix!ALG-2. Each value represents the mean % S.D. of triplicate wells
from three independent experiments. **, t test, p & 0.001. C, TNF-R1/TNF! internalization is impaired by a dominant negative form of dynamin but not by Alix
or Alix!ALG-2. TNF-R1 internalization was analyzed using [125I]TNF! in TNF-R1 expressing cells. Each point represents the mean % S.D. of triplicate wells from
three independent experiments. **, t test, p & 0.001.
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the neural tube (data not shown). On the contrary, expression
of TNF-R1!DD halved the number of TUNEL-positive nuclei
in the ventral part of the tube (Fig. 9, A, panels e and f, and B).
This, together with our demonstration that the endogenous
receptor is expressed at the time of programmed cell death,
indicates that activation of TNF-R1 regulates the death of cer-
vical motoneurons. Taken together, these in vivo data strongly
suggest that Alix!ALG-2 blocks programmed cell death by
interfering with TNF-R1 death signaling.

DISCUSSION

Wepreviously showed that overexpressedAlix is sufficient to
activate caspases and apoptosis and that this activity requires
binding to ALG-2. On the contrary, expression of the C-termi-
nal half of Alix blocked apoptosis depending on its capacity to
bind ALG-2, suggesting that it acts by titrating out ALG-2 (17,
18). Interestingly, this truncated form of Alix accumulates in
cytoplasmic inclusions, which also contain ALG-2 and acti-
vated caspases (17). Rao et al. (25) have shown that ALG-2 is
necessary for caspase activation following an abnormal rise in
cytosolic calcium. Their observations suggested that ALG-2
belongs to a complex allowing caspase-9 activation following
cytosolic calcium elevation because of a stress to the reticulum.
Our present results demonstrate that ALG-2 can also form a
complex with pro-caspase-8, independently of Alix, and that
this requires the prodomain of the zymogen but not the cata-
lytic activity of the protease.
Historically, caspase-8 was described as an initiator caspase

activated by members of the TNF-R1 family of death receptors
stimulating the extrinsic pathway of apoptosis (26). These latter
recruit, through an 80-amino acid-long death domain (DD),
other DD-containing cytoplasmic proteins that participate in
the formation of the death-inducing signaling complex (DISC)
recruiting and activating pro-caspase-8 or 10.Weobserved that
the DD of TNF-R1 is mandatory for the interaction with Alix
and therefore with the Alix/ALG-2 complex. The TNF! ligand
is known to induce, via the intracellular domain of the receptor,
the rapid formation of complex I made of the adaptor TRADD,
the protein kinase RIP1, and the signal transducer TRAF2. This
complex signals cell survival through c-Jun N-terminal kinase
(JNK) and I$B kinase, the latter activating transcription factor
NF$B, whose targets can mediate cell survival. Complex I can
dissociate from the receptor and, together with the adaptor
protein FADD, recruit and activate pro-caspase-8 (27). Schütze
and co-workers (3) introduced a twist to this model when they
published convincing data showing that aggregation of
TRADD, FADD, and caspase-8 can occur on TNF-R1 but that
this is critically dependent on receptor endocytosis. In line with
this, we observed that blocking clathrin-dependent endocytosis
significantly inhibited apoptosis induced by TNF-R1. In their
model, Schneider-Brachert et al. (3) claim that TNF-R1-con-
taining endosomes would establish the platform on which the
DISCmay form. BecauseAlix can bindTNF-R1 on one side and
ALG-2, which can interact with caspase-8, on the other, it may
act as an adaptor for recruiting pro-caspase-8 on the surface of
TNF-R1-containing endosomes. In favor of this model, we
found that binding of Alix to TNF-R1 is totally abolished upon
deletion of its binding domains to CHMP-4B and Tsg-101 of
ESCRT-III and ESCRT-I, respectively, suggesting that stabili-
zation of Alix binding to the TNF-R1 complex occurs through
interactions with these endosomal proteins. Furthermore we
could identify TNF-R1, Alix, ALG-2, caspase-8, and FADD
within a common, Triton X-100-resistant complex in endoso-
mal fractions containing TNF! bound to its endocytosed
receptor. Thus, Alix!ALG-2 may block death induced by
TNF-R1 by impairing the recruitment of pro-caspase-8 onto
surface of TNF-R1-containing endosomes. The protecting
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FIGURE 8. TNF-R1 is expressed during chick neural tube development.
A, reverse transcription-PCR analysis shows gene expression in whole
extracts from chick embryos from HH stage 16 to HH stage 27. B, poly-
clonal anti-TNF-R1 recognizes a main band at 55 kDa in HEK cells and a
doublet with the lower band corresponding to 55 kDa in DF1 chick fibro-
blasts. A similar pattern is observed in chick embryo extracts (21HH,
24HH). C and D, cross-sections of HH stage 21 (C) or 24 (D) chick embryo
neural tubes immunostained with polyclonal anti-TNF-R1. Scale bar, 50
"m. C, cord; dm, dermomyotome; mn, motoneuron axons; nt, neural tube;
vlb, ventro-lateral border.
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effect of Alix!ALG-2 is not simply
due to blocking of endocytosis of the
activated receptor, because the lat-
ter process is not influenced by the
mutant. Nor is it due to an impair-
ment of the degradation of the
receptor inside lysosomes because
the dead version of the ATPase
SKD-1, which leads to gross abnor-
malities in multivesicular endo-
somes (28), had no protecting activ-
ity against TNF-R1.
We have tested the effect of Alix/

ALG-2 down-regulation on HeLa
cells treated with 100 ng/ml of
TNF! and 1 mg/ml cycloheximide
and on Jurkat cells in which the
NF$B survival pathway is inhibited
by knockdown of the IKK Nemo (a
kind gift of O. Micheau, Dijon,
France; data not shown).
Down-regulation of Alix or

ALG-2 did not afford statistically
significant protection against TNF-
R1-induced cell death in either case.
The apparent discrepancy between
these small interfering RNA results
and those using mutant expressions
might have two explanations: 1)
Alix down-regulation was never
complete, being reduced by 90% at
best, and ALG-2 extinction never
attained more than 50%. Thus, the
remaining Alix andALG-2might be
sufficient for recruiting and activat-
ing caspase-8. 2) In the absence of
Alix/ALG-2, other proteins might
allow the recruitment of the caspase
onto TNF-R1-containing endo-
somes. A similar argument could
be offered to explain why down-
regulating FADD has no protec-
tive effect on TNF-R1-induced cell
death (29). The fact that FADD is
still widely accepted as being
essential for TNF-R1-induced cell
death, even after the very solid
demonstration of Jin and El-Deiry,
begs caution in the use of small
interfering RNAs in the field of
caspase activation.
We strengthened the notion of a

role of Alix/ALG-2 in regulating
TNF-R1-induced cell death, by
demonstrating that programmed
cell death of chick cervical MTN,
whichwehadpreviously found to be
inhibited by Alix!'LG-2 (18), is

FIGURE 9. TNF-R1 is involved in early cell death of cervical motoneurons. A, cross-sections of HH stage 24
chick embryo neural tubes electroporated with pCAGGS expression vectors coding for: GFP-p35 (panels a and
b), DN-pro-caspase-8 (panels c and d), TNFR1!DD-YFP (panels e and f). Panels a, c, and e, GFP expression 48 h
after electroporation. Panels b, d, and f, TUNEL labeling of adjacent sections. Scale bar, 50 "m. B, ratio of
TUNEL-positive cells in the electroporated versus nonelectroporated side of the neural tube. The mean num-
bers % S.D. of TUNEL-positive cells in the neural tube of electroporated embryos, n ( number of sections
analyzed; 12 sections/embryo were counted. **, t test, p & 0.001.
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driven by TNF-R1. Among death receptors of the TNF-R fam-
ily, P75NGFR, Fas, andTNF-R1 (30) have been postulated to play
an active role during MTN developmental death. Sedel et al.
(31) have shown that death of an embryonic day 12–13 rat
MTN is regulated by TNF! and that death of mouse MTN is
significantly reduced in double knock-out for TNF! and TNF-
R1. In the chick embryo, TNF! was detected by immunohisto-
chemistry from HH stage 18 (embryonic day 3) with a peak at
HH stage 24–25 (embryonic day 4.5–5) (32), and we found that
TNF-R1 is transiently expressed during programmed cell death
of cervical MTNwith a pattern reminiscent of that of Alix. The
TNF-R1 pathway seems to be instrumental in controlling death
of the MTN during this developmental period; indeed expres-
sion of TNF-R1!DD or DN-procaspase-8, which both act as
dominant negative mutants of the cognate proteins, reduced
apoptosis of the MTN as much as the pan-caspase inhibitor
p35. The fact that Alix!ALG-2 confers a similar protection of
the sameMTN (18) strongly suggests that this protection is due
to amodification of the TNF-R1 pathway in ovo. It is here note-
worthy that CIN85, another interactor of Alix, has been
reported to be involved in TNF-R1 signaling (33), and we have
observed that deletion of the CIN85-binding site impairs the
death blocking activity of the C-terminal half of Alix in chick
MTN.6

de Gassart et al. (34) have reported caspase activity in exo-
somes that correspond to intralumenal vesicles of MVBs and
are enriched in Alix. Exosomes also bear TNF-R1, indicating
that the receptor is a cargo of the intralumenal vesicles, but
without its interactors TRADD, RIP, and TRAF2 (35). It may
therefore be speculated thatAlix andALG-2,which accompany
and get entrapped into vesicles budding inside MVBs, could
pull TNF-R1 and caspase-8 inside endosomes. This would effi-
ciently isolate the activated caspase from its cytosolic substrates
and lead to its rapid degradation inside lysosomes fusing with
MVBs. Thus, one reason for why activation of pro-caspase-8 in
the vicinity of Alix and ALG-2 occurs on the surface of endo-
somes containing TNF-R1 is that it may allow a potent control
to rapidly tune down caspase-8 activity.
Because ALG-2 binding to Alix is strictly calcium-depend-

ent, our results also beg the question of the relationship
between cytosolic calcium and TNF-R1. The present literature
remains controversial about the role of cytosolic calcium in
TNF!-induced cell death. Some investigators have failed to
find evidence for a TNF!-induced calcium response in U937
monocytes (36) or in KYM-1 andHeLa cells overexpressing the
TNF receptor (37). In contrast, Bellomo et al. (38) and Kong et
al. (39) found an increase in intracellular calcium using BT-20
and L929 cells, respectively. More recently, Draper et al. (40)
found a sustained rise in cytosolic calcium following cyclohex-
imide/TNF! treatment of C3HA fibroblast cells. Fas, which
also requires endocytosis for caspase-8 activation, has been
shown to induce calcium release from internal stores. It is also
noteworthy that endosomes are known to contain high concen-
trations of calcium and calcium leakage from endosomes regu-
lates their maturation (41). Thus, a rise in calcium in the close

vicinity of endosomes might allow ALG-2 to bind to Alix and
recruit caspase-8 on the surface of endosomes. This is even
more relevant considering that Fas-mediated apoptosis
requires calcium release from the endoplasmic reticulum (42),
and we will now test whether Fas-mediated cell death also
involves Alix/ALG-2 during activation of caspase-8. We will
also need to examine whether the interaction of ALG-2 and
Alix to pro-caspase-8 and TNF-R1, respectively, is direct or
through proteins of the DISC. Interactions within this complex
are homophilic betweenDDorDED.We showed that theDDof
TNF-R1 and the DED containing pro-domain of pro-caspase 8
are obligatory for binding to Alix and ALG-2, respectively, and
that FADD is present in the Alix/ALG-2/pro-caspase-8 com-
plex. Because apparently, neitherAlix norALG-2 contain death
adaptor domains, we now need to characterize the newmodule
that allows their interaction to the DISC.
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Numerous extracellular stimuli trigger trans-autophosphorylation at
Tyr402 of Pyk2, inducing its activation. Pyk2 is a key mediator of
several signaling pathways and has been implicated in apoptosis
induced by specific stress signals. We investigated whether Pyk2
participates in cerebellar granule neuron (CGN) apoptosis induced by
the suppression of membrane depolarization. We demonstrate that
shifting CGN cultures from 25 mM to 5 mM KCl-containing medium
induces an early, transient 70% increase in phosphorylated Tyr402 and
Tyr580 Pyk2 levels that is triggered by Ca2+ released from intracellular
stores and mediated by calmodulin (CaM). Overexpression of Pyk2
increases CGN survival after 24 h by 70% compared to the control,
thus suggesting that Pyk2 is involved in an anti-apoptotic response to
K+ lowering. Furthermore, we show that CGN grown in K25 medium
exhibit detectable CaM-dependent Pyk2 activity. When silencing Pyk2
activity by expressing a dominant-negative form, only 40% of the
transfected neurons were alive 24 h after transfection when compared
to the control. Overall, the present findings demonstrate for the first
time that Pyk2 is a critical mediator of CGN survival.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cerebellar granule neurons; Apoptosis; Pyk2; Membrane
depolarization; Calmodulin; Potassium depletion

Introduction

The 110-kDa nonreceptor tyrosine kinase Pyk2, also known as
RAFTK (Avraham et al., 1995), CAK-β (Sasaki et al., 1995),
pp125FAK2 (Herzog et al., 1996) or CADTK (Yu et al., 1996), is a
member of the focal adhesion kinase (FAK) family. Pyk2 is
activated by a variety of extracellular stimuli, including stress
signals, such as TNFα, UV light or dexamethasone (Avraham et
al., 2000; Chauhan et al., 1999; Pandey et al., 1999b; Tokiwa et al.,
1996; Xiong and Parsons, 1997; Yu et al., 1996) and stimuli that
elevate the cytoplasmic free Ca2+ concentration and/or activate
protein kinase C (PKC) (Girault et al., 1999; Guo et al., 2004;
Huang et al., 2001; Lev et al., 1995; Siciliano et al., 1996; Yu et al.,
1996). Pyk2 activation in response to a rise in intracellular [Ca2+]
can also be mediated by calmodulin (CaM) or CaM-dependent
kinase II (CaMKII) (Della Rocca et al., 1997; Ginnan and Singer,
2002; Heidinger et al., 2002; Zwick et al., 1999). Upon
stimulation, Pyk2 undergoes trans-autophosphorylation at Tyr402,
which induces its activation (Dikic et al., 1996). Pyk2 then recruits
and activates Src family kinases that in turn further phosphorylate
Pyk2 at three other tyrosine residues (Tyr579, Tyr580 and Tyr881),
phosphorylation at Tyr579 and Tyr580 being required for full
activation of Pyk2 (Avraham et al., 2000; Dikic et al., 1996; Li et
al., 1999; Park et al., 2004). Pyk2 is implicated as an upstream
activator kinase in several intracellular signaling cascades (Avra-
ham et al., 2000 for review), such as the p42/p44 ERK MAPK
(Blaukat et al., 1999; Dikic et al., 1996; Lev et al., 1995), p38
MAPK (Pandey et al., 1999a; Tian et al., 2000) and JNK pathways
(Blaukat et al., 1999; Tokiwa et al., 1996; Yu et al., 1996). Besides
its kinase function, Pyk2 also acts as a scaffold protein and is
associated in many cell types with various proteins, including
PDK1 and phospholipase D2 (Avraham et al., 2000; Banno et al.,
2005; Taniyama et al., 2003).

The ability of Pyk2 to be activated in response to a great variety
of stimuli places it as a central player in the regulation of several
distinct cellular processes (Andreev et al., 1999; Avraham et al.,
2000; Girault et al., 1999; Lev et al., 1995; Li et al., 1999; Yu et al.,
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1996). In particular, it has been shown that, depending on the
context, Pyk2 signaling can be involved in either cell survival or
apoptosis. Thus, Pyk2 has been shown to mediate the trophic
response of the murine line D1 to IL-7 (Benbernou et al., 2000),
the antiapoptotic effect of endothelin-1 in cultured rat cardiomyo-
cytes (Ogata et al., 2003) or the anoïkis resistance of lung tumor
cells (Wei et al., 2004). The first evidence of a pro-apoptotic
function of Pyk2 came from the observation that its overexpression
in rat and mouse fibroblasts leads to apoptotic cell death (Xiong
and Parsons, 1997). Subsequently, the role of Pyk2 as a mediator of
apoptotic signaling was reported in several death paradigms (Avdi
et al., 2001; Nakagawa-Yagi et al., 2001; Pandey et al., 1999a,b;
Ueda et al., 2000). For example, dexamethasone-induced apoptosis
in multiple myelanoma cells was shown to be associated with Pyk2
activation; in addition, overexpression of wild-type Pyk2 in these
cells induces apoptosis, while expression of a kinase inactive form
of Pyk2 blocked dexamethasone-induced apoptosis (Chauhan et
al., 1999). More recently, it was shown that a high level of chronic
Pyk2 activation promotes apoptotic signaling in cardiomyocytes
(Melendez et al., 2004).

Pyk2 is highly expressed in brain where it plays crucial roles
through, in particular, calcium-dependent signaling cascades
(Avraham et al., 1995; Girault et al., 1999; Sasaki et al., 1995;
Xiong and Mei, 2003). Thus, membrane depolarization increases
tyrosine phosphorylation of Pyk2 in PC12 cell line and
hippocampal slices (Corvol et al., 2005; Derkinderen et al.,
1998; Lev et al., 1995; Park et al., 2000a; Siciliano et al., 1996).
Activation of Pyk2 and its interaction with Src kinases lead to the
formation of multiple molecular complexes that regulate several
neuronal processes, such as neurite outgrowth, synaptic plasticity
and differentiation (Avraham et al., 2000; Girault et al., 1999;
Huang et al., 2001; Ivankovic-Dikic et al., 2000; Park et al., 2000b;
Xiong and Mei, 2003). By contrast, the putative involvement of
Pyk2 in neuronal survival or in response to stress is much less
documented (Banno et al., 2005; Girault et al., 1999). To address
this issue we investigated whether Pyk2 is involved in cerebellar
granule neurons (CGN) apoptosis induced by suppression of
trophic support. Cerebellar granule neurons (CGN) can survive in
vitro in a high potassium (25 mM KCl) concentration in the
absence of serum or growth factors, a condition supposed to mimic
electrical activity through membrane depolarization, but die when
shifted to the physiological K+ concentration (5 mM KCl)
(D’Mello et al., 1993; Gallo et al., 1987; Trioulier et al., 2004).
Our results show that Pyk2 kinase activity is stimulated following
induction of apoptosis and demonstrate that the overexpression of
wild-type Pyk2 blocks, or at least delays, apoptosis induced by
lowering K+. In line with a prosurvival function of Pyk2 in CGN,
we found that the silencing of Pyk2 activity by expressing a
dominant-negative form leads to the extensive death of CGN
grown under depolarizing conditions. Altogether these findings
thus demonstrate for the first time that Pyk2 is a critical mediator of
CGN survival.

Results

K+ depletion-induced apoptosis is characterized by an early,
transient increase in Pyk2 activity and prevented by Pyk2
overexpression

CGN can be maintained for several days in vitro in a medium
containing 25 mM KCl (K25 medium) in the absence of serum

or growth factors (Gallo et al., 1987). Reducing KCl concentra-
tion to 5 mM (K5 medium) triggers their apoptosis. As depicted
in Fig. 1A, cell viability, assessed by MTT assay, is already
significantly reduced to about 70% of the control 6 h after K+

depletion and, 18 h later, approximately 30% of the neurons are
still alive relative to K25 control cultures. Pyk2 autopho-
sphorylation at Tyr402 is considered to be a fundamental step
in its activation since 70% of its tyrosine kinase activity is
reported to be related to autophosphorylation (Li et al., 1999).
We thus examined Pyk2 phosphorylation status by immunoblot-
ting with an antibody that selectively recognizes Tyr402-
phosphorylated Pyk2. Pyk2 is autophosphorylated in CGN
grown in K25 medium, as evidenced by the presence of a clear
phospho-Tyr402 immunoreactive band at 116 kDa (Fig. 1B).
When CGN were shifted to K5 medium, the level of phospho-
Tyr402 Pyk2 increased, peaking at 2h; at this time, phospho-
Tyr402 Pyk2/total Pyk2 ratio was about 70% greater than that
recorded at the time of K+ depletion (t=0; Fig. 1B). Phospho-
Tyr402 Pyk2 content then returned within 4 h to the control (t=0)
level. A similar enhancement of Pyk2 phosphorylation at Tyr580

was evidenced using a specific anti-phospho-Tyr580 Pyk2 anti-
body (Fig. 1C), thus indicating that K+ depletion-induced Pyk2
autophosphorylation promotes full, Src-mediated, Pyk2 activation
and activity.

These results demonstrate for the first time that induction of
CGN apoptosis by lowering extracellular potassium induces an
early and transient enhancement of Pyk2 activation. This suggests
that a transitory hyperactivity of the enzyme takes place during the
early phase of K+ depletion-induced apoptosis, at a time when no
substantial cell death is observed.

To gain insights into the functional significance of Pyk2
activation in response to potassium depletion, neurons were
transfected with wild-type Pyk2 and, 24 h later, deprived of K+

(Fig. 2). It should be mentioned that several previous reports
have demonstrated that overexpression of Pyk2 leads to its
spontaneous activation and tyrosine phosphorylation (Melendez
et al., 2004; Meyer et al., 2004; Tokiwa et al., 1996). At the
end of the experiment, cellular viability was then determined by
cell counting as described in Experimental methods. As depicted
in Fig. 2, expression of wild-type Pyk2 markedly reduced
apoptosis; indeed, the number of living wild-type Pyk2-
overexpressing neurons 24 h following K+ depletion was about
70% greater than that of RFP control transfectants. Thus,
exogenously expressed wild-type Pyk2 is sufficient to enhance
CGN survival following K+ depletion. The protective effect of
Pyk2 overexpression suggests that the increase in Pyk2 activity
observed when CGN are deprived of the depolarizing level of
extracellular KCl is a defense response aimed at protecting cells
from stress.

Calmodulin mediates the Ca2+-dependent enhancement of Pyk2
activity following K+ depletion

We next attempted to identify some of the upstream events
leading to low K+-induced Pyk2 activation in our model. Activity-
dependent survival in many neuronal systems is thought to be
mediated by a sustained rise of cytosolic free Ca2+, resulting from
a Ca2+ influx through voltage-gated calcium channels (Gallo et al.,
1987; Franklin and Johnson, 1992). Although K+ depletion has
been associated with an immediate and permanent decrease in the
levels of free intracellular calcium due to the closure of voltage
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operated Ca2+ channels (Carboni and Wojcik, 1988; Courtney et
al., 1990), we hypothesized that localized Ca2+ transients triggered
in response to K+ lowering could be responsible for the increase in
Pyk2 autophosphorylation. To test this possibility, CGN were
shifted to K5 medium supplemented with either 10 μM BAPTA-
AM or 3 mM EGTA in order to chelate intracellular or
extracellular Ca2+, respectively. The results (Fig. 3) show that
blocking intracellular Ca2+ availability with BAPTA-AM abol-
ished K+ depletion-induced Pyk2 autophosphorylation; indeed, the
cellular content in phospho-Tyr402 Pyk2 seen 2 h after K+

lowering in the presence of the drug was significantly reduced
when compared to that of CGN grown in K5 medium alone and
was similar to that found in CGN cultured in depolarizing K25
medium. In contrast, adding 3 mM EGTA to the K5 medium did
not impact on the level of phospho-Tyr402 Pyk2, demonstrating
that increased Pyk2 activity following K+ depletion is not linked
to entry of extracellular Ca2+. Thus, following K+ depletion, Pyk2

undergoes transient hyperactivation in response to a rise in
cytosolic Ca2+ coming from intracellular stores.

Since calmodulin (CaM) is a major effector of Ca2+

signaling and mediates Pyk2 activity in several instances, we
next evaluated its potential contribution to Pyk2 autopho-
sphorylation induced by K+ depletion. To this end, CGN
cultures were exposed to W13, an extensively used specific
CaM antagonist, and W12, its less active structural analog as
control (Hidaka and Tanaka, 1983). We observed that W13, but
not W12, abrogated the increase in cellular levels of the Tyr402-
phosphorylated form of Pyk2 associated with K+ depletion (Fig.
4), thus mimicking the effect of BAPTA-AM on Pyk2
phosphorylation (Fig. 3). The observed inhibitory effect is thus
specific for CaM since its was not observed in the presence of
W12. These findings implicate CaM as key mediator of the
Ca2+-dependent increase in Pyk2 activity associated with K+

lowering.

Fig. 1. Potassium depletion induces apoptosis of CGN which is accompanied by an early increase in Pyk2 activation. (A) After 5 DIV, CGN cultures were
switched from K25 to K5 medium. The percentage of viable neurons was estimated at various time intervals using MTT assay. Results are expressed as a
percentage of viable neurons (±SD) in potassium-deprived cultures relative to control K25 cultures. Each point value represents the mean±SD of triplicate wells
from three independent experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA followed by Scheffe's post hoc test). *P<0.05
versus control at the time of medium shift (t=0). (B) After the indicated intervals, the neurons were lysed and Pyk2 autophosphorylation was assessed by means
of immunoblotting with phospho-Tyr402 Pyk2 antibody or Pyk2 antibody. Left panel: Results depict a representative experiment. Right panel: Densitometric
analysis of phospho-Tyr402 Pyk2 levels. Immunoblot signals were quantified and the phospho-Tyr402 Pyk2/Pyk2 ratio calculated. The phosphorylation was
normalized as a percentage of the basal level of control. Values are the means±SD of three experiments performed in triplicate. Statistical analysis was performed
by analysis of variance (one-way ANOVA followed by Scheffe's post hoc test). *P<0.05 versus control at the time of medium shift (t=0). (C) Following
autophosphorylation, complete Pyk2 activation is achieved through the binding of Src and the phosphorylation of Pyk2 on Tyr579/580. To demonstrate full Pyk2
activation, CGN were lysed at the indicated times and expression levels were assessed by immunoblotting with a specific phospho-Tyr580 Pyk2 antibody and
Pyk2 antibody.
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Pyk2 activity is involved in CGN survival induced by membrane
depolarization

The above results prompted us to investigate whether Pyk2
could mediate the survival-promoting Ca2+/CaM signaling path-
way. To clarify this point, Pyk2 activity was selectively inhibited
by expressing a dominant-negative form of Pyk2 (Pyk2 K457A)
that is mutated in the Mg2+-ATP-binding site residue (K457A)
abolishing tyrosine kinase activity and tyrosine autophosphoryla-

tion (Li et al., 1999). The results show that the expression of the
dominant-negative form of Pyk2 reduces membrane-depolariza-
tion-induced CGN survival compared to that of CGN transfected
with either wild-type Pyk2 or an RFP-containing vector as control
(Fig. 5). Thus, 48 h after transfection, only about 40% of Pyk2
K457A-expressing neurons were still alive. The death induced by
the expression of Pyk2 K457A is apoptotic in nature, as attested by
the presence of the nuclear morphological hallmarks of apoptosis
and caspase activity (Fig. 5). Thus, the inactivation of Pyk2 kinase
activity counteracts the trophic support provided by membrane
depolarization leading to CGN apoptosis.

We then investigated whether Pyk2 activity in these culture
conditions is also dependent upon CaM as well. As depicted in Fig.
6, treatment of 5-day CGN cultures with 30 μM W13 for 5 h led to
a significant 40% decrease in phospho-Tyr402 Pyk2 content when
compared to untreated or W12-exposed neurons. These results thus
indicate that active CaM is required for Tyr402 autophosphorylation
of Pyk2 under depolarizing conditions. During the course of this
study, we noticed that the treatment of K25 cultures with W13
(30 μM) dramatically reduced CGN viability. Thus only 25% cells
survived after a 14-hour exposure to W13 compared to cultures
grown in K25 medium with or without W12 (Fig. 7A). This is
consistent with the earlier report of Gallo et al. (1987) showing that
calmodulin inhibitors (1 μM trifluoperazine or calmidazolium)
blocked the beneficial effect of K+-induced depolarization on
cerebellar granule cells. It must be pointed out that exposure to
W13 also greatly increased neuronal death due to potassium
depletion (Fig. 7A), suggesting that survival mechanisms involving
CaM are still operating, at least during the early phase of the
apoptotic cascade. The survival-promoting effects of depolariza-
tion on CGN have been shown to require the activity of Akt (Miller
et al., 1997; Shimoke et al., 1999). By measuring the cellular
content in phospho-Ser473 Akt and total Akt using specific
antibodies, we found that a 5 h exposure to 30 μM W13 reduced
the cellular level of phospho-Ser473 by 60% compared to untreated
cultures (Fig. 7B); by contrast, W12 had no impact on this
phosphorylation which remained essentially the same as in control
K25 cultures. These results indicate that CaM is an upstream

Fig. 2. Overexpression of Pyk2 protects CGN from death induced by
potassium withdrawal. After 4 DIV, CGN were transfected with an
expression vector coding for RFP or wild-type Pyk2 (Pyk2 WT). One day
later, cultures were deprived of potassium (K5 medium) and grown for 10 h
or 24 h. Cultures were then labeled with anti-Myc antibody and Hoechst dye.
The transfected neurons showing condensed or fragmented nuclei (Hoechst
staining) were scored as dying, and the percentage of transfected viable
neurons was determined at 10 h and 24 h. Values are given for each time
point after normalization with respect to RFP transfected control. For each
condition, a total of 200–400 transfected neurons per construct were counted
in 10 random fields in two or three different wells from 3 independent
experiments. Statistical analysis was performed by analysis of variance (one-
way ANOVA followed by Scheffe's post hoc test). *P<0.05 versus control
RFP-expressing neurons.

Fig. 3. Intracellular Ca2+ dependency of K+ depletion-induced increase in Pyk2 autophosphorylation. After 5 DIV, CGN cultures were switched from K25 to K5
medium, with or without BAPTA-AM (10 μM) or EGTA (3 mM) and further grown for 2 h. Pyk2 autophosphorylation was assessed by immunoblotting with
phospho-Tyr402 Pyk2 antibody or Pyk2 antibody. Left panel: A representative experiment is shown. Right panel: Densitometric analysis of phospho-Tyr402 Pyk2
levels. Immunoblot signals were quantified and the phospho-Tyr402 Pyk2/Pyk2 ratio calculated. The phosphorylation was normalized as a percentage of the basal
level of control. Values are the means±SD of three experiments performed in triplicate. Statistical analysis was performed by analysis of variance (one-way
ANOVA followed by Scheffe's post hoc test). #P<0.05 versus K5 cultures.
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Fig. 5. Pyk2 K457A expression induces death of CGN cultured in K25 medium. After 4 DIV, CGN were transfected with an expression vector coding for either
wild-type Pyk2 (Pyk2 WT), a dominant-negative mutant of Pyk2 (Pyk2 K457A) or an RFP control vector. One day later, cultures were kept in K25 medium and
grown for 24 h. Cultures were then labeled with an anti-Myc antibody, CaspaTag™ to detect active caspases, and Hoechst dye. The transfected neurons showing
condensed or fragmented nuclei (Hoechst staining) were scored as dying, and the percentage of viable transfected neurons was determined at 24 h and 48 h.
Values are given for each time point with respect to the RFP control vector. For each condition, a total of 200–400 transfected neurons per construct were counted
in 10 random fields in two or three different wells from 3 independent experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA
followed by Scheffe's post hoc test). *P<0.05 versus control Pyk2 WT-expressing neurons. The bottom panel shows a Pyk2 K457A-expressing neuron triple-
stained for Pyk2 K457A (red; revealed with anti-myc), activated caspases (green; CaspaTag™) and nuclear morphology (blue; Hoechst staining). No caspase
activity is detected in the adjacent, untransfected neuron. Scale bar: 10 μm.

Fig. 4. CaM mediates the Ca2+-dependent increase in Pyk2 autophosphorylation following K+ depletion. After 5 DIV, K5 cultures, with or without the CaM
specific inhibitor W13 (30 μM) or its inactive analog W12 (30 μM), were grown for 2 h. Pyk2 autophosphorylation was assessed by immunoblotting with
phospho-Tyr402 Pyk2 antibody or Pyk2 antibody. Left panel: A representative experiment is shown. Right panel: Densitometric analysis of phospho-Tyr402 Pyk2
levels. Immunoblot signals were quantified and the phospho-Tyr402 Pyk2/Pyk2 ratio calculated. The phosphorylation was normalized as a percentage of the basal
level of control. The increase in phosphorylation was normalized to the basal level recorded in K25 medium and expressed as a percentage. Values are the
means±SD of three experiments performed in triplicate. Statistical analysis was performed by analysis of variance (one-way ANOVA followed by Scheffe's
post hoc test). #P<0.05 versus control K5 cultures.
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activator of Akt. We then wondered whether the regulation of Akt
by CaM could be mediated through Pyk2. To this end, CGN were
transfected with either Pyk2 WT, as control, or Pyk2 K457A, then
further grown under depolarizing conditions for 24 h followed by
immunolabeling with an anti-phospho-Ser473 Akt antibody (Fig.
7C). While Pyk2 WT-transfected neurons contain detectable levels
of phospho-Ser473 Akt, those expressing Pyk2 K457A exhibited
little or no activated Akt. Hence, these results strongly support the
idea that Pyk2 lies upstream of Akt activation. In agreement with
this statement, in contrast to untransfected neurons, Akt is still
activated in neurons expressing Pyk2 WT after 24 h in non-
depolarizing K5 medium (data not shown).

Altogether these results confirm previous results showing that
depolarization-induced CGN survival critically relies on calmodu-
lin-dependent processes. They demonstrate for the first time that
Pyk2 is an important downstream component of the Ca2+/CaM-
mediated survival cascade involved in the activation of Akt
signaling.

Discussion

During the postnatal development of cerebellum, electrical
activity promotes the calcium-dependent survival of neurons that
have made appropriate synaptic connections. Depolarization by K+

of primary cultures of postnatal CGN induces Ca2+ influx through
activation of L-type voltage-gated Ca2+ channels (Koike et al.,
1989). These cultures provide a well-established model system to
mimic the functional innervation of postmigratory granule cells in
vivo (Gallo et al., 1987). Exposing CGN to serum-free medium
containing a physiological concentration of KCl abrogates
electrical-induced neuroprotection and triggers apoptosis (D’Mello
et al., 1993). For years, this system has been extensively used as a
model to investigate the intracellular signaling pathways under-
lying either activity-dependent survival or apoptosis. However,
although several studies have revealed that in various neuronal
systems depolarization-induced [Ca2+]i increase activates the
nonreceptor protein kinase Pyk2 (Derkinderen et al., 1996; Lev
et al., 1995; Siciliano et al., 1996; Zwick et al., 1999), to date very
little attention has been paid to whether and how this activity could
regulate survival and death of post-mitotic neurons. The results of
the present study provide, to our knowledge, the first evidence that

Pyk2 is critically involved in depolarization-induced survival of
CGN. This conclusion comes mainly from two observations.
Firstly, the inactivation of Pyk2 by expressing a dominant-negative
mutant overcomes the trophic effect of depolarization, and,
secondly, increasing Pyk2 activity by overexpressing wild-type
Pyk2 prevents CGN apoptosis induced by the suppression of
membrane depolarization.

In line with previous reports, Pyk2 was found to be
phosphorylated at Tyr402, its major autophosphorylation site, and
Tyr580 in CGN maintained in 25 mM KCl-containing medium,
indicative of a basal, constitutive Pyk2 activity in these conditions.
Moreover, we observed that the pharmacological blockade of CaM
activity, but not that of PKC (data not shown), a well known
activator of Pyk2 in neurons (Lev et al., 1995; Siciliano et al.,
1996; Yu et al., 1996), inhibits Pyk2 phosphorylation at Tyr402 thus
suggesting that CaM is the main upstream regulator of Ca2+-
induced Pyk2 activation.

The mechanism of Pyk2 activation by CaM remains to be
elucidated. CaMKII, a CaM-dependent kinase, might participate
in Ca2+-dependent Pyk2 activation in neuronal cells (Zwick et al.,
1999; Guo et al., 2004); however, we have some evidence
indicating that Pyk2 phosphorylation remains unchanged in the
presence of KN62, an inhibitor of CaM Kinase. Furthermore,
during the course of this study, we noticed that the specific CaM
inhibitor W13 (Soler et al., 1998) significantly prevented the
trophic effect of K+-induced depolarization. Several distinct
groups have already made similar observations (Gallo et al.,
1987; Hack et al., 1993; Boutillier et al., 1999), although, in these
studies, CaM was inhibited with trifluoperazine and/or calmida-
zolium which are known to also block voltage-dependent Ca2+

channels thus preventing calcium entry (Doroshenko et al., 1988;
Franklin et al., 1995; Greenberg et al., 1987). However, our
findings definitely establish that CaM plays a pivotal role in
depolarization-promoted survival of CGN. CaMKIV, another
downstream CaM effector, appears to be important for CGN
survival via membrane depolarization (See et al., 2001). That
Pyk2 might be a target of this kinase is worth considering and
deserves further study.

CaM has been shown to regulate the activity of Akt (Lafon-
Cazal et al., 2002), a well known pivotal mediator of CGN survival
(Miller et al., 1997; Shimoke et al., 1999). In agreement, we found
that W13 significantly reduced the Akt phosphorylation on Ser473.

Fig. 6. CaM mediates Pyk2 autophosphorylation in K25 medium. After 5 DIV, K25 cultures, with or without the CaM specific inhibitor W13 (30 μM) or its
inactive analog W12 (30 μM), were grown for 5 h. Pyk2 autophosphorylation was assessed by immunoblotting with phospho-Tyr402 Pyk2 antibody or Pyk2
antibody. Left panel: A representative experiment is shown. Right panel: Densitometric analysis of phospho-Tyr402 Pyk2 levels. Immunoblot signals were
quantified and the phospho-Tyr402 Pyk2/Pyk2 ratio calculated. The phosphorylation was normalized as a percentage of the basal level recorded in K25 medium.
Values are the means±SD of three experiments performed in triplicate. Statistical analysis was performed by analysis of variance (one-way ANOVA followed by
Scheffe's post hoc test). *P<0.05 versus control K25 cultures.
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Fig. 7. CaM, through Pyk2, promotes Akt survival signaling cascade induced by membrane depolarization. (A) Effect of CaM inhibition on CGN viability.
After 5 DIV, CGN cultures were switched from K25 to K5 medium with or without W13 (30 μM) or W12 (30 μM). Cell viability was determined 14 h after
K+ depletion using the cell counting. Results are expressed as a percentage of dying neurons (±SD). Each point value represents the mean±SD of triplicate
wells from three independent experiments. Statistical analysis was performed by analysis of variance (one-way ANOVA followed by Scheffe's post hoc test).
*P<0.05 versus control K25 cultures or #P<0.05 versus control K5 cultures. No statistical difference was found between neurons grown in either medium
containing W12 and their respective controls. (B) CaM inhibition strongly reduces Akt activity. After 5 DIV, K25 medium cultures were treated for 5 h with
30 μM of either W13 or W12. Akt activity was evaluated by determining the cellular content in phospho-Ser473 Akt assessed by means of immunoblotting
with phospho-Ser473 Akt antibody or Akt antibody. Left panel: A representative experiment is shown. Right panel: Densitometric analysis of phospho-Tyr402

Pyk2 levels. Immunoblots were quantified by equalizing phospho-Ser473 Akt band intensity to the total Akt. The increase in phosphorylation was normalized
to the basal level recorded in K25 medium and expressed as a percentage. Values are the means±SD of three experiments performed in triplicate. Statistical
analysis was performed by analysis of variance (one-way ANOVA followed by Scheffe's post hoc test). *P<0.05 versus K25 cultures. (C) After 4 DIV, CGN
were transfected with an expression vector coding for either wild-type Pyk2 (Pyk2 WT) or a dominant-negative mutant of Pyk2 (Pyk2 K457A) then grown
for 24 h in K25 medium. Neurons were then fixed and labeled with anti-Myc antibody, anti-phospho-Ser473 Akt antibody and Hoechst. Immunofluorescence
microscopy. Scale bar: 10 μM.
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In addition, experiments dealing with the expression of wild-type
or dominant-negative forms of Pyk2 followed by immunocyto-
chemical determination of Akt activity provided evidence for a
putative functional link between Pyk2 and Akt activities. CaM thus
appears to promote depolarization-induced CGN survival at least
partly through a signaling cascade involving Pyk2 and Akt. It is
well established that Akt is a direct target of phosphatidylinositol
3-kinase (PI3K) and that activation of PI3K-dependent 3-
phosphoinositide-dependent protein kinase 1 (PDK1) is important
for Akt activity in cells (Franke et al., 2003). Interestingly, Pyk2
was found to associate with and activate PI3K as well as Akt in
various experimental situations (Banno et al., 2005; Koziak et al.,
2001; Rocic et al., 2001; Rumsey et al., 2001; Sayed et al., 2000;
Shi and Kehrl, 2001). In addition, Pyk2 was recently shown to
physically interact with and mediate the phosphorylation of PDK1
(Taniyama et al., 2003).

In conclusion, our findings demonstrate that, at least in our
culture system, Pyk2 is a key component of a Ca2+/CaM-
dependent signaling cascade leading to Akt activation and CGN
survival induced by depolarizing conditions. The issue now is to
identify the molecular mechanisms underlying the activation of
Pyk2 by CaM as well as that of Akt by Pyk2.

Reducing the K+ concentration to 5 mM leads to apoptosis of
cerebellar neurons. We showed that a transient Ca2+ and CaM-
dependent increase in Tyr402-phosphorylated Pyk2 levels occurs
during the early phase of the death cascade. Moreover, the
chelation of intracellular Ca2+ with BAPTA-AM abolishes this
increase, while EGTA does not affect it. This indicates that Pyk2
activation following K+ depletion is mediated through intracellular
Ca2+ rather than by K+ depletion-induced influx from extracellular
Ca2+. Pyk2 can be activated by agents that promote increase in
[Ca2+]i through Ca2+ release from intracellular stores: For example,
Yu et al. (1996) have shown that exposure to the endoplasmic
reticulum (ER) stressor thapsigargin, an ER Ca2+-ATPase inhibitor,
leads to Pyk2 activation through Ca2+ mobilization from
intracellular stores. As K+ depletion may trigger ER stress
(Desagher et al., 2005), it is therefore possible that the transient
[Ca2+]i increase due to the K+ depletion-induced Ca2+ release from
ER stores initiates Pyk2 autophosphorylation. Moreover, we found
that treatment of K5-grown CGN with W13 specifically abolishes
the increase in Pyk2 autophosphorylation and substantially
potentiates low-K+-induced death. These findings support the
possibility that K+ depletion triggers a transient Ca2+ release from
intracellular stores which, through CaM, activates a survival
response involving Pyk2. In agreement with this proposition, we
present the first demonstration that, when overexpressed, Pyk2
protects CGN from cell death induced by suppression of membrane
depolarization.

Several studies have evidenced, in non-neuronal as well as
neuroblastoma cells, an activation of Pyk2 in response to stress
signals, such as TNFα, UV light, dexamethasone, acrylamide or
colchicine (Chauhan et al., 1999; Nakagawa-Yagi et al., 2001;
Tokiwa et al., 1996), and, in these cases, Pyk2 induction is
required for the death cascade (Chauhan et al., 1999; Xiong and
Parsons, 1997). Moreover, overexpression of Pyk2 in fibroblasts
has been found to induce apoptosis (Melendez et al., 2004;
Xiong and Parsons, 1997), which can be prevented by FIP200
(FAK family kinase-interacting protein of 200 kDa), an
endogenous inhibitor of Pyk2 (Ueda et al., 2000). In line with
the results of the present study, there is however recent evidence
that survival pathways can also be activated by stress and that,

in this context, Pyk2 activation can mediate stress-induced
survival pathways (Banno et al., 2005; Dougherty et al., 2004;
Wei et al., 2004). Thus, the function of Pyk2 during cell death
may differ depending on the initiating stimulus and/or the
cellular context. Concerning CGN, our experiments allow us to
speculate that the enhancement of Pyk2 activity in response to
K+ depletion represents a failed effort to preserve cell viability.
Pyk2 has been recently shown to associate with Alix/AIP1
(Schmidt et al., 2005), a protein involved, through its binding to
Alg-2 (Missotten et al., 1999; Vito et al., 1999), in K+ depletion-
induced CGN apoptosis (Trioulier et al., 2004). Moreover, we
have some recent evidence that Pyk2 phosphorylates Alix and
this may regulate Alix/Alg-2 interaction (Strappazzon et al., in
preparation). It is therefore possible that Pyk2 may exert, at least
in part, its anti-apoptotic function through the inhibition of Alix/
Alg-2 binding.

In conclusion, the present study provides evidence for a key
role of Pyk2 in mediating the Ca2+/CaM-dependent signaling
cascade brought on by membrane depolarization in CGN. It
furthermore underlines the putative involvement of Pyk2 activity in
a cell response, likely triggered by compensatory Ca2+ mobiliza-
tion from intracellular stores, aimed at handling the cellular stress
originating from the suppression of membrane depolarization-
induced Ca2+ influx.

Experimental methods

Reagents or chemicals and antibodies

Polyclonal antibodies were purchased from Cell Signaling Technology
(rabbit anti-phospho-Tyr402 Pyk2, Akt, phospho-Ser473 Akt antibodies),
Upstate (rabbit anti-Pyk2 antibody) and Biosource (phospho-Tyr580 Pyk2).
Mouse anti-Myc was from Santa Cruz Biotechnology. BAPTA-AM, W13
and W12 were from Calbiochem and EGTA from Sigma.

Cell culture media

All culture media were based on Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) containing 10 unit/ml penicillin, 10 μg/
ml streptomycin, 2 mM L-glutamine and 10 mM HEPES (K5 medium).
KCl was added to a final concentration of 25 mM (K25 medium) and, at
the beginning of the culture, supplemented with 10% fetal bovine serum
(K25+S medium).

Primary neuronal cultures

Primary cultures of CGN were prepared from 6-day-old S/IOPS NMRI
mice (Charles River Laboratories), as described previously (Gallo et al.,
1987; Miller and Johnson, 1996), with some modifications (Trioulier et al.,
2004). The cerebella were removed, cleared of their meninges, and cut into
1-mm pieces. They were then incubated at 37 °C for 10 min in 0.25%
trypsin–EDTA (Invitrogen) in DMEM. Trypsin was inactivated with an
equal volume of K25+S medium and 3000 units/ml DNase I (Sigma) and
cerebella were dissociated by triturating with flame-polished Pasteur
pipettes in DMEM containing trypsin inhibitor and 300 units/ml DNase I.
Dissociated cells were centrifuged for 5 min at 500×g and the pellet was
resuspended in fresh K25+S medium. Cells were then plated onto poly-D-
lysine (10 μg/ml, Sigma) precoated 60-mm dishes and multiwell plates at a
density of 3×105 cells/cm2. Cultures were grown in K25+S medium in a
humidified incubator with 5% CO2/95% air at 37 °C. Cytosine-β-D-
arabinoside (10 μM, Sigma) was added after 1 day in vitro (DIV) to prevent
the growth of non-neuronal cells. After 4 DIV, K25+S medium was
replaced with serum-free K25 medium to eliminate the 20% of cells dying
within a few hours after serum removal (Miller and Johnson, 1996;
Trioulier et al., 2004). Twenty-four hours later, cells were changed to K5
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medium (induction of apoptosis) or maintained in K25 medium (control
cultures). The various drugs used in this study were added at the time of
switching cultures to K5 medium.

Determination of cell viability

Neuronal survival was estimated using either the MTT assay or by cell
counting. The tetrazolium salt MTT [3-(4,5-dimethyl-2-thiazolyl)-2-5di-
phenyl-2H tetrazolium bromide] (Sigma) was added to CGN cultures at a
final concentration of 1 mg/ml and incubation of the cultures was continued
for a further 30 min at 37 °C. Removing the culture medium and adding an
equal volume of dimethyl sulfoxide to lyse cells and dissolve colored
formazan terminated the reaction. The absorbance of each well at 540 nm,
against 630 nm as reference, was determined using a Biotek Elx-800
microplate reader (Mandel Scientific Inc.).

In other cases, at the end of the culture, cells were fixed in 4%
paraformaldehyde in PBS for 10 min at 37 °C then stained with the DNA
dye bisbenzimide (Hoechst 33342; 4 μg/ml; Sigma) in PBS for 20 min at
room temperature. Cells were washed three times with PBS then mounted
in Mowiol (Calbiochem) and observed under an Axiovert microscope
(Zeiss) connected to a CDD camera. For each condition, random images
were captured and analyzed using Metamorph™ software (Universal
Imaging Corp.). Cell viability was scored on the basis of nuclear
morphology, condensed or fragmented nuclei were taken to indicate cell
death.

Quantification of CGN death with either method produced very
comparable results.

Transfection of CGN

Plasmids containing either rat wild-type Pyk2 (bank access number:
U69109) or a dominant-negative, kinase-dead Pyk2 mutant (K457A)
cDNAs were generously donated by Dr. J.-A. Girault (Inserm U536, Institut
du Fer à Moulin, Paris, France) and Red Fluorescent Protein (RFP)
encoding vector was a gift from Dr. R.Y. Tsien (UCSD, Ca., USA). cDNAs
were subcloned into pCI-MYC expression vector (Promega).

Transient transfection of cultured CGN was performed using the
calcium phosphate coprecipitation method as previously described
(Trioulier et al., 2004). The DNA/calcium phosphate precipitate was
prepared and allowed to form for 25–30 min at room temperature before
addition to the cultures. Eight micrograms of total plasmid DNA per
1.5×106 cells was used. After transfection, the cells were washed three
times with DMEM. They were then returned to the 5% CO2 incubator at
37 °C in K25 medium and cultured for the indicated time or switched to K5
medium 24 h later. At the end of the culture, cells were fixed and
immunostained for Myc to identify transfected neurons. To assess the effect
of Pyk2 overexpression, transfected neurons were scored blind as healthy or
apoptotic according to nuclear morphology visualized with the DNA dye
bisbenzimide (Hoechst 33342) as described above.

Immunofluorescence

CGN seeded on poly-D-lysine-coated coverslips were transfected and
grown for 24 h then fixed in 4% paraformaldehyde in PBS for 10 min at
37 °C. After permeabilization and blocking, neurons were incubated at
room temperature with primary anti-Pyk2, anti-Myc or anti-phospho-Ser473

Akt antibodies (1/100) then with Alexa Fluor-conjugated secondary anti-
rabbit antibody (1/1000) (Dako; Denmark), for 3 h, 1 h or overnight
respectively. Neuronal cultures were rinsed with PBS then stained with
DNA dye bisbenzimide (Hoechst 33342) and coverslips were mounted
using Mowiol.

Detection of active caspases

CaspaTag™ fluorescein caspase (VAD) activity kit (Chemicon) allows
the detection of active caspases (caspase-1–9) in living cells through the use
of a carboxyfluorescein-labeled fluoromethylketone pan-caspase inhibitor

(fam-VAD-fmk). This probe enters the cell and binds irreversibly to
activated caspases. After 24 h in either K25 or K5 medium, CGN were
incubated for 1 h at 37 °C with fam-VAD-fmk in accordance with the
supplier’s instructions and visualized under an epifluorescence microscope.

Western blot analysis

CGN were washed twice with PBS before being harvested with lysis
buffer (20 mM Tris pH 7.2, 1 mM EGTA, 1 mM EDTA, 1 mM DTT,
0.27 M sucrose, 1% Triton X-100, 0.05% NP40, 1 mM Na3VO4, 50 mM
NaF, 10 mM β-glycerophosphate and 2× protease inhibitor cocktail
(Complete™, Boehringer)). Cell extracts were centrifuged at 15,000×g
for 15 min at 4 °C and supernatants were stored at −80 °C. Protein
concentrations were determined with BCA Protein Assay (Pierce). Proteins
(20 μg) were separated by SDS-PAGE and transferred onto nylon
membranes (Immobilon-P, Millipore). Membranes were incubated over-
night at 4 °C with primary antibodies diluted 1/1000 in 5% BSA in TBS
containing 0.1% Tween 20. Incubation with secondary peroxidase-coupled
anti-rabbit IgG diluted 1/5000 was performed at room temperature for
45 min, and then antigens were revealed using SuperSignal detection
method (Pierce). Levels of phospho-Tyr402 Pyk2, phospho-Ser473 Akt as
well as amounts of Pyk2 and Akt proteins were quantified by scanning the
autoradiograms and measuring relative optical density with Metamorph™
software. Each band was normalized to the total Pyk2 or Akt level in the
respective sample.
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a b s t r a c t

Alix/AIP1 is a cytosolic protein that regulates cell death through mechanisms that remain unclear. Alix
binds to two protein members of the so-called Endosomal Sorting Complex Required for Transport (ESC-
RT), which facilitates membrane fission events during multivesicular endosome formation, enveloped
virus budding and cytokinesis. Alix itself has been suggested to participate in these cellular events and
is thus often considered to function in the ESCRT pathway. ESCRT proteins were recently implicated in
autophagy, a process involved in bulk degradation of cytoplasmic constituents in lysosomes, which
can also participate in cell death. In this study, we shown that, unlike ESCRT proteins, Alix is not involved
in autophagy. These results strongly suggest that the capacity of several mutants of Alix to block both
caspase-dependent and independent cell death does not relate to their capacity to modulate autophagy.
Furthermore, they reinforce the conclusion of other studies demonstrating that the role of Alix is different
from that of classical ESCRT proteins.

! 2008 Elsevier Inc. All rights reserved.

Alix/AIP1 is a cytoplasmic protein which was first characterised
as a partner of ALG-2 [1,2], a small Ca2+ binding protein involved in
apoptosis [3]. Alix overexpression, in vivo as well as in vitro, is suf-
ficient to activate caspases and thereby neuronal death, while
some deletion mutants of the protein block both caspase-depen-
dent and independent neuronal death [4,5]. Alix is a known partner
of ESCRT proteins [6,7] (endosomal sorting complexes required for
transport), which are central elements for the making of multive-
sicular bodies (MVBs), late endosome intermediates containing
intralumenal vesicules (ILVs) that collect receptors and other
membrane proteins endocytosed from the cell surface [8].

Alix interacts with two proteins of the ESCRT complex, Tsg101
[6] and CHMP-4B [7], lysobisphosphatidic acid (LBPA), a phospho-
lipid involved in intralumenal vesiculation of endosomes [9], as
well as with other regulators of endocytosis (endophilins [10]

and CIN85 [11]). Like ESCRT proteins, Alix is also required for the
budding of enveloped viruses [12] and for the abscission reactions
that complete mammalian cell division [13,14]. Even if Alix has
been proposed to regulate membrane budding and abscission in
MVBs, its precise role remains largely unclear as neither we nor
other laboratories have found any striking effect of the protein
on endocytosis and degradation of EGF receptors (J. Faure and coll,
unpublished observations, [15–18]).

Macroautophagy, hereafter referred to as autophagy, is the
major pathway for degradation of long-lived proteins and the only
known pathway for elimination of organelles. Depending on the
stimulus, autophagy leads to cellular destruction or, on the con-
trary, to survival by supplying nutrients from cell material degra-
dation [19,20]. Formation of double-membrane vacuoles, referred
to as autophagosomes, allows the engulfment of material which
is then degraded in lysosomes. In higher eukaryotes, autophago-
somes first fuse with endosomes, thereby giving rise to amphi-
somes which in turn fuse with lysosomes [21]. This may explain
why proteins involved in the biogenesis of endosomes, like ESCRTs
[22], the ATPase SKD1 [23], the small GTPases Rab7 [24] and Rab5
[25], and Hrs [26], all have an effect on the maturation of auto-
phagosomes. Given the fact that Alix is somehow involved in cell
death which is associated with autophagy, we have challenged
the hypothesis that it may control autophagy in a similar way to
ESCRT proteins. Surprisingly, we could not find any effect of Alix
mutants or of Alix knock-down on several aspects of autophagy
induced by amino acid depletion, thereby strongly suggesting that
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Alix does not directly participate in this process and therefore dif-
fers from classical ESCRT proteins.

Experimental procedures

Plasmids. Expression plasmids encoding GFP-SKD1(E235Q),
GFP-LC3 (pEGFP LC3), and RFP-LC3 were kindly provided by
T. Yoshimori (National Institute of Genetics, Mishima, Japan). Alix
and Alix mutants expression vectors have been described in
Chatellard-Causse et al., 2002 [10].

Construction of Alix sh RNA. For silencing Alix expression, a DNA
insert encoding an RNA hairpin was cloned downstream of the
human H1 promoter in the pSuperGFP vector (Oligoengine, Seattle,
WA, USA). Forward and reverse sequences for the Alix shRNA con-
struct were: 50-GATCCCCGCCGCTGGTGAAGTTCATCTTCAAGAGAGA
TGAACTTCACCAGCGGCTTTTTGGAAA-30 and 50-AGCTTTTCCAAAA
AGCCGCTGGTGAAGTTCATCTCTCTTGAAGATGAACTTCACCAGCGGC
GGG-30, respectively (Invitrogen). The annealed oligonucleotides
were ligated into the BglII–HindIII cleavage site within the pSu-
perGFP vector.

Cells culture and antibodies. Baby Hamster Kidney cells (BHK-21)
were used as described in Ref. [27]. Rabbit anti-Alix as been previ-
ously described [10], mouse anti-Tsg101 was from Abcam, mouse
anti-actin was from Chemicon, mouse anti Flag was from Sigma–

Aldrich, mouse anti-GFP was from Clontec and rabbit anti-LC3
was a kind gift from Priault M., (IBGC, UMR 5095, Bordeaux).

pSuper expressing BHK-21 cells. BHK-21 cells were transfected
with pSuper/shAlix plasmid or pSuperGFP vector as control by
using JetSi transfection (Polyplus tranfection). Transfected cells
were selected by adding G418 (800 lg/ml) to the culture medium.
After 15 days, clones were isolated and screened for the best reduc-
tion in Alix expression. Permanent cell lines (PSuper/shAlix and
control) were maintained with G418 (800 lg/ml).

Transientcell transfections of BHK-21 cells. Plasmids encoding the
different constructions were transfected using the JetPEI method.
Cells were used 36 h following transfection.

Determination of cell viability. Cells were stained with Hoechst
33342 as described previously [4]. Cell viability was scored on
the basis of nuclear morphology; condensed or fragmented nuclei
were taken to indicate cell death.

In some cases, MTT (tetrazolium salt, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide, 0.5 mg/ml) was added to
cells and incubated for 30 min in the dark at 37 "C. The cells were
rinsed and dissolved in 500 ll DMSO per well. Absorbance was
measured at 540 nm.

Immunofluorescence. BHK-21 cells grown on glass coverslips
were fixed in 4% paraformaldehyde in PBS for 20 min at 4 "C, per-
meabilized with 0.02% saponin, and immunostained as described
in [4]. The primary antibody was revealed with anti-IgG coupled
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to fluorochrome Alexa 594 or Alexa 488 (Molecular Probes). Image
analysis was performed using MetamorphTM software (Universal
Imaging Corp.).

Western blot analysis. Western blot analysis were performed as
described [10].

Measurement of the degradation of long-lived proteins. Protein
degradation was determined as previously described in Ref. [28].
Briefly, cells were incubated for 18 h at 37 "C with 0.2 lCi/ml
L-[14C] valine. After three washes with PBS, cells were incubated
1 h in fresh medium supplemented with 10 mM cold valine. Auto-
phagic degradation was induced by incubating cells in EBSS med-
ium (lacking amino acids and foetal calf serum) supplemented
with 10 mM cold valine throughout the chase period (4 h). Follow-
ing the 4 h chase, proteins of the media and of the cell cultures
were precipitated with trichloroacetic acid (10% at 4 "C). Radioac-
tivity was determined by liquid scintillation counting. Percentage
of protein degradation represents the ratio of acid-soluble radioac-
tivity recovered from both cells and medium to the radioactivity
contained in the precipitated proteins from both cells and medium.

Statistical analysis. Statistical analysis was performed using Stu-
dent’s t test. p < 0.05 was considered statistically significant.

Results

Alix is not involved in the making of autophagic vacuoles

In BHK-21 cells, like in many others, autophagy can be induced
by depleting amino acids from the culture medium. The first steps

of autophagy were recorded by using the microtubule-associated
protein-1 light chain 3 (LC3) to label autophagic membranes to
which it binds selectively throughout the process of autophagy.
As expected, the percentage of cells transfected with LC3-GFP
displaying a vacuolar staining was less than 10% under normal
conditions and rose to nearly 40%, 4 h after amino acid depletion
(Fig. 1A). We tested the effect of expressing Alix or Alix mutants
on autophagosomes: Alix-CT, which binds to Tsg101 of ESCRT-I
but lacks the N terminal binding domain to SNF7/CHMP-4B of ESC-
RT-III, is thought to inhibit the ESCRT pathway. Alix DALG-2 lacks
the ALG-2 binding site and is capable of blocking cell death in vivo.
None of the overexpressed Alix proteins impaired cell viability
(data not shown). In normal or amino acid-depleted cultures, none
of the Alix proteins changed significantly the number of cells with
vacuolated LC3-GFP staining (Fig. 1A). In contrast, a significant
increase in the number of vacuoles stained with LC3-RFP was
observed in normal or amino acid-depleted cells transfected with
an ATPase dead version of SKD1 (SKD1(E235Q)), (Fig. 1B). This
mutant impairs the dissociation of the ESCRT complex from endo-
somes and thereby MVB formation. Furthermore, the level of the
16 kD lipidated, autophagosome-bound form of LC3 (LC3-II),
detected by Western blot analysis, was visibly increased compared
to the 18 kD cytosolic form in cells expressing SKD1(E235Q). In
contrast, there was no change in the level of LC3-II in cells express-
ing wt. or mutated Alix, cultured in normal (not shown) or amino
acid-depleted medium (Fig. 1C). The LC3-I band is almost unde-
tectable probably because it is less sensitive to detection with
the antibody used or because it is more labile than LC3-II in BHK
cells.
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We next tested whether downregulation of Alix expression
could affect autophagy. For this, we used a BHK-21 cell line trans-
fected with a pSuper plasmid expressing shRNA targeted to Alix.
Alix expression was reduced by about 70%, whereas expression
of actin or Tsg101 remained unchanged (Fig. 2A). As estimated
by MTT, downregulation of Alix expression did not affect cell sur-
vival in any culture condition (Fig. 2B). The number of cells with
vacuolar LC3-RFP staining was equivalent in cells with reduced
Alix expression and in controls. This was true in both normal or
in amino acid-depleted medium (Fig. 2C and D). Moreover, there
was no significant difference in the levels of LC3-II, detected by
Western blot analysis of PSuper and shAlix cells (data not shown).
Taken together, these observations strongly suggest that unlike
ESCRT proteins, Alix is not necessary for the formation of autopha-
gic vacuoles.

Alix does not colocalise with autophagic vacuoles

Because endocytic proteins can be found on autophagosomal
membranes [24–26], the localisation of overexpressed FLAG-Alix
protein was studied in LC3-GFP transfected cells in normal or in
amino acid-depleted medium. As illustrated in Fig. 3A, Alix did
not colocalise with LC3-GFP, suggesting that Alix is not present
in the autophagosome compartment. Alix-CT both formed and

delimited, spherical structures surrounding large ubiquitinated
protein aggregates resembling those seen in ESCRT depleted cells
([10,22] and Chatellard-Causse, unpublished data). In contrast with
this latter situation where it colocalized around the aggregates,
LC3-GFP was never localised on Alix-CT induced spherical struc-
tures (Fig. 3B). ESCRT depletion and Alix-CT expression therefore
induce the formation of morphologically similar, but distinct
compartments.

Alix is not involved in autophagic protein degradation

We went on testing the effect of Alix on protein degradation. For
this we quantified the percentage of acid-soluble radioactivity
recovered from BHK-21 cells metabolically labelled with [14C] va-
line; it was almost doubled after cells were switched from DMEM
to EBSS (Fig. 4A and B). This increase partly reflects autophagic
degradation induced by amino acid-deprivation since the percent-
age of soluble [14C] was reduced by about 30% in cells cultured in
EBSS containing LY294002, a phosphatidyl inositol 3-kinase inhib-
itor known to block autophagic degradation [29]. Transient overex-
pression of SKD1(E235Q) significantly reduced autophagic
degradation, whereas Alix or Alix-CT expression had no significant
effect. Furthermore, the use of shAlix BHK cells, did not reveal any
detectable effect of Alix downregulation on the level of autophagic
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Fig. 3. Alix is not localised on autophagic vacuoles. (A) BHK cells were co-transfected with LC3-GFP and FLAG Alix, before 4 h incubation in normal medium or depleted amino
acid medium (EBSS). Cells were then fixed and labelled with a monoclonal anti-FLAG antibody. (B) BHK cells were co-transfected with FLAG Alix-CT, before 4 h incubation in
depleted amino acid medium (EBSS). Cells were then fixed and labelled with a monoclonal anti-FLAG antibody. Bars: (A) 5 lm; (B) 2.5 lm.
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protein degradation (Fig. 4B). Taken together, these results suggest
that Alix is not involved in autophagic degradation due to amino
acid depletion in BHK-21 cells.

Discussion

Here, we show that Alix downregulation or expression of Alix-
CT does not impair autophagy as monitored by LC3 relocalisation
or protein degradation, thus challenging the hypothesis that Alix
acts as an ESCRT protein in the making of MVBs. ESCRT complexes
(0-III) bind sequentially on the cytosolic surface of endosomes
where they control the sorting of cargoes and budding of intralum-
enal vesicles [30]. Activity of the ATPase Vps4/SKD1 allows the dis-
sociation of ESCRT-III complexes from the endosome limiting
membrane. Expression of a dominant negative form of the ATPase,
SKD1(E235Q), leads to abnormal MVBs [23] and produces accumu-
lation of LC3 in Drosophila [22] and in starved HeLa cells [23]. In
this latter case, Nara et al. also observed an increase LC3-II, in par-
allel to partial inhibition of protein degradation [23]; our present
study reports similar results using BHK-21 cells. In higher eukary-
otes, autophagosomes fuse with endosomal compartments to
make amphisomes, which in turn fuse with lysosomes to form
autolysosomes [31]. Autophagosomes and amphisomes, but not
autolysosomes, form in ESCRT depleted HeLa cells, explaining the
increase in the number of LC3 decorated vacuoles [32]. Such an in-
crease was not seen after downregulation of Alix or expression of
Alix-CT, which is thought to disorganize the ESCRT pathway by
binding to ESCRT-I but not to ESCRT-III. Cells depleted of Tsg101
of ESCRT-I and Vps24 of ESCRT-III, accumulate large ubiquitin po-
sitive aggregates which concentrate LC3, a phenomenon probably
reflecting their incapacity to eliminate polyubiquitinated proteins
[32]. Alix-CT induces the formation of vacuoles containing ubiqui-
tinated aggregates (C. Chatellard-Causse, unpublished) which dif-
fer from those detected in ESCRT depleted cells since they did
not recruit LC3-GFP.

Our results demonstrating that Alix has no central role in the
maturation of autophagosomes seem puzzling in view of its pro-
posed role in the making of MVBs. Alix provides a link between dif-
ferent effectors of intralumenal vesicle budding through binding to
proteins of both ESCRT-I [6] and ESCRT-III [7], and to lysobisphos-
phatidic acid (LBPA), a cone shaped lipid implicated in inward
vesiculation [9]. The hypothesis of Alix playing a role in MVB gen-
esis stems from its homology with a yeast protein, Bro-1p, which is
required for the sorting of mono-ubiquitinated transmembrane
proteins into intralumenal vesicles of MVBs [33]. In Caenorhabditis
elegans ALX-1 is needed for proper MVB and late endosome func-
tion and thereby required for the degradation of membrane pro-
teins [34]. Using electron microscopy, we have reported that Alix
downregulation in HeLa cells impairs the budding of intralumenal
vesicles inside endosomes [9]. However, contradicting this obser-
vation several reports showed that Alix seems to play no role in
EGF receptor degradation, a process known to require ESCRT pro-
teins [15–18]. Instead, Doyotte et al. found that sorting of EGF-R
and genesis of MVBs require the Alix-related tyrosine phosphatase
HD-PTP/PTN23 suggesting that some of the functions attributed to
Alix, might in fact be due to HD-PTP [16]. Thus our study demon-
strating that neither Alix knock-down nor expression of Alix-CT af-
fect maturation of autophagosomes suggests once more that Alix
plays a role clearly distinct from that of ESCRT proteins. Further-
more, our observations demonstrate that the potency of Alix mu-
tants to block cell death in vivo and in vitro cannot simply be
explained by a role of the protein in controlling autophagy, known
to be involved in several aspects of cell death.
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Abstract
Alix [ALG-2 (apoptosis-linked gene 2)-interacting protein X] is a ubiquitinous adaptor protein first described
for its capacity to bind to the calcium-binding protein, ALG-2. Alix regulates neuronal death in ways
involving interactions with ALG-2 and with proteins of the ESCRT (endosomal sorting complex required for
transport). Even though all Alix interactors characterized to date are involved in endosomal trafficking,
the genuine function of the protein in this process remains unclear. We have demonstrated recently that
Alix and ALG-2 form in the presence of calcium, a complex with apical caspases and with the endocytosed
death receptor TNFR1 (tumour necrosis factor α receptor 1), thus suggesting a molecular coupling between
endosomes and the cell death machinery.

Introduction
Numerous observations suggest that, in several neuro-
degenerative diseases, including ALS (amyotrophic lateral
sclerosis), AD (Alzheimer’s disease) and Niemann–Pick
disease, affected neurons display an early impairment in the
endosomal system. For example, in AD brains, endosome ab-
normalities appear in neurons long before amyloid plaque and
neurofibrillary tangle formation [1]. The endosomal system
is composed of a series of intracellular compartments within
which endocytosed molecules traffic. Most of the endo-
cytosed proteins return to the membrane, while some meant
for degradation are selectively entrapped in vesicles budding
from the membrane into the lumen of endosomes. This
process leads to the formation of endosome intermediates
called MVBs (multivesicular bodies), filled with intraluminal
vesicles; these and their cargoes will be hydrolysed after fu-
sion of the MVBs with lysosomes [2]. One sorting signal used
for the trafficking through MVBs is the mono-ubiquitination
of cytosolic parts of transmembrane receptors, which occurs
after their activation at the cell surface. Once inside endo-
somes, ubiquitinated cytoplasmic domains pointing out into
the cytosol trigger the sequential building of the ESCRTs (en-
dosomal sorting complexes required for transport) on to the
endosomal membrane. CHMPs (charged multivesicular body

Key words: apoptosis, calcium, caspase, endosomal sorting complex required for transport

(ESCRT), neuron, tumour necrosis factor α receptor 1 (TNFR1).

Abbreviations used: AD, Alzheimer’s disease; ALG-2, apoptosis-linked gene-2; Alix, ALG-2-

interacting protein X; Alix-CT, C-terminal half of Alix; ALS, amyotrophic lateral sclerosis; BHK,

baby-hamster kidney; CHMP, charged multivesicular body protein; ESCRT, endosomal sorting

complex required for transport; LBPA, lysobisphosphatidic acid; MVB, multivesicular body; TNFR1,

TNFα receptor 1.
1Present address: Experimental Medicine and Toxicology, Imperial College London, London W12

0NN, U.K.
2Present address: European Center for Brain Research, Santa Lucia Foundation, Molecular

Neuroembryology Unit, 00143 Rome, Italy
3Present address: MRC Functional Genetic Unit, Department of Physiology, Anatomy and

Genetics, University of Oxford, Oxford OX1 3QX, U.K.
4To whom correspondence should be addressed (email remy.sadoul@ujf-grenoble.fr).

proteins) of ESCRT-III associate to form a lattice entrapping
transmembrane proteins and which is necessary for endo-
somal membrane vesiculation [3]. Another actor of the vesicle
budding inside endosomes might be the protein Alix [ALG-2
(apoptosis-linked gene 2)-interacting protein X]/AIP1 (actin-
interacting protein 1), which binds to both ESCRT-I and
ESCRT-III, as well as to LBPA (lysobisphosphatidic acid), a
lipid facilitating the budding of vesicles inside MVBs [4].

An important hint that MVB abnormalities lead to neuro-
degenerative diseases came from the discovery that Niemann–
Pick type C disease is linked to mutations inducing abnormal
accumulation of unesterified cholesterol in MVBs and the
concomitant death of neurons [5]. More recently, Reid et al.
[6] found that the spastin protein encoded by SPAST, muta-
tions of which were known to cause degeneration of cortical
motoneurons in hereditary spastic paraplegia, interacts with
CHMP1B of ESCRT-III. Mutations of the ESCRT-III sub-
unit CHMP2B have also been reported to be linked with cases
of FTD (frontotemporal dementia), the second most common
cause of presenile dementia, characterized by a severe cortical
atrophy, and with non-SOD1 (superoxide dismutase 1) ALS,
associated with degeneration of motor neurons [7,8]. These
genetic data fit with the morphological data to suggest
that endosomal function is central to neurodegenerative
pathologies. The connection between endosomal dysfunction
and neurodegeneration means that certain trafficking and/or
processing events taking place in endosomes are critically
important for neuronal homoeostasis. One possibility is
that molecular interactions within endosomes control the
initiation of a neuronal death programme. The adaptor
protein Alix seems to mediate interactions of this type.

Alix ESCRTs endosomes
We first characterized Alix while searching for proteins
capable of binding the calcium-binding protein ALG-2 [9].
At that time, the aim of our research was the definition of
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molecules involved in death induced by intracellular calcium,
and our interest for ALG-2 began as it was reported to be
required for T-cell apoptosis [10]. Alix is a 90 kDa cytosolic
protein with no enzymatic signature, but with a long proline-
rich C-terminal region, which binds ALG-2 only when the
latter is complexed to calcium. Other Alix interactors have
a demonstrated role in endocytosis: CIN85 (Cbl-interacting
protein of 85 kDa)/SETA [SH3 (Src homology 3) domain-
containing gene expressed in tumorigenic astrocytes]/Ruk
(regulator of ubiquitous kinase), first involved in endocytosis
of ubiquitinated tyrosine kinase receptors [11]; endophilins
A, regulating clathrin-dependent endocytosis of surface
receptors [12]; Tsg101 (tumour susceptibility gene 101) and
SNF7/CHMP4B, members of ESCRT-I and -III respectively
[13,14]; and LBPA, a phospholipid which is highly
concentrated inside MVBs and may promote intraluminal
vesiculation of endosomes [15]. Alix might orchestrate the
deformation and fission of lipid bilayers since it was described
as being involved in the budding of vesicles inside MVBs
[15,16] and the abscission reactions that complete mammalian
cell division [17]. The role played by the protein in deforming
membranes was recognized as central by enveloped viruses,
which recruit it in order to bud off membranes [18]. Sur-
prisingly, however, neither we nor other laboratory groups
have found any significant effect of Alix on endocytosis and
degradation of EGF (epidermal growth factor) or transferrin
receptors in mammalian cells [19]; thus the final consequence
of Alix activity in MVBs remains largely unclear.

Alix links endosomes to neuronal death
One hint that Alix is involved in neuronal death comes
from our observations of its up-regulation in rat-degenerating
neurons of the striatum in a model of Huntington’s disease
[20] or of the hippocampus during epileptic seizures. In
this latter case, neuronal death is known to occur because
of calcium entering through glutamate receptors and is
accompanied by a massive up-regulation of endocytosis and
of autophagy [21]. Alix up-regulation could be a cause of
neurodegeneration, since its overexpression by transfection
was sufficient to activate caspases and induce death of post-
mitotic cerebellar granule neurons. On the other hand, ex-
pression in these cultured neurons of the Alix C-terminal half
(Alix-CT) of the protein, which acts as a dominant-negative
mutant, blocked death induced by potassium deprivation.
Both the pro- and anti-apoptotic effects of Alix and Alix-CT
respectively required the integrity of the ALG-2-binding site,
suggesting that the calcium-dependent interaction of ALG-2
with Alix is instrumental in controlling neuronal death [22].
We need here to emphasize that the cerebellar neurons used
in these experiments were post-mitotic and therefore that the
effects seen on apoptosis cannot be due to the role of Alix
in cytokinesis. Furthermore, the neurons were cultured in
the absence of serum and of exogeneous factors and only
survive because of chronic depolarization obtained by high
extracellular potassium concentrations. This rules out that, in
this paradigm, Alix mutants act on cell death by modifying

endosomal trafficking of trophic receptors. We went on to
test whether Alix/ALG-2 might play a role in cell death in
a more physiological setting, which is the programmed cell
death occurring naturally during development of the chick
embryo. Using electroporation, we found that expression
of some mutants of Alix blocked death of motor neurons
during normal development. This blocking effect was tightly
dependent on binding to both ALG-2 and ESCRT-I and
-III. Our interpretation of these results is that some truncated
forms of Alix behave as dominant-negative mutants inhibiting
the formation of an ALG-2–Alix–ESCRT complex necessary
for cell death [23]. Therefore the Alix–ALG-2 complex could
make a link between endosomes and a signalling, or an
execution step of neuronal death [4].

Alix–ALG-2: a new caspase-activating
platform bound to ESCRT?
Using immunoprecipitations coupled to MS, we found that,
in dying cerebellar neurons, Alix associates in a complex
containing the apical caspase 8. We have reproduced the
formation of this complex in BHK (baby-hamster kidney)
cells and shown that it is tightly dependent on calcium and
on the capacity of Alix to interact with ALG-2 [24]. Another
apical caspase, caspase 9, also co-immunoprecipitated with
Alix and ALG-2, whereas execution caspases 3 and 7 did not.
Caspases are synthesized as zymogens, and activation occurs
through caspase proteolytic cleavage. Intrinsic and extrinsic
pathways of apoptosis led to the recruitment of apical
caspases on to multimeric complexes, inducing proximity and
thereby autocatalytic activation of the zymogens. Activated
apical caspases in turn cleave and thereby activate execution
caspases, which dismantle the cell undergoing apoptosis.
We therefore hypothesize that Alix functions as a scaffold
allowing autocatalytic activation of caspase 8 and 9 and that
the build-up of the complex is controlled by calcium binding
to ALG-2. In agreement with this, expression of Alix-CT or
knockdown of Alix protected BHK cells from death induced
by thapsigargin, which elevates cytosolic calcium by blocking
the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(F. Strappazzon, S. Torch, C. Chatellard-Causse, A. Petiot,
B. Blot, J.-M. Verna and R. Sadoul, unpublished work).

Our results, together with the tight relationship of Alix
with endosomes, suggest a coupling of apical caspases to these
latter organelles. A possible understanding of this unexpected
link came from the work of Schneider-Brachert et al. [25]
who reported that, in lymphocytes, activation of caspase 8
by TNFR1 (tumour necrosis factor α receptor 1) occurs only
after the receptor has been endocytosed and passed on to
MVBs. This finding has introduced the notion of death-in-
ducing signalling endosomes [25]. We recently demonstrated
that Alix binds to endocytosed TNFR1, whereas ALG-2
binds to pro-caspase 8 [24]. In the presence of calcium, the
complex made by Alix and ALG-2 contains both pro-caspase
8 and TNFR1 and might thus be instrumental in adapting the
caspase zymogen on to TNFR1-containing receptors.
The physiological relevance of these interactions was given by
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the observation that expression of Alix"ALG-2, which in-
teracts with TNFR1, but not with caspase 8, blocks TNFR1-
induced cell death without interfering with endocytosis of
the receptor. Furthermore, we observed that the same mutant
blocked programmed cell death of developing motor neurons
in the chick embryo, which is controlled by TNFR1 [24].

Alix controls caspases . . . and what else?
Even though the idea of an Alix–ALG-2 complex allowing
activation of apical caspases on the surface of endosomes
is appealing, it cannot entirely explain the mechanisms by
which Alix mutants block neuronal death. Indeed, we found
that expression of P35, a baculovirus pan-caspase inhibitor,
delays, but does not block, death of motor neurons in
vivo, in contrast with Alix mutants which allow long-term
survival of the same neurons [24]. This is in good agreement
with numerous publications that have reported that, in
most cases, inhibiting or knocking out caspases only blocks
nuclear destruction, but does not allow neuronal survival.
Thus neuronal death is the sum of caspase-dependent
mechanisms involved in the dismantling of the nucleus and
of caspase-independent mechanisms allowing destruction of
the cytoplasm. The capacity of Alix mutants to block cell
death both in vivo and in vitro suggests that the protein
drives both caspase-dependent and -independent processes.

Caspase-independent mechanisms are ill-defined, but the
presence of autophagic vacuoles in dying cells in which
caspases are inhibited, or in certain neurons dying during
development and in adult central nervous system, has led sev-
eral authors to postulate that macro-autophagy is a caspase-
independent mechanism contributing to cell destruction
[26,27]. Macro-autophagy, hereafter referred to as autophagy,
is the major pathway for degradation of long-lived proteins
and the only known pathway for elimination of organelles.
This process begins with the formation of double-membrane
vacuoles, referred to as autophagosomes, which engulf
cytoplasmic material. Autophagosomes fuse with endosomes,
thereby giving rise to amphisomes, which in turn fuse with
lysosomes [28]. Several proteins involved in the biogenesis of
MVBs, among which the ATPase SKD1 (suppressor of K+

transport defect 1), as well as the three ESCRTs, modulate
autophagy [29,30]. With this in mind, we have challenged
the hypothesis that Alix might drive caspase-independent
cell death by controlling autophagy. Using cerebellar granule
neurons, we found that Alix-induced cell death is accompan-
ied by a drastic increase in the number of autophagosomes,
whereas expression of Alix-CT reduced the formation of
autophagosomes in dying neurons. However, in cell lines
whose viability is not influenced by Alix, overexpression or
down-regulation of the protein had no effect on autophago-
somes or autophagic protein degradation induced by amino
acid depletion [31]. These results show that, in non-dying
cells, Alix does not participate directly in autophagy, and re-
inforce the conclusion of other studies demonstrating that its
role differs from that of classical ESCRT proteins. Thus, even
though Alix’s role in apoptosis seems to be due to a control of

caspase activation by both calcium and endosomes, its role in
controlling caspase-independent processes remains obscure.
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3 Williams, R.L. and Urbé, S. (2007) The emerging shape of the ESCRT
machinery. Nat. Rev. Mol. Cell Biol. 8, 355–368

4 Sadoul, R. (2006) Do Alix and ALG-2 really control endosomes for better
or for worse? Biol. Cell 98, 69–77

5 Nixon, R.A. (2004) Niemann–Pick Type C disease and Alzheimer’s
disease: the APP–endosome connection fattens up. Am. J. Pathol. 164,
757–761

6 Reid, E., Connell, J., Edwards, T.L., Duley, S., Brown, S.E. and Sanderson,
C.M. (2005) The hereditary spastic paraplegia protein spastin interacts
with the ESCRT-III complex-associated endosomal protein CHMP1B.
Hum. Mol. Genet. 14, 19–38

7 Skibinski, G., Parkinson, N.J., Brown, J.M., Chakrabarti, L., Lloyd, S.L.,
Hummerich, H., Nielsen, J.E., Hodges, J.R., Spillantini, M.G., Thusgaard, T.
et al. (2005) Mutations in the endosomal ESCRTIII-complex subunit
CHMP2B in frontotemporal dementia. Nat. Genet. 37, 806–808

8 Parkinson, N., Ince, P.G., Smith, M.O., Highley, R., Skibinski, G., Andersen,
P.M., Morrison, K.E., Pall, H.S., Hardiman, O., Collinge, J. et al. (2006) ALS
phenotypes with mutations in CHMP2B (charged multivesicular body
protein 2B). Neurology 67, 1074–1077

9 Missotten, M., Nichols, A., Rieger, K. and Sadoul, R. (1999) Alix, a novel
mouse protein undergoing calcium-dependent interaction with the
apoptosis-linked-gene 2 (ALG-2) protein. Cell Death Differ. 6, 124–129

10 Vito, P., Lacana, E. and D’Adamio, L. (1996) Interfering with apoptosis:
Ca2+-binding protein ALG-2 and Alzheimer’s disease gene ALG-3.
Science 271, 521–525

11 Chen, B., Borinstein, S.C., Gillis, J., Sykes, V.W. and Bogler, O. (2000) The
glioma-associated protein SETA interacts with AIP1/Alix and ALG-2 and
modulates apoptosis in astrocytes. J. Biol. Chem. 275, 19275–19281

12 Chatellard-Causse, C., Blot, B., Cristina, N., Torch, S., Missotten, M. and
Sadoul, R. (2002) Alix (ALG-2-interacting protein X), a protein involved in
apoptosis, binds to endophilins and induces cytoplasmic vacuolization.
J. Biol. Chem. 277, 29108–29115

13 von Schwedler, U.K., Stuchell, M., Muller, B., Ward, D.M., Chung, H.Y.,
Morita, E., Wang, H.E., Davis, T., He, G.P., Cimbora, D.M. et al. (2003) The
protein network of HIV budding. Cell 114, 701–713

14 Strack, B., Calistri, A., Craig, S., Popova, E. and Gottlinger, H.G. (2003)
AIP1/ALIX is a binding partner for HIV-1 p6 and EIAV p9 functioning in
virus budding. Cell 114, 689–699

15 Matsuo, H., Chevallier, J., Mayran, N., Le Blanc, I., Ferguson, C., Faure, J.,
Blanc, N.S., Matile, S., Dubochet, J., Sadoul, R. et al. (2004) Role of LBPA
and Alix in multivesicular liposome formation and endosome
organization. Science 303, 531–534

16 Le Blanc, I., Luyet, P.P., Pons, V., Ferguson, C., Emans, N., Petiot, A.,
Mayran, N., Demaurex, N., Faure, J., Sadoul, R. et al. (2005)
Endosome-to-cytosol transport of viral nucleocapsids. Nat. Cell Biol. 7,
653–664

17 Carlton, J.G. and Martin-Serrano, J. (2007) Parallels between cytokinesis
and retroviral budding: a role for the ESCRT machinery. Science 316,
1908–1912

C©The Authors Journal compilation C©2009 Biochemical Society



ESCRTs: from Cell Biology to Pathogenesis 203

18 Odorizzi, G. (2006) The multiple personalities of Alix. J. Cell Sci. 119,
3025–3032

19 Cabezas, A., Bache, K.G., Brech, A. and Stenmark, H. (2005) Alix
regulates cortical actin and the spatial distribution of endosomes.
J. Cell Sci. 118, 2625–2635

20 Blum, D., Hemming, F.J., Galas, M.C., Torch, S., Cuvelier, L., Schiffmann,
S.N. and Sadoul, R. (2004) Increased Alix (apoptosis-linked gene-2
interacting protein X) immunoreactivity in the degenerating striatum of
rats chronically treated by 3-nitropropionic acid. Neurosci. Lett. 368,
309–313

21 Hemming, F.J., Fraboulet, S., Blot, B. and Sadoul, R. (2004) Early increase
of apoptosis-linked gene-2 interacting protein X in areas of
kainate-induced neurodegeneration. Neuroscience 123, 887–895

22 Trioulier, Y., Torch, S., Blot, B., Cristina, N., Chatellard-Causse, C., Verna,
J.M. and Sadoul, R. (2004) Alix, a protein regulating endosomal
trafficking, is involved in neuronal death. J. Biol. Chem. 279, 2046–2052

23 Mahul-Mellier, A.-L., Hemming, F.J., Blot, B., Fraboulet, S. and Sadoul, R.
(2006) Alix, making a link between ALG-2, the ESCRT complex and
neuronal death in vivo. J. Neurosci. 26, 542–549

24 Mahul-Mellier, A.L., Strappazon, F., Petiot, A., Chatellard-Causse, C.,
Torch, S., Blot, B., Freeman, K., Kuhn, L., Garin, J., Verna, J.-M. et al.
(2008) Alix and ALG-2 are involved in tumor necrosis factor receptor
1-induced cell death. J. Biol. Chem. 283, 34954–34965

25 Schneider-Brachert, W., Tchikov, V., Neumeyer, J., Jakob, M.,
Winoto-Morbach, S., Held-Feindt, J., Heinrich, M., Merkel, O.,
Ehrenschwender, M., Adam, D. et al. (2004) Compartmentalization of
TNF receptor 1 signaling: internalized TNF receptosomes as death
signaling vesicles. Immunity 21, 415–428

26 Clarke, P.G. (1990) Developmental cell death: morphological diversity
and multiple mechanisms. Anat. Embryol. 181, 195–213

27 Baehrecke, E.H. (2005) Autophagy: dual roles in life and death? Nat. Rev.
Mol. Cell Biol. 6, 505–510

28 Codogno, P. and Meijer, A.J. (2005) Autophagy and signaling: their role in
cell survival and cell death. Cell Death Differ. 12 (Suppl. 2), 1509–1518

29 Nara, A., Mizushima, N., Yamamoto, A., Kabeya, Y., Ohsumi, Y. and
Yoshimori, T. (2002) SKD1 AAA ATPase-dependent endosomal transport
is involved in autolysosome formation. Cell Struct. Funct. 27, 29–37

30 Rusten, T.E. and Simonsen, A. (2008) ESCRT functions in autophagy and
associated disease. Cell Cycle 7, 1166–1172

31 Petiot, A., Strappazon, F., Chatelard-Causse, C., Blot, B., Torch, S., Verna,
J.-M. and Sadoul, R. (2008) Alix differs from ESCRT proteins in the control
of autophagy. Biochem. Biophys. Res. Commun. 375, 63–68

Received 6 November 2008
doi:10.1042/BST0370200

C©The Authors Journal compilation C©2009 Biochemical Society



	 16	

Post-doctoral training #1: Study of the role of transglutaminase 2 protein (TG2) 
in the autophagy process (2008-2010). Laboratory of Mauro Piacentini at the 
University of Rome, Tor Vergata (Marie Curie post-doctoral fellow). 

 
During my PhD, I discovered the interesting field of autophagy, which was in full 

expansion at this time. I thus decided to perform a post-doctoral training in this field. To 

this end, I moved to Italy in 2008, to start my first post-doctoral training in the laboratory of 

Prof. Piacentini, expert in cell death and autophagy (University of Rome). Although the 

main function of autophagy is to provide nutrients for vital cellular functions during fasting 

and other forms of stress, it was more recently shown to selectively eliminate unwanted, 

potentially harmful cytosolic material, such as damaged mitochondria or protein 

aggregates. Autophagy consists in the formation of a double-membrane structure that 

sequesters cytosolic contents into large autophagic vesicles to form the autophagosomes. 

Autophagosomes subsequently fuse to lysosomes, where their contents are degraded. At 

the beginning of my post-doctoral training, the molecular mechanisms regulating the 

specific recognition and elimination of the aggresomes by autophagy were just starting to 

be identified. Several studies had shown that Transglutaminase 2 (TG2), a multifunctional 

protein, is involved in the pathogenic mechanisms responsible for a number of human 

degenerative diseases characterized by the accumulation of protein aggregates in affected 

brains, such as Alzheimer’s, Parkinson’s and Huntington's disease. When I joined the 

laboratory, the team of Prof Piacentini was discovering that TG2 was involved in 

autophagosome maturation in vitro. Starting from these premises we decided to analyze 

the role of TG2 in autophagy in vivo. We observed a marked accumulation of ubiquitinated 

proteins in the absence of TG2 in vivo. We have also shown that the activation of TG2 

transamidating activity is increased by autophagy induction. We therefore proposed that 

the activated enzyme may catalyze the misfolded protein crosslinking, leading to the 

formation of small aggregates and subsequently large aggregates. The formation of these 

ubiquitinated inclusions is next recognized by cargo proteins and uploaded inside the 

autophagosomes. This work has been published in Cell Death and Differentiation 
journal and shed light on the possible involvement of the enzyme in the 
degenerative disorders involving the formation of aggresomes and their clearance 
by autophagy (see D’Eletto et al. 2012 Cell Death and Diff).  
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Post-doctoral training #2: Study of the molecular mechanisms underlying the function 
of AMBRA1 in autophagy (2010-2014). Laboratory of Francesco Cecconi at Santa 
Lucia Foundation (Rome). 
 

At the time I did my first postdoc, it was not fully understood how the autophagy 

process was controlled but the team of Prof Piacentini in collaboration with the team of 

Prof Cecconi (Santa Lucia Foundation, Rome) highlighted the protein AMBRA1 (Activating 

Molecule in BECN-1 regulated Autophagy) as a novel positive regulator of autophagy in 

mammals. However, very little was known about the mechanisms of action of AMBRA1 in 

autophagy, therefore I took the opportunity to join the laboratory of Pr Cecconi (who 

discovered AMBRA1 gene), in order to participate in studies dedicated to a better 

understanding of the molecular mechanisms underlying the function of AMBRA1. 

 Firstly, I revealed a previously unknown interaction between AMBRA1 and Bcl-2 at 

the mitochondrial outer membrane (MOM). In response to nutrient withdrawal, this 

interaction is dissociated, and AMBRA1 associates with BECLIN 1 at the endoplasmic 

reticulum (ER) to stimulate autophagy by promoting autophagosome formation. Bcl-2 can 

thus inhibit the initiation of autophagy by binding BECLIN 1 at the ER, as well as at 

mitochondrial membranes preventing AMBRA1 binding to BECLIN 1. This work provides 
important novel insight into the importance of subcellular location on the activity of 
autophagy proteins and the crosstalk between autophagy and apoptosis involving 
Bcl2 (See Strappazzon et al. 2010, EMBO). 

Autophagy-mediated degradation of mitochondria (hereafter mitophagy) is a pivotal 

quality control mechanism in cellular homeostasis. During this process, mitochondria are 

delivered to autophagosomes by mitophagic receptors that link their cargo to an adapter 

protein, LC3 (Microtubule-asociated protein 1A/1B-light chain 3). When mitophagy is 

induced, the PTEN-induced putative kinase 1(PINK1) is stabilized at the mitochondria, 

where it recruits the E3 Ubiquitin ligase PARKIN.  In addition to the PINK1/PARKIN 

pathway, mitophagy receptors can also regulate mitophagy. They possess a consensus 

sequence (the LIR, LC3-Interacting region) that allows LC3 binding for selective 

autophagy. Primed by the fact that I discovered that a small pool of AMBRA1 was 

localized to the mitochondria (Strappazzon et al., 2010 EMBO), I decided to investigate a 

putative role of AMBRA1 in mitophagy. To this end, I generated “AMBRA1-ActA”, an 

organelle-targeted mutant of AMBRA1 (see Strappazzon et al. 2014 Cell Death and Diff.). 

Our data indicate that AMBRA1 is a LIR-containing protein that regulates both PARKIN-
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dependent and -independent mitophagy. For a long time, PINK1/PARKIN-dependent 
mitophagy pathway was one of the most common mitophagy described in 
mammals. With this work, we shed new light on the regulation of mitochondrial 
quality control and homeostasis in mammalian cells, by demonstrating a novel 
AMBRA1-dependent pathway of mitophagy.  

I also participated, as a second author, to an important study advancing our 

understanding of how two systems that regulate autophagy, ULK1 and BECLIN 1, come 

together (Nazio et al. 2012 Nat Cell Biol ).  Indeed, following mTOR (mammalian target of 

rapamycin) inhibition, autophagy is primed by the ULK1 and the BECLIN-1-Vps34-

AMBRA1 complexes. Although several regulative steps have been described along this 

pathway, few targets of mTOR were known, and the cross-talk between ULK1 and 

BECLIN 1 complexes was not fully understood. We showed that under non-autophagic 

conditions, mTOR inhibits AMBRA1 by phosphorylation, whereas on autophagy induction, 

AMBRA1 is dephosphorylated. In this condition, AMBRA1 favours ULK1 stabilization, self-

association and function. As ULK1 has been shown to activate AMBRA1 by 

phosphorylation, this work suggests that the proposed pathway may act as a positive 

regulation loop, which may be targeted in human disorders linked to impaired autophagy.  

Finally, as a second author, I participated to another important study showing that 

the MicroRNA MIR7–3HG, a MYC-dependent modulator of cell proliferation, inhibits 

autophagy by a direct regulatory loop involving AMBRA1 (see Capizzi et al. 2016 

Autophagy). 

 

 In total, this post-doctoral work leads to the publication of two articles as first 
author in EMBO and Cell Death and Differentiation journals; two articles as second 
author in Nature Cell Biology and Autophagy J, and two reviews as first and second 
author (see articles below). 
 

 



Type 2 transglutaminase is involved in the
autophagy-dependent clearance of ubiquitinated
proteins

M D’Eletto1,6, MG Farrace1,6, F Rossin1, F Strappazzon2, G Di Giacomo1, F Cecconi1,2, G Melino3, S Sepe4, S Moreno4, GM Fimia5,
L Falasca5, R Nardacci5 and M Piacentini*,1,5

Eukaryotic cells are equipped with an efficient quality control system to selectively eliminate misfolded and damaged proteins,
and organelles. Abnormal polypeptides that escape from proteasome-dependent degradation and aggregate in the cytosol can
be transported via microtubules to inclusion bodies called ‘aggresomes’, where misfolded proteins are confined and degraded
by autophagy. Here, we show that Type 2 transglutaminase (TG2) knockout mice display impaired autophagy and accumulate
ubiquitinated protein aggregates upon starvation. Furthermore, p62-dependent peroxisome degradation is also impaired in the
absence of TG2. We also demonstrate that, under cellular stressful conditions, TG2 physically interacts with p62 and they are
localized in cytosolic protein aggregates, which are then recruited into autophagosomes, where TG2 is degraded. Interestingly,
the enzyme’s crosslinking activity is activated during autophagy and its inhibition leads to the accumulation of ubiquitinated
proteins. Taken together, these data indicate that the TG2 transamidating activity has an important role in the assembly of protein
aggregates, as well as in the clearance of damaged organelles by macroautophagy.
Cell Death and Differentiation (2012) 19, 1228–1238; doi:10.1038/cdd.2012.2; published online 10 February 2012

Misfolded proteins are a constant byproduct of eukaryotic cell
metabolism resulting from genetic mutations, inappropriate
posttranslational protein modifications, and environmental
stress. It has been proposed that up to 30% of newly
synthesized proteins are not properly folded.1 These non-
functional misfolded proteins are prone to form aggregates
that can interfere with normal cellular functions inducing
cellular stress, which can ultimately lead to cell death. Thus,
the efficient management of misfolded proteins and their
aggregates is essential for cellular viability, and thus cells have
evolved several interconnected pathways to limit their accu-
mulation.2 This system of protein quality control acts at
multiple levels, trying to re-establish the proper tertiary
structure of unfolded or misfolded proteins via molecular
chaperones, and eventually promoting the degradation of
those aberrant proteins that fail to refold.2 In fact, themisfolded
proteins are recognized and poly-ubiquitinated by specific
ubiquitin E3 ligases and this posttranslational modification
targets them to proteasome degradation, which constitutes a
critical part of the cytoprotective protein quality control
machinery.3,4 Defects in the ubiquitin–proteasome machinery
lead to the accumulation of misfolded proteins and aggregates
under the specific form of ‘aggresomes’, a pathological
condition commonly found in many degenerative diseases.2

Recent findings suggest that the formation of aggresomes is
an attempt to prevent the intracellular toxicity derived from

protein aggregates before they are actively removed
by autophagy.5 In fact, once aggregated, misfolded
proteins cannot be degraded efficiently by proteasome as
they cannot pass through the narrow structures of the
proteasome.6

Autophagy was initially described as a cellular response to
nutrient deprivation by which cells are able to ‘self-digest’ part
of their own cytoplasm to recycle essential macromolecules
for survival.7 In the most characterized form of autophagy,
macroautophagy, starvation induces a double-membrane
structure that sequesters cytosolic contents (including mito-
chondria, peroxisomes, and ribosomes) into large autophagic
vesicles to form the autophagosomes. Autophagosomes
subsequently fuse to lysosomes, where their contents are
degraded by hydrolytic enzymes.8 This feature makes
autophagy an ideal way to remove protein aggregates that
cannot be processed by proteasomes. The molecular
mechanisms regulating the specific recognition and elimina-
tion of the aggresomes by autophagy have just recently begun
to be uncovered.
This process requires autophagy cargo proteins, such as

p62/SQSTM1 and NBR1, which bind ubiquitinated proteins
via UBA domains, and interact with LC3 via their LIR
domain.9 Therefore, at least two modifications, ubiquitination
and oligomer formation, have been proposed to serve as
cis-acting signals to promote selective autophagy.
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Type 2 transglutaminase (TG2) is a multifunctional protein
that is capable of carrying a large number of biochemical
functions. In the presence of high calcium levels, TG2
catalyzes a vast array of protein posttranslational modifica-
tions, including protein–protein crosslinking, incorporation of
primary amines into proteins, as well as glutamine deamina-
tion. In addition, TG2 might also act as a G-protein, coupling
various receptors to phospholipase C (PLCd1).10 This activity
is inhibited by Ca2þ , which then acts as a switch between the
two main biochemical functions of the enzyme.10 Under
physiological conditions, the low cytosolic Ca2þ concentration
does not allow the enzyme to act as a transamidating agent.11

However, catalytically inactive TG2 can perform other func-
tions; for example, TG2 can associate with integrins to activate
signaling pathways contributing to increase cell survival.10

If the stress or cellular damage is too severe, the Ca2þ -
dependent activation of TG2 crosslinking activity has an
important role in the induction of apoptosis.12

Several studies show that TG2 is involved in the pathogenic
mechanisms responsible for a number of human degenerative
diseases characterized by the accumulation of protein
aggregates in affected brains, such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
and in liver diseases (Mallory bodies).13,14 We have recently
shown that TG2 is involved in autophagosomematuration.15,16

Starting from these premises we decided to analyze the role of
TG2 in autophagy and shed light on the possible involvement
of the enzyme in the degenerative disorders involving the
formation of aggresomes and their clearance by autophagy.

Results

Loss of TG2 leads to a defective autophagic response in
the liver and heart upon starvation. In order to get an
insight into TG2’s role in the autophagic process, we decided
to investigate the effect of its ablation in vivo by producing a
transgenic mouse line lacking TG2 and expressing GFP-
LC3, which is widely used as an in vivomarker for autophagic
vesicles. The newly developed transgenic mouse line shows
no abnormality and reproduces normally.
Liver: Considering the importance of autophagy in the liver
upon starvation, we decided to start our analysis by examining
this organ.17 In both TG2þ /þ GFP-LC3- or TG2"/" GFP-LC3-
fed mice, GFP-LC3 signals were found to diffuse in the
cytoplasm with few punctate dots (Figures 1a and c).
Following 48h of starvation (Starv), the number of GFP-LC3
dots increased in both mouse strains, indicating the expected
induction of autophagy. However, in the TG2"/" mice, the
accumulation of the dots was significantly higher than in
TG2þ /þ mice (Figures 1b and d), suggesting that, in the
absence of TG2, more autophagosomes are formed and/or
less autophagosomes are degraded by fusing with lysosomes.
The quantification of GFP-LC3-positive dots confirmed the
increase of these structures after starvation (Figure 1e), with a
significant difference in their number in livers of TG2"/" mice
compared with the TG2þ /þ mice. These results are in
agreement with the impairment of autophagosome matu-
ration observed in vitro in cells lacking TG2.15

Heart: It is well known that heart muscle shows major
changes during starvation; in fact, the number and size of

autophagosomes increased drastically after 48 h of fasting.17

Therefore, we decided to compare autophagy levels also in
cardiac muscles of TG2þ /þ GFP-LC3 with those of TG2"/"

GFP-LC3 mice following 48h of starvation. As illustrated in
Figures (1f–i), the increase in GFP-LC3-positive structures
was more accentuated in TG2"/" mice compared with
the TG2þ /þ mice. The quantification of the GFP-LC3
dots evidenced a drastic difference between the levels of
autophagy induced in TG2þ /þ mice compared with TG2"/"

mice (Figure 1j) similarly to those described above for the liver.

TG2 is degraded during autophagy. On the basis of the
above-reported in vivo findings, we decided to further
address the role of TG2 in autophagy. To this aim, we
analyzed the TG2 protein level in mouse liver after 24–48 h of
starvation. Interestingly, we observed a progressive
significant decrease (up to 70% at 48 h) in the total protein
levels compared with normally fed animals (Figure 2a). To
verify whether this phenomenon could be due to the enzyme
degradation into autophagolysosomes, we treated the
starved animals with chloroquine (CQ), which is known to
block the acidification of lysosomes, thus preventing the last
stages of autophagy. The results reported in Figure 2b
indicate that TG2 is rescued from degradation when the
lysosomal activity is partially reduced by CQ. In order to
verify whether the degradation of TG2 was a general
autophagy-dependent event, we induced autophagy in
2fTGH cells, a human cell line expressing high TG2 levels,
by several agents, that is, starvation, 2-deoxy-D-glucose
(2-DG) and rapamycin (Rap) (Figure 2c). In the presence of
all tested autophagy stimuli we observed a significant
decrease of TG2 protein levels, which was comparable to
that of p62, an autophagy-cargo protein degraded inside
autophagolysosomes (unpublished observations). Prompted
by this result, we investigated whether TG2 was detectable
inside autophagosomes, by analyzing its co-localization with
LC3 upon autophagy induction. The immunofluorescence
analysis carried out in 2fTGH-GFP-LC3 cells reported in
Figures 3a and b shows that the two proteins co-localize in
punctate vesicular structures upon starvation. In keeping with
this finding, ultrastructural analysis showed the presence of
TG2 immuno-gold positive particles inside double-membrane
autophagosomes (Figures 3c and d). To confirm the
autophagosomal nature of these structures, we co-immuno-
stained the same sections for p62, which showed the same
localization (Figure 3d).

TG2 is present in protein aggregates containing
p62. Several reports have suggested that TG2 has a role
in the formation of ubiquitinated protein aggregates found in
diseases affecting both the brain and the liver.18.These
TG2-related aggregates contain poly-ubiquitinated proteins
and therefore are likely to be bound by p62, via its UBA
domain.9 In order to verify whether TG2 can physically
interact with the cargo proteins mediating the delivery of
ubiquitinated proteins to autophagosomes, we analyzed by
immunoprecipitation the interaction of the enzyme with p62,
NBR1 and the valosin-containing protein (VCP), which
are essential elements able to convey ubiquitinated
substrates into the autophagosomes.19 To this aim, we
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used 2fTGH cells, HEK293 cells in which the TG2 expression
is undetectable, and HEK293TG2, in which the wild-type
enzyme was stably ectopically expressed (Supplementary
Figure S1A). The results indicate that TG2 is part of a protein
complex containing p62 (Figures 4a and b) and NBR1
(Supplementary Figure S1B), while the interaction with VCP
(Figures 4a and b) and LC3 (unpublished observations) was
not detected. Interestingly, in both cell lines the interaction
between TG2 and p62 was largely increased upon the
inhibition of the proteasome by MG132, which is known to
determine the accumulation of ubiquitinated protein
aggregates (Figure 7f).20 In order to clarify whether TG2
cooperates with the cargo proteins in the clearance of
ubiquitinated proteins, we analyzed TG2 transamidating
activity in 2fTGH cells upon starvation. To this aim,
we used the 5-(biotinamido)pentylamine incorporation
method to verify the enzyme’s transamidating activity in
vivo under the employed experimental conditions.

Intracellular TG2 is known to be largely inactive under
normal physiological settings, but it is activated under
stressful conditions, which lead to the accumulation of free
calcium in the cytoplasm.11 Interestingly, we detected an
increased labeling of TG2 substrate proteins already upon
autophagy induction, but the amine incorporation was
dramatically increased when autophagy induction was
associated with the proteasome inhibition (Figure 4c).
The blockade of proteasomal degradation is known to

determine a stressful cellular condition leading to the
formation of ‘aggresomes’ containing ubiquitinated proteins.20

To determine whether, under these conditions, TG2 and p62
co-localize on the aggresomes, we carried out the analysis of
their ultrastructural localization in starved cells treated with
MG132. The data reported in Figure 5 indicate that the
enzyme is specifically localized in protein aggregates of
various sizes. Interestingly, the co-localization with p62 is
observed only in protein aggregates, which display a large

Figure 1 Effect of starvation on liver and heart autophagy in TG2þ /þ GFP-LC3 or TG2"/" GFP-LC3 mice. (a and b) Liver samples from TG2þ /þ GFP-LC3 transgenic
mice before (a) and after 48 h of starvation (b) were analyzed by fluorescence microscopy. (c and d) Liver samples from TG2"/"GFP-LC3 transgenic mice before (c) and after
48 h of starvation (d) were analyzed by fluorescence microscopy. Scale bar, 8 mm. (e) Quantitative analysis of the formation of GFP-LC3 dots following autophagy-induction.
The number of dots was counted in five independent fields of three independent mice. Results are expressed as the mean±S.D. Statistical analysis was performed by
analysis of variance (*Po0.05). (f and g) Heart samples from TG2þ /þ GFP-LC3 transgenic mice before (f) and after 48 h of starvation (g) were analyzed by fluorescence
microscopy. (h and i) Heart samples from TG2"/" GFP-LC3 transgenic mice before (h) and after 48 h of starvation (i) were analyzed by fluorescence microscopy. Scale bar,
3mm. (j) Quantitative analysis of the formation of GFP-LC3 dots following autophagy-induction. The number of dots was counted in five independent fields of three
independent mice. Results are expressed as the mean±S.D. Statistical analysis was performed by analysis of variance (*Po0.05, **Po0.001, ***Po0.0001)
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size, thus suggesting that TG2 could be recruited on small
protein aggregates and participates to form larger complexes
where p62 is later recruited. Furthermore, the immunofluor-
escence co-localization analysis of p62 and TG2, in cells
treated with MG132, confirmed the presence of both proteins
in the aggresomes (Supplementary Figure S2).

TG2 is involved in pexophagy. Considering that p62-
dependent autophagy of ubiquitinated proteins has been
shown to have a key role also in the clearance of damaged
and hyper-accumulated organelles, such as mitochondria
and peroxisomes, we decided to verify whether the above-
described defect in TG2-mediated autophagy could be
reflected in an abnormal homeostatic control of these

organelles.19 In fact, ubiquitination of peroxisomal proteins
in mammalian cells is sufficient to cause their p62-mediated
turnover by targeting these organelles to autophagosomes
and lysosomes.21

We took advantage of a well-established pharmacological
protocol of peroxisomal induction and subsequent removal in
liver rodents.22,23 Peroxisomes are known to increase in their
number and size, in response to a class of chemically
unrelated substances, called peroxisome proliferators; when
their administration is discontinued, the liver peroxisomal
population rapidly decreases and readily returns to the pre-
proliferation status due to autophagy-mediated clear-
ance.21,24 We chose a model of inducing peroxisomal proli-
feration by dietary administration of ciprofibrate. Excess liver

Figure 2 TG2 is degraded by autophagy. (a, upper panel) Immunoblot analysis of TG2 in liver tissues from TG2þ /þ and TG2"/" mice, before and after 24 and 48 h of
starvation. Actin was used as loading control. (a, lower panel) Densitometric analysis of blots (quantification of TG2 bands normalized to actin levels). (b, upper panel)
Immunoblot analysis of TG2 in liver tissues from TG2þ /þ mice, before and after 24 and 48 h of starvation in the presence or not of CQ. For the autophagy inhibition the CQ
was administered in the drinking water during the whole starvation time. Actin was used as loading control for immunoblot. (b, lower panel) Densitometric analysis of blots
(quantification of TG2 bands normalized to actin levels). TG2 expression is reduced following autophagy induction and is rescued from degradation when the lysosomal activity
is blocked by CQ. (c, upper panel) Western blot analysis of TG2 in 2fTGH cells subjected to different treatments to induce autophagy (see Materials and Methods). Actin was
used as loading control for immunoblot. (c, lower panel) Densitometric analysis of blots (quantification of TG2 bands normalized to actin levels)
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peroxisomes are normally degraded within a week, but this
rapid removal is impaired in autophagy-deficient liver.25

Morphological and molecular data indicated effectiveness
of the treatment on both TG2"/" and TG2þ /þ mouse liver
(Figure 6). Remarkable peroxisomal proliferation was demon-
strated by increased number of catalase-positive organelles,
as detected by transmission electron microscopy, immedi-
ately after ciprofibrate treatment (T0; Figures 6a and b).
Consistently, the levels of the 70-kDa peroxisomal membrane
protein (PMP70) were significantly higher in treated animals
than in controls (Figure 6e). At later stages (T7), the size of
peroxisomal population returned to normal values in the
TG2þ /þ liver, as assessed by PMP70 western blot analysis
(Figure 6e), while in the hepatocytes of TG2"/" mice,
numerous peroxisomes were still present, as detected by
ultrastructural (Figures 6c and d) and western blot analyses
(Figure 6e). Though often found inside autophagic vacuoles,
these organelles displayed normal morphological features,
including homogeneous catalase cytochemical activity, and
electron-dense cores (Figure 6d). These hallmarks, indicating
intactness of the organelles in the knockout liver, were
paralleled by intense PMP70 immunoreactivity, significantly
higher than in TG2þ /þ samples (Figure 6e).
Consistent with morphological data, immunoblot results

using the autophagic marker LC3 II (Figure 6f) showed
dramatic induction of the autophagic program in TG2þ /þ liver,
soon after suspension of ciprofibrate in vivo administration (T0).

Later on, LC3 levels returned rapidly to control values (T7). By
contrast, LC3 levels in TG2"/" liver were unchanged at T0, and
raised in the first week after treatment, indicating, together with
the increased level of PMP70, a much slower clearance of
peroxisomes due to an impaired autophagy flux.
Interestingly, autophagy serves to degrade intracellular lipid

stores in murine liver through a process that has been termed
‘macrolipophagy’.26 Histological examination of paraffin
sections stained either by hematoxylin and eosin (H&E)
or by Sudan Black, as well as ultrastructural analysis,
demonstrates lipid accumulation in TG2"/" mouse liver after
ciprofibrate treatment (Supplementary Figure S3), further
confirming the impairment of autophagy in the presence of a
defect in TG2 transamidating activity.

Impaired clearance of ubiquitinated protein aggregates
in the absence of TG2 transamidating activity. Based on
the above-described results, we decided to verify whether
the defect of autophagy induced by the lack of TG2 in vivo
was characterized by the accumulation of ubiquitinated
protein aggregates.
To this end, we analyzed the liver of TG2 knockout

and wild-type mice upon starvation. Under fed condition

Figure 3 TG2 colocalizes with LC3 in the autophagosomes. (a and b)
Immunofluorescence microscopy analysis of 2fTGH-GFP-LC3 cells undergoing
autophagy. Cells expressing GFP-LC3 protein were cultured in complete medium
(a) or subjected to starvation (b) in EBSS for 16 h, stained with an anti-TG2 antibody
and analyzed by microscopy. Green dots represent autophagosomes, red dots TG2
protein, and yellow dots sites of overlap of GFP-LC3 with TG2. Scale bar, 6mm.
(c and d) Immuno-gold analysis in human 2fTGH cells double-labeled against TG2
(15-nm gold particles) and p62 (5-nm gold particles). The colloidal gold particles,
indicating the presence of TG2 (arrows) and p62 (arrowheads), were detected in
typical autophagosome-like structures. Original magnification: # 85 000

Figure 4 TG2 interacts with autophagy-related cargo proteins. (a) Western blot
analysis of TG2, p62 and VCP proteins in human 2fTGH cells subjected to
immunoprecipitation for TG2. After 4 h of treatment as indicated, cells were lysed and
proteins were immunoprecipitated using anti-TG2 antibody (see Materials and
Methods). Immuno- and co-immunoprecipitated proteins were separated by SDS-
PAGE and immunoblotted using the indicated antibodies. WC, whole cell lysate, was
used as protein control. (b) Western blot analysis of TG2, p62 and VCP proteins in
HEK293TG2 cells stably transfected with TG2 protein, subjected to immunoprecipita-
tion for TG2. After 2 h of treatment as indicated, cells were lysed and proteins were
immunoprecipitated using anti-TG2 antibody. Immuno- and co-immunoprecipitated
proteins were separated by SDS-PAGE and immunoblotted using the indicated
antibodies. WC, whole cell lysate, was used as protein control. (c) Representative
blot of the TG-catalyzed incorporation of 5-(biotinamido)pentylamine into proteins in
2fTGH cell line. Cells were labelled with 5-(biotinamido)pentylamine and treated as
indicated for 4 h. After separation by SDS-PAGE, biotinylated proteins were revealed
with HRP-conjugated streptavidin. p53 and p27 proteins were used as a control for
monitoring proteasome inhibition, and actin was used as loading control
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some ubiquitin-positive cells were found in TG2þ /þ mice
(Figures 7a and e). However, the amount of ubiquitinated
protein aggregates was much more pronounced in TG2-
deficient mouse (Figures 7b and e). Interestingly, following
48h of starvation, the number of cells with ubiquitinated
protein aggregates decreased in TG2þ /þ mouse, as a result
of their clearance by autophagy (Figures 7c and e). On the
contrary, in the liver of TG2"/" mouse, an increased number
of cells with ubiquitinated protein aggregates was observed
(Figures 7d and e), thus suggesting that, in the absence of
TG2, elimination of protein aggregates is affected. In order to
demonstrate that the accumulation of ubiquitinated proteins
observed in knockout animals was indeed dependent on the
lack of TG2, we analyzed the profile of ubiquitinated proteins
in HEK293 cells lacking the enzyme and in the same cells
overexpressing TG2 protein (HEK293TG2). The data reported
in Figure 7f clearly show that in the absence of the enzyme
there was a marked accumulation of high-molecular-weight

ubiquitinated proteins, particularly evident when the protea-
some inhibition was carried out by MG132.
To characterize whether this effect is dependent on the

TG2 crosslinking activity, we analyzed the importance of the
enzyme’s transamidating activity in the clearance of ubiqui-
tinated protein aggregates. To this aim, we studied the direct
interaction of ubiquitinated proteins with TG2 using the
HEK293 cell line stably transfected with the wild-type
enzyme and with its mutant lacking the transamidating
activity (HEK293C277S) (Supplementary Figure S1A). Inter-
estingly, the active TG2 and its transamidating mutant both
interact with high-molecular-weight ubiquitinated proteins

Figure 5 TG2 is present in cytosolic protein aggregates. (a and b) HEK293TG2

cells were cultured under starved condition in presence of MG132 for 2 h. Cells were
double-labelled against TG2 (15-nm gold particles), and against p62 (5 nm gold
particles). Immuno-gold analysis shows that small cytosolic membrane-free
electron-dense structures (arrowheads) are positively stained for TG2 while larger
aggregates display simultaneous positivity for TG2 and p62 (arrows). Original
magnification: # 85 000

Figure 6 Impaired in vivo pexophagy after ciprofibrate-induced peroxisomal
proliferation in the liver of TG2"/" mice. Ultrastructural catalase cytochemistry of
TG2þ /þ (a) and TG2"/" (b–d) mouse liver, after ciprofibrate treatment. Mice
were given ciprofibrate-containing food for 10 days, then killed immediately (T0) or
7 days (T7) after suspension of treatment. Liver specimens were prepared as
described in Materials and Methods and ultrathin sections were observed in a
Zeiss EM 900 electron microscope. (a and b) Remarkable peroxisomal induction is
observed in both TG2þ /þ and TG2"/" hepatocytes, at T0. However, while
autophagosomes with partially degraded material are readily detected in the
TG2þ /þ samples (arrows), the knockout shows virtually no autophagic vacuoles.
(c and d) Several autophagosomes are recognized in TG2"/" samples at T7.
These mostly contain indigested peroxisomes, with homogeneous catalase
positivity (arrowheads). The higher magnification micrograph (d) shows the details
of an autophagic vacuole (arrowhead), surrounding an intact peroxisome, in which
the double membrane is clearly visible, catalase is cytochemically active and a
typical peroxisomal core (white arrowhead) is present. N, nucleus; m,
mitochondrion; p, peroxisome. Original magnification: (a and b)# 12 000;
(c# 4400;) (d# 20 000.) (e and f) Densitometric analysis of western blotting
data, obtained on liver extracts from TG2þ /þ and TG2"/"mice before and after in
vivo ciprofibrate administration, using the peroxisomal marker PMP70 (e) and the
autophagic marker LC3 normalized to GADPH (f). LC3 levels are expressed as the
ratio between LC3 II and LC3 I. Statistical analysis was performed by analysis of
variance (*Po0.05)
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(Figure 8a), thus indicating that the transamidating activity is
dispensable for the binding of ubiquitinated proteins.
On the contrary, the transamidating activity is essential for
their clearance, as shown by the accumulation of high-
molecular-weight ubiquitinated proteins detected in cells
expressing the C277S mutant (Figure 8b). Furthermore, the
data reported in Figure 8a suggest that the interaction
between TG2 and the ubiquitinated proteins is not dependent
on p62, as protein complexes co-immunoprecipitating with

the TG2 mutant contain significant less amount of this cargo
protein.

Discussion

The data reported in this study indicate that TG2 is an
essential component for the proper maturation of autophago-
somes under basal and particularly under stressful cellular
conditions such as proteasome impairment or organelle

Figure 7 Effect of TG2 on ubiquitinated aggregates accumulation. (a–d) Immunofluorescence detection of ubiquitin in the liver of TG2þ /þ and TG2"/" mice
before (a and b) and after starvation (c and d). Scale bar, 8 mm. (e) Quantitative analysis of the formation of ubiquitin-positive aggregates in basal condition and
after autophagy induction. The number of cells containing aggregates was counted in five independent fields of three independent mice. Results are expressed
as the mean±S.D. Statistical analysis was performed by analysis of variance (*Po0.05, **Po0.001). (f) Immunoblotting analysis of ubiquitinated proteins in HEK293 and
HEK293TG2 cell lines. Cells were incubated with or without MG132 for 2 h, and ubiquitin expression levels were assayed by immunoblotting with anti-ubiquitin antibody. Actin
was used as loading control
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hyper-proliferation. Indeed, we have previously shown that
the ablation of TG2 results in an evident accumulation of LC3
II on pre-autophagic vesicles, pointing to a marked induction
of autophagy.15 By contrast, the formation of the acidic
vesicular organelles was very limited, as detected by the lack
of acidification of the autophagolysosomes observed in TG2"/"

MEFs, suggesting an impairment in the autophagosome
maturation process.15 In this paper, we demonstrate that the
ablation of TG2 leads to the accumulation of ubiquitinated
organelles and protein aggregates, which are not cleared by
autophagy, thus indicating a role for the enzyme in the selection
of the autophagy substrates. In fact, in the absence of TG2
and particularly under stressful conditions, we observed both
in vivo and in vitro a marked accumulation of ubiquitinated
proteins. We have also shown that the TG2-dependent
posttranslational modification of its substrate proteins is
increased by autophagy induction, and further potentiated
upon proteasome inhibition. In connection with this, it is
accepted that during the early stage of autophagy there is an
accumulation of free calcium ions in the cytoplasm that may
activate the TG2’s transamidating activity.27

Interestingly, TG2 is present in protein complexes contain-
ing two cargo proteins, p62 and NBR1, which are known to
mediate the clearance of ubiquitinated proteins by autophagy.
These cargo proteins contain UBA domains at their C-terminal
regions, allowing them to interact with the aggregated protein

complexes and organelles that have to be degraded.
Subsequently, by a LIR domain these cargo proteins interact
with the ATG8-family members inside the nascent pre-
autophagic vesicles.9,19 It is interesting to note that, although
TG2 has two potentially canonical LIR domains, we were
unable to detect by immunoprecipitation an interaction
between TG2 and LC3 (unpublished observations). By
contrast, our findings indicate that TG2 is localized in small
protein aggregates where p62 is not present, while this cargo
protein is later recruited on large aggregates where a high
amount of TG2 is detected. In keeping with this finding, we
detected an increased co-localization of the two proteins upon
inhibition of the proteasome, a condition known to favor the
formation of ‘aggresomes’.20 Furthermore, in cells lacking
TG2, we detected the accumulation of ubiquitinated proteins
suggesting that the enzyme is involved in the posttranslational
modification of high-molecular-weight aggregates, which are
then conveyed by cargo proteins to the autophagic machinery
for degradation. Notably, only the reintroduction of the
transamidating active TG2 in these cells favors the clearance
of ubiquitinated proteins, highlighting that TG2’s crosslinking
activity has an important role in the formation/stabilization of
substrates cleared by the autophagy pathway. These findings
are in agreement with our previous results showing that the
transamidating activity of the enzyme is required for the
proper completion of the autophagic flux15,16 and the inhibition
of the transamidating activity of TG2, by means of the specific
inhibitor R283, results in a marked decrease of the number of
acidic vesicular organelles.15 In this regard, it is important to
mention that TG2 has been involved in the pathogenesis of
several degenerative diseases characterized by the accumu-
lation of mutated/misfolded proteins such as Lewy bodies in
PD, neurofibrillary tangles in AD, Huntingtin aggregates in HD,
as well as the Mallory bodies in the liver.13,14 Our previous
studies, carried out in a mouse model for HD, suggested a
possible involvement of TG2 in the neurodegenerative
processes associated with autophagy impairment observed
in this disease. In fact, the analysis of brains of the TG2"/"/HD
transgenicmice showed that the HD onset is associated with a
large reduction in non-apoptotic cell death and with an
increased number of nuclear protein inclusions, suggesting
an impairment in their clearance by autophagy.28

Taken together, these data indicate an important role for
TG2-mediated posttranslational modifications in the matura-
tion of autophagosomes. In support of this assumption is also
the long-lasting use of a well-known competitive inhibitor of
transglutaminase, the auto-fluorescent compound mono-
dansyl-cadaverine (MDC), for in vivo labelling of autophagic
vacuoles. MDC accumulates as a selective marker for
autophagic vacuoles in vivo, and is not present in the early
and late endosome.29 In keeping with this, we have shown
here that TG2 is present inside the autophagosomes, where
the enzyme is selectively degraded similarly to its binding
partner p62.
It is well known that autophagy has a crucial role in the

turnover of cellular organelles; in particular it has been
proposed that autophagy selectively degrades dysfunctional
or supernumerary mitochondria and peroxisomes. Here, we
show that pexophagy following ciprofibrate treatment is
impaired in mice lacking TG2. Also, we have recently shown

Figure 8 Effect of TG2 transamidating activity on the clearance of ubiquitinated
protein aggregates. (a) Western blot analysis of p62 and ubiquitinated proteins in
HEK293, HEK293TG2 and HEK293C277S cell lines subjected to immunoprecipitation
for TG2. Cells treated with MG132 for 2 h were lysed and proteins were
immunoprecipitated using anti-TG2 antibody. Immuno- and co-immunoprecipitated
proteins were separated by SDS-PAGE and immunoblotted using the indicated
antibodies. Arrows indicate ubiquitinated proteins present in TG2 interacting protein
complexes. (b) Immunoblotting analysis of ubiquitinated proteins in HEK293,
HEK293TG2 and HEK293C277S cell lines. Cells were incubated with MG132 for 2 h,
and ubiquitin expression levels were assayed by immunoblotting with anti-ubiquitin
antibody. Actin was used as loading control
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that the absence of TG2 is associated with the impairment of
mitochondria that, in light of the present observations, could
be due to the lack of clearance of the damaged ones.13

Finally, it is relevant to note that a large number of
characterized TG2 candidate protein substrates interact with
the ATG8 family members,30 thus providing further evidence
that the TG2-catalyzed posttranslational modifications may
have a role in their clearance through the autophagosomes in
collaboration with p62 and NBR1. The TG2 transamidating
activity, acting at the level of glutamine and lysine residues of
proteins,might be envisaged as a further regulatory step in the
selection of protein substrates to be degraded into autopha-
golysosomes. In line with this assumption, it is important to
mention that so far no clear consensus sequence has been
described for the TG2’s substrate proteins. Several authors
have proposed that glutamine and lysine residues well
exposed on the protein surface can act as possible targets
for the enzyme, a condition likely to occur in misfolded
proteins.31 On the basis of the data presented in this study we
would like to propose that TG2 can be involved in the early
steps of the recognition of the ubiquitinated proteins and
organelles to be degraded. TG2 could favour by its transami-
dating activity the formation of intracellular structures, which
are recognized by p62 and other cargo proteins leading to
their recruitment in the pre-autophagic vesicles before
degradation by autophagolysosomes (Figure 9).

Materials and Methods
Antibodies. Anti-tubulin, anti-actin and anti-PMP70 were from Sigma-Aldrich
(Saint Louis, MO, USA), anti-LC3 was from Novus Biologicals (Littleton, CO, USA),
anti-TG2 TG100 or CUB7402 were from Lab Vision NeoMarkers (Fremont, CA,
USA), anti-mono and poly-ubiquitinated conjugates were from Enzo (Plymouth

Meeting, PA, USA), anti-p62/SQSTM1 was from MBL (Woburn, MA, USA), anti-
VCP, anti-p27 (C-19), anti-p53 (FL-393) and anti-GADPH (FL-335) were from Santa
Cruz (Santa Cruz, CA, USA), and anti-NBR1 was from Cell Signaling (Danvers, MA,
USA). HRP-conjugated secondary antibodies were from Bio-Rad Laboratories
(Hercules, CA, USA). Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary
antibodies were from Invitrogen (Carlsbad, CA, USA).

Generation of TG2"/" GFP-LC3 mice. In order to obtain TG2"/" mice
expressing GFP-LC3 (TG2"/" GFP-LC3), C57Bl/6 TG2"/"mice were crossed with
C57Bl/6 GFP-LC3 transgenic mice. TG2"/" genotype was assessed by PCR using
50-TCCTGACCTGAGTCCTCGTC-30, 50-TACTCCAGCTTCTCGTTCTG-30, and
50-ACGAGACTAGTGAGACGTGC-30 primers, as previously described.32 To
assess the presence of GFP-LC3 transgene, PCR was carried out with:

Primer 1 (50-ATAACTTGCTGGCCTTTCCACT-30)
Primer 2 (50-CGGGCCATTTACCGTAAGTTAT-30)
Primer 3 (50-GCAGCTCATTGCTGTTCCTCAA-30)
(intron 3 of the LC3 genome as an internal control) following the conditions 941C

for 5min, then 40 cycles at 941C for 30 sþ 551C for 30 sþ 721C for 1min, and then
721C for 5 min.

Cell culture, transfection and drug treatments. HEK293 (human
embryonic kidney) and 2fTGH were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen Life Technologies Inc.) supplemented with 10% fetal bovine serum,
2mM L-glutamine, 100 mg/ml streptomycin and 100 units/ml penicillin in a 5% CO2

incubator. For generation of the TG2 stably expressing cells (HEK293TG2 and
HEK293C277S), HEK293 cells were transfected with pLPCX-TG2 or pLPCX-
C277S16 using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions and then selected for puromycin (Sigma-Aldrich) resistance using the
antibiotic added to the culture medium (2mg/ml). For the generation of 2fTGH-GFP-
LC3 cells, 2fTGH cells were transiently transfected with pLPCX-GFP-LC3 vector
using Lipofectamine 2000.

For amino-acid starvation (Starv), cells were washed two times in Earle’s
balanced salt solution (EBSS; Sigma-Aldrich) and incubated in EBSS for
the indicated periods in the presence or not of 5 mM MG132 (Z-Leu-Leu-Leu-al;
Sigma-Aldrich). For autophagy induction cells were incubated in full medium in the
presence of 1mM Rap (Sigma-Aldrich) or 10mM 2-DG (Sigma-Aldrich).

Figure 9 Tentative scheme of TG2 action during autophagy. The accumulation of misfolded ubiquitinated proteins, sensed by the cell as a stress, leads to the activation
of autophagy at ER level determining the release of free calcium ions in the cytoplasm (1). This event leads to the activation of TG2 transamidating activity associated with
its 3D structural change from the inactive ‘closed conformation’ to the active ‘opened conformation’ (2). The activated enzyme may catalyze the misfolded protein crosslinking,
leading to the formation of small aggregates (3) and subsequently large aggregates (4). The formation of these ubiquitinated inclusions is recognized via the UBA domains by
p62 or other cargo proteins. These complexes finally interact with LC3II through the LIR domains present on the cargo proteins, leading to their uploading inside the pre-
autophagic vesicles
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Animals and treatment. Animals were fed with 0.025% ciprofibrate (Sigma
Chemical Co., St. Louis, MO, USA). Mice were given 40 g ciprofibrate-containing
food for 10 days, then killed immediately (T0) or 7 days (T7) after suspension of
treatment.

For the autophagy induction mice were fed ad libitum or subjected to 24 or 48 h of
starvation. For the autophagy inhibition the CQ was administered in the drinking
water. Considering that the water uptake of mice is between 4 and 7ml per day, we
calculated a concentration of CQ salt of 0.375mg/ml dissolved in normal tap water
to deliver a daily oral dose of 1.5–2.6mg.33

Immunoblotting. Tissues were lysed in HEMG buffer (25mM Hepes pH 8.0,
100mM NaCl, 25mM MgCl2, 0.5% Triton X-100, 0.1 mM EDTA, and 10% glycerol)
supplemented with protease and phosphatase inhibitor cocktail (1 mM sodium
fluoride, 1mM sodium orthovanadate and 1mM sodium molybdate; Sigma-Aldrich).

Cells were rinsed in ice-cold phosphate-buffered saline (PBS) and collected in
lysis buffer, containing 20mM Tris-HCl pH 7.4, 150mM NaCl and 1% Triton X-100
with protease inhibitor cocktail (Roche, Nutley, NJ, USA).

Protein concentrations were determined by the Bradford assay, using bovine
serum albumin as a standard.

Aliquots of total protein extracts from cells and tissues after different treatments
were resolved on SDS-polyacrylamide gel and transferred to a nitrocellulose
membrane. Blots were blocked in 5% non-fat dry milk in T-PBS (PBSþ 0.05%
Tween 20) for 1 h at room temperature and then incubated overnight with the above-
described antibodies. The membranes were incubated with HRP-conjugated
secondary antibody for 1 h at room temperature and the signal was detected by
Immun-Star WesternC Kit (Bio-Rad Laboratories).

Statistical analysis. Densitometry measurements were used for statistical
analysis using Graph Pad. Statistical significance was determined using the
Student’s t-test. A P-value p0.05 was considered to be significant.

Fluorescence microscopy. Tissues were washed by cardiac perfusion
using PBS, dissected and fixed in 4% paraformaldehyde (PFA). Tissues were then
cryoprotected with increasing concentrations of sucrose (15 and 30%, overnight) in
phosphate buffer. Next, tissues were transferred to an embedding mold filled with
Tissue–Teck OCT compound. The mold was rapidly submerged into isopentane
cooled. The material was then frozen and stored at "801C. The samples were
sectioned at 10–20mm thickness with cryostat (ref ex: CM3050 S, Leica, Deerfield,
IL, USA) and stored at"801C. For GFP observation, nuclei were stained with DAPI
(20min, 1mg/ml) and then cryosections were examined under a Leica TCS SP5
confocal microscope equipped with an # 40 (NA 1.25) or # 63 (NA 1.4)
oil-immersion objective (Deerfield, IL, USA). We used ‘Leica confocal’ software
(Deerfield, IL, USA) for analysis. For immunohistochemical analysis, sections were
permeabilized with 0.4% Triton X-100 in PBS for 1 h and then blocked in 3% NGS in
HSPBS containing 0.2% Triton X-100 for 1 h. Sections were incubated with the
above-indicated primary antibody.

Subconfluent cells (2fTGH and 2fTGH-GFP-LC3) grown on coverslips were
washed with PBS and fixed in 4% PFA for 10min at room temperature. Fixed cells
were permeabilized with 0.1% Triton X-100 in PBS for 10min, blocked with 3% BSA
in PBS for 20min, and incubated with primary antibodies for 1 h.

After washing, cells and tissue sections were incubated with Alexa Fluor 488-
and Alexa Fluor 594-conjugated secondary antibodies. The coverslips were
mounted on microscope slides, sealed with an antifade solution and examined with
an image workstation DeltaVision (Applied Precision, Issaquah, WA, USA) Olympus
1X70 microscope.

Quantitative analysis of GFP-LC3 dots and ubiquitin-positive
aggregates. The number of GFP-LC3 dots in the liver and heart was counted in
five independent fields from three independent mice for each condition. Each point
value represents the mean±S.D. Statistical analysis was performed by analysis of
variance (*Po0.05).

The number of ubiquitin-positive inclusions was counted in five independent
fields from three independent mice for each condition. Each point value represents
the mean±S.D. Statistical analysis was performed by analysis of variance
(*Po0.05).

Histological examination. Tissues were dissected, fixed in 4% PFA,
paraffin embedded, and sectioned. Sections were stained by Meyer’s hematoxylin
and eosin.

Sudan Black (Sigma-Aldrich) staining was performed on cryostat liver sections,
after dehydration in 70% ethanol for 30min. Freshly prepared saturated Sudan
Black solution was prepared in 70% ethanol. Sections were incubated with Sudan
Black solution for 10min, then treated with 70% ethanol for 1min, and finally
mounted using crystal mount (Biomeda, Burlingame, CA, USA).

Catalase ultrastructural cytochemistry. Liver specimens were fixed
with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 45min at 41C. After
extensive rinse in the same buffer, samples were incubated for 1 h at 371C in the
dark in 0.05 M 2-amino-2-methyl-1,3-propanediol, pH 9.4, containing 7.5% sucrose,
5 mM NaCN, 0.2% 3,30-diaminobenzidine-tetra HCl (DAB) and 0.05% H2O2. For
controls, the incubation medium was supplemented with 0.1 M 3-amino-1,2,4-
triazole.

Specimens were then rinsed in 0.1 M cacodylate buffer, pH 7.4, postfixed in 1%
OsO4 in the same buffer for 1 h, at 41C, dehydrated, and embedded in epoxy resin.

All the specimens were cut on a Leica UltraCut S ultramicrotome (Leica
Microsystems, Wetzlar, Germany). Semithin sections were stained with toluidine
blue and photographed, and ultrathin sections were briefly contrasted with aqueous
2% uranyl acetate for 20min. Grids were observed and photographed in a Zeiss EM
900 electron microscope (Zeiss, Oberkochen, Germany).

Immunoprecipitation. Cell lysates were prepared in HEMG buffer (25mM
Hepes pH 8.0, 100 mM NaCl, 25mM MgCl2, 0.5% Triton X-100, 0.1 mM EDTA, and
10% glycerol) and protease inhibitor cocktail (Roche). The lysates were subjected to
immunoprecipitation using specific antibodies in a combination with Protein G
PLUS–Agarose (Santa Cruz). Immunoblot analysis was performed with indicated
antibodies.

In situ TG assay. In situ TG activity was quantified by determining the
incorporation of 5-(biotinamido)pentylamine into protein substrates. In brief, cells
were pre-incubated for 20min with 2 mM Ez-link pentylamine-Biotin (Thermo
Scientific, Rockford, IL, USA) before each treatment. Cells were then harvested,
lysed as above described, and proteins were resolved by SDS polyacrylamide gel.
The blots were probed with streptavidin HRP-conjugated (Amersham Biosciences,
Little Chalfont, UK) for 2 h at room temperature and then developed following the
standard ECL protocol.

Immunoelectron microscopy. For immunolabelling, cells were fixed in 4%
PFA, dehydrated in ethanol, and embedded in LR-White resin. Ultrathin sections
were mounted on Formvar-coated copper grids, then washed three times with PBS
and three times with PBS containing 1% bovine serum albumin and 0.15% glycine,
followed by 30min blocking with 5% normal goat serum. Samples were incubated
overnight with the primary antibodies, mouse anti-TG2 1 : 25, and rabbit anti-p62
1.3 : 100. After washing in PBS, samples were incubated for 45min with goat anti-
mouse IgG conjugated to 15 nm gold particles and goat anti-rabbit IgG conjugated
to 5 nm gold particles (BioCell, Cardiff, UK). Sections were stained with 2% uranyl
acetate and observed under a Zeiss EM900 transmission electron microscope.
Images were captured digitally with a Mega View II digital camera (Olympus SIS,
Munster, Germany). The specificity of the immunoreaction was assessed in all
cases by omitting the primary antibodies from the labelling protocol and incubating
the sections only in the protein gold-conjugated secondary antibodies.
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Mitochondrial BCL-2 inhibits AMBRA1-induced
autophagy
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BECLIN 1 is a central player in macroautophagy. AMBRA1,
a BECLIN 1-interacting protein, positively regulates the
BECLIN 1-dependent programme of autophagy. In this
study, we show that AMBRA1 binds preferentially the
mitochondrial pool of the antiapoptotic factor BCL-2, and
that this interaction is disrupted following autophagy
induction. Further, AMBRA1 can compete with both
mitochondrial and endoplasmic reticulum-resident BCL-2
(mito-BCL-2 and ER-BCL-2, respectively) to bind BECLIN 1.
Moreover, after autophagy induction, AMBRA1 is rec-
ruited to BECLIN 1. Altogether, these results indicate
that, in normal conditions, a pool of AMBRA1 binds
preferentially mito-BCL-2; after autophagy induction,
AMBRA1 is released from BCL-2, consistent with its ability
to promote BECLIN 1 activity. In addition, we found that
the binding between AMBRA1 and mito-BCL-2 is reduced
during apoptosis. Thus, a dynamic interaction exists
between AMBRA1 and BCL-2 at the mitochondria that
could regulate both BECLIN 1-dependent autophagy and
apoptosis.
The EMBO Journal (2011) 30, 1195–1208. doi:10.1038/
emboj.2011.49; Published online 25 February 2011
Subject Categories: membranes & transport; differentiation &
death
Keywords: apoptosis; autophagy; endoplasmic reticulum;
mitochondria

Introduction

Autophagy has a crucial role in many health and disease
processes. This catabolic process in eukaryotic cells is in-
volved in the degradation of cellular components through

the lysosome machinery. During this process, portions of
cytoplasm are sequestered by double-membraned vesicles,
the autophagosomes, and degraded after fusion with lyso-
somes for subsequent recycling. BECLIN 1, the mammalian
ortholog of yeast Atg6, has an evolutionarily conserved role
in macroautophagy. Several BECLIN 1-interacting proteins
have been reported as regulating this function, both posi-
tively (e.g., hAtg14, Bif-1, UVRAG; Takahashi et al, 2007,
2009; Itakura et al, 2008; Liang et al, 2008; Sun et al, 2009)
and negatively (e.g., Rubicon, Bcl-2 family members;
Pattingre et al, 2005; Levine et al, 2008; Matsunaga et al,
2009). AMBRA1 is a positive regulator of the BECLIN 1-
dependent programme of autophagy (Fimia et al, 2007). Its
functional deficiency in mouse embryos leads to neuroepithe-
lial hyperplasia associated with autophagy impairment and
excessive apoptotic cell death (Cecconi et al, 2007). Further,
we demonstrated that autophagosome formation is primed by
AMBRA1 release from the cytoskeleton: When autophagy is
induced, AMBRA1 is released from dynein in an ULK1-
dependent manner, and re-localizes to the endoplasmic
reticulum (ER), thus enabling autophagosome nucleation.
Therefore, AMBRA1 can be considered as a crucial factor in
regulating autophagy initiation (Di Bartolomeo et al, 2010).

A complex relationship between autophagy and cell death
exists (Levine et al, 2008; Djavaheri-Mergny et al, 2010).
Currently, the well-known antiapoptotic factor BCL-2 is a
key player in this context. The pool of BCL-2 resident at the
ER (ER-BCL-2) is able, indeed, with the contribution of NAF-1
(nutrient-deprivation autophagy factor-1), to negatively
regulate the BECLIN 1-dependent autophagic programme
(Chang et al, 2010). In contrast, the mitochondrial pool of
BCL-2 (mito-BCL-2) is shown to exert only an antiapoptotic
function (Pattingre et al, 2005; Levine et al, 2008) even
though mitochondria have been recently demonstrated to
be selected sites for autophagosome formation (Hailey et al,
2010). BCL-2-regulated apoptotic cell death has been exten-
sively studied. Overexpression of BCL-2 promotes a protec-
tive effect against a wide range of inducers of apoptosis. This
antiapoptotic action derives from the fact that BCL-2 neutra-
lizes proapoptotic BCL-2 family members, preventing mito-
chondrial membrane permeabilization and consequent cell
death (Adams and Cory, 2007).

As previous studies have demonstrated that Beclin
1/Vps34-mediated autophagy is negatively regulated through
a direct interaction between BECLIN 1 and ER-BCL-2, we
investigated whether the antiapoptotic BCL-2 protein and
AMBRA1 could bind each other. In this context, we found
that AMBRA1 is a new partner of BCL-2 in mammalian cells
and that their binding is independent of BECLIN 1. More
importantly, by targeting BCL-2 either to mitochondria (mito-
BCL-2) or ER (ER-BCL-2), we demonstrated that mito-BCL-2
is able to bind AMBRA1 and that this binding is disrupted
after both autophagy and apoptosis induction. Our findings
indicate that AMBRA1 and BCL-2 bind BECLIN 1 on the same
site. AMBRA1 can thus compete with mito- and ER-BCL-2 to
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bind BECLIN 1. In addition, we demonstrated that, after
autophagy induction, AMBRA1/BECLIN 1 interaction in-
creases both in mitochondrial and microsomal fractions,
whereas the AMBRA1–mito-BCL-2 interaction is disrupted.
Altogether, these results lead us to propose a model in which,
under normal conditions, a pool of AMBRA1 is docked by
BCL-2 at the mitochondria, inhibiting its autophagic function;
after autophagy induction, this mitochondrial pool of
AMBRA1 separates from mito-BCL-2 and increases its binding
to BECLIN 1 in order to favour the autophagic programme.

Results

AMBRA1 is a new partner of the antiapoptotic and
antiautophagic factor BCL-2
AMBRA1 interacts with BECLIN 1 and its associated kinase
Vps34, and favours BECLIN 1/Vps34 functional interaction
(Fimia et al, 2007). This interaction, which requires the F2
fragment of AMBRA1 (Figure 1A), is crucial in the autophagic
process; taken together, AMBRA1, BECLIN 1 and Vps34 have
been defined as the autophagy core-complex (He and Levine,
2010). In contrast, BECLIN 1 is negatively regulated by a
direct interaction with the antiapoptotic factor BCL-2.
Therefore, we investigated the existence of a putative inter-
action between the antiapoptotic protein BCL-2 and AMBRA1
in a co-immunoprecipitation experiment. BCL-2 and
AMBRA1 were found to be associated in HEK293 cells coex-
pressing both AMBRA1 and BCL-2 (Figure 1B, lane 2). Next,
we wanted to find the AMBRA1 domain responsible for this
binding. To this end, we transfected cells with cDNAs encod-
ing various AMBRA1 portions (Figure 1A): FL (full length),
F1 (amino acids 1–532), F2 (amino acids 533-750) and F3
(amino acids 767–1269). As shown in Figure 1B (lanes 3 and
5), F1 and F3 fragments (the N-terminal and C-terminal part
of the protein, respectively) are sufficient to bind BCL-2,
whereas the central region (F2), which is known to bind
BECLIN 1 (Fimia et al, 2007), shows no interaction. Similar
results were obtained following reciprocal co-immunopreci-
pitation experiments (Supplementary Figure S1). BCL-2 co-
immunoprecipitates with AMBRA1 (lane 2) and its F1 and F3
fragments (lanes 3 and 5). To confirm these biochemical
results, we performed a confocal microscopy analysis in
HeLa cells expressing detectable endogenous levels of both
AMBRA1 and BCL-2. As illustrated in Figure 1C, endogenous
AMBRA1 and BCL-2 showed a partial colocalization. In order
to give two quantitative outputs for this colocalization, we
used Pearson (rp) and Spearman (rs) statistics. Both tests
produce values in the range ("1, 1), 0 indicating that there is
no discernable correlation and "1 and þ 1 meaning strong
negative and positive correlations, respectively. We obtained
an rp¼ 0.38 and an rs¼ 0.39 confirming that AMBRA1 and
BCL-2 colocalize in mammalian cells. This analysis indicates
also that the interaction between the two proteins is partial.
To confirm the result, we analysed the interaction between
endogenous AMBRA1 and BCL-2 in HeLa cells. As illustrated
in Figure 1D, we found that endogenous AMBRA1 binds
specifically endogenous BCL-2. To strengthen our results on
this interaction, we performed a Förster resonance energy
transfer experiment to measure AMBRA1–BCL-2 proteins
proximity within the cells. GFP and mCherry are two fluor-
escent proteins which use as an FRET pair that has been
recently validated for reproducible quantitative determina-

tion of the energy transfer efficiency, both in vivo and in vitro
(Albertazzi et al 2009). In order to study the interaction of
BCL-2 and AMBRA1 proteins, they were fused with the GFP
and mCherry fluorescent proteins and co-transfected in
HEK293 cells. On a morphological ground, visual inspection
of the fluorescence expression patterns in the histological
material showed that BCL-2–GFP and AMBRA1–mCherry
appeared to be coexpressed in structures mainly resembling
mitochondria and ER. The colocalization of the two proteins
was almost complete. The average FRET efficiency values
measured was 11.14%±2.1 (see Figure 1E). In a previous
paper, the FRET behaviour of two tandem mCherry–EGFP
fusion proteins (which differed for the distance, short linker
and long linker) has been investigated (Albertazzi et al 2009).
A FRETefficiency value of 0.41 for the short linker and of 0.29
for the long linker was achieved for the mCherry–EGFP
tandem proteins. Comparison of our AMBRA1–BCL-2 FRET
value with that of the mCherry–EGFP tandem construct
suggests that AMBRA1 and BCL-2 are in proximity in the
interacting complex.

BECLIN 1 is not required for AMBRA1–BCL-2 interaction
The F2 fragment of AMBRA1 is required for the interaction
between AMBRA1 and BECLIN 1 (Fimia et al, 2007), but not
for its binding to BCL-2. This suggests that BECLIN 1 is not
necessary for this latter association. To confirm this hypoth-
esis, we performed co-immunoprecipitation experiments
using a mutant of BCL-2 unable to bind BECLIN 1. This
mutant (EEE-BCL-2) possesses simultaneous glutamine sub-
stitutions at three phosphorylation sites (T69, S70 and S87),
and mimics multi-phosphorylations that occur following
autophagy induction (Wei et al, 2008). This impedes the
interaction of BCL-2 with BECLIN 1 (Figure 2A and B).
Vectors coding for AMBRA1 and for human-BCL-2 (h-BCL-
2) or for the EEE-BCL-2 mutant were overexpressed in
HEK293 cells; then, co-immunoprecipitations of AMBRA1
and BCL-2 were performed in normal conditions. As shown
in Figure 2C, AMBRA1 is able to bind h-BCL-2 as well as the
BCL-2 mutant (EEE-BCL-2) that cannot bind BECLIN 1.

Mitochondrial BCL-2 preferentially binds AMBRA1 and
this interaction is disrupted after autophagy induction
BCL-2 is predominantly found on the outer mitochondrial
and ER membranes (Germain and Shore, 2003), these
subcellular localizations being related to BCL-2 function
(Lithgow et al, 1994). To gain an insight into the functional
significance of the interaction between AMBRA1 and BCL-2,
we evaluated whether AMBRA1 differentially binds the ER
resident or the mitochondrial pool of BCL-2. To this end, two
BCL-2 mutants with restricted subcellular localization were
used in co-immunoprecipitation experiments with AMBRA1.
In the first mutant, the C-terminal hydrophobic sequence of
BCL-2 is exchanged for an equivalent sequence from mod-
ified ActA, which binds specifically to the cytoplasmic face of
mitochondrial outer membranes (Pistor et al, 1994). The
other mutant possesses a C-terminal sequence exchanged
for a sequence from cytochrome b5 (DNA encoding the
analogous 35 amino-acid sequence of the ER-specific isoform
of rat hepatic cytochrome b5 (Mitoma and Ito, 1992), result-
ing in ER-specific localization (Zhu et al, 1996)). As shown in
Figure 3A, myc–AMBRA1 significantly co-immunoprecipi-
tates with mito-targeted BCL-2 (lane 3), whereas only a
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small amount of ER-targeted BCL-2 is found to bind AMBRA1
(lane 1). These results were confirmed by reversing the order
of the co-immunoprecipitation (Supplementary Figure S2a).

Knowing that the interaction between BCL-2 and BECLIN 1 is
differential in normal conditions versus starvation conditions
(Pattingre et al, 2005), we decided to analyse the interaction
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between AMBRA1 and mito-BCL-2 on autophagy induction.
When cells were shifted for 4 h in an amino acid-free medium
(EBSS medium), the interaction between AMBRA1 and mito-
BCL-2 decreased, whereas no difference was observed in the
binding between ER-BCL-2 and myc–AMBRA1. The reduction
of p62/A170/SQSTM1, a ubiquitin-binding protein degraded
by autophagy (Ichimura et al, 2008), was used as a marker to
confirm autophagy induction (Figure 3A, lower panel). To
control for the specificity of the co-immunoprecipitation
between AMBRA1 and mito-BCL-2, negative controls using
the myc antibody were performed in HEK293 cells, which do
not overexpress myc–AMBRA1 or BCL-2 (Supplementary
Figure S2B–D). The interaction between AMBRA1 and mito-
BCL-2 can also be disrupted, at a lower extent, using rapa-

mycin as an autophagy inducer (Figure 3B). During autop-
hagy, phosphorylation of BCL-2 by JNK1 kinase abrogates the
binding between BECLIN 1 and BCL-2. Thus, we also tested
whether inhibition of JNK1 would be responsible for the
AMBRA1–BCL-2 binding regulation. However, as illustrated
in Figure 3B, the JNK1 kinase inhibitor SP600125 does not
impair the release of AMBRA1 from mito-BCL-2 after autop-
hagy induction. Next, we observed binding between endo-
genous AMBRA1 and mito-BCL-2. To this end, we isolated
mitochondrial fractions from cells grown in normal condi-
tions or for 4 h in EBSS. We performed an immunoprecipita-
tion of AMBRA1 in the mitochondrial fractions, and we were
able to appreciate the binding with endogenous BCL-2 in
normal conditions. In contrast, this binding was disrupted
after autophagy induction (Figure 3C). Of note, when check-
ing by densitometric analysis, we can observe a binding
between endogenous AMBRA1 and BECLIN 1 in these mito-
chondrial fractions in normal conditions, with this binding
being increased following autophagy induction (Supple-
mentary Figure S2E). To consolidate these data, we decided
to carry out a mitochondrial crosslink before performing a
subcellular fractionation experiment in HEK293 cells grown
in normal or starvation conditions. As illustrated in
Figure 3D, when cells are not fixed, BCL-2 can be detected
as a 26-kDa band (appropriate molecular weight) in normal
condition, and this band decreases following autophagy
induction. However, after cell fixation, this band is not
detectable, whereas a band of B170 kDa is detectable. The
170-kDa band may corresponds most likely to a complex
including at least endogenous AMBRA1 and BCL-2, thus
confirming the interaction. Next, we set out to establish
whether this dynamic interaction could be monitored by
fluorescence microscopy. As illustrated in Figure 4A, mito-
BCL-2 colocalizes perfectly with the mitotracker staining, as
expected, and there is a significant colocalization between
myc–AMBRA1 and mito-BCL-2 in normal conditions, whereas
some cells showed only a slight colocalization between ER-
BCL-2 and AMBRA1 (arrows in Supplementary Figure S3A,
B). We performed the same type of staining at the endogen-
ous level to confirm this colocalization (see Supple-
mentary Figure S4). By performing statistical colocalization
analysis, we found that AMBRA1 shows a very good coloca-
lization with mito-BCL-2, as the rp and rs values are 0.7 and
0.8, respectively (Supplementary Figure S3C). When cells are
shifted to EBSS a clear decrease in AMBRA1 and mito-BCL-2
colocalization is observed (Figure 4B, starvation lane).
Furthermore, the percentage of cells where myc–AMBRA1
colocalizes either with mito-BCL-2 or ER-BCL-2 was deter-
mined. As illustrated in Figure 4C, 70% cells showing colo-
calization between AMBRA1 and mito-BCL-2 are found in
normal conditions, whereas only 40% cells show the same
colocalization after autophagy induction. Such a reduction of
colocalization is not observed in the case of AMBRA1–ER-BCL-2
binding, where we found B30% of colocalizing cells in both
conditions. Of note, this colocalization seems to be due to a
short ‘proximity’ between the stained compartments, rather
than an overlap, as illustrated in Supplementary Figure S3B.

AMBRA1 partially localizes at mitochondria in normal
conditions
AMBRA1 is a cytoplasmic protein showing a diffuse signal in
normal conditions, mostly overlapping with dynein light
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chains. After autophagy induction, a fraction of AMBRA1
translocates to the perinuclear region of the cell and more
precisely to the ER (Di Bartolomeo et al, 2010). The binding of
AMBRA1 with mito-BCL-2 led us to check whether there is a
subcellular colocalization of AMBRA1 with mitochondria. As
illustrated in Figure 5A, we found, indeed, that AMBRA1
presents a partial colocalization with mitochondria, as the rp

and rs are 0.61 and 0.70, respectively. Of note, these quanti-
tative results are similar to those obtained with the AMBRA1/
mito-BCL-2 colocalization analysis.

In order to confirm our observation, we performed an
immunogold assay using an anti-AMBRA1 antibody on
HeLa cells grown in normal conditions and on their purified
mitochondria (Figure 5B and Supplementary Figure S5).
Altogether, these results indicate that a pool of AMBRA1
(corresponding to 49±10% of the total protein) can localize
at the mitochondria in normal conditions. Of note, after
autophagy induction, this mitochondrial pool of AMBRA1
seems to be slightly reduced (see Supplementary Figure S6A).
These results led us to hypothesize that mito-BCL-2 should
anchor/inhibit AMBRA1 at the mitochondria in order to
block its participation in the BECLIN 1-dependent autophagy

programme. Thus, we decided to evaluate the effect of mito-
BCL-2 on autophagy induced by AMBRA1. We overexpressed
AMBRA1 in the presence of a control plasmid (pCDNA3),
or either with mito-BCL-2 or WT-BCL-2. LC3 protein conversion
was used as a marker of autophagy induction (Mizushima et al,
2004, 2010). As shown in Figure 6, overexpression of mito-BCL-2
is sufficient to dramatically reduce AMBRA1-induced autophagy.
However, the F2 fragment of AMBRA1, which is known to bind
BECLIN 1 (Fimia et al, 2007), but not BCL-2 (see Figure 1A and
B), is able to evade from mito-BCL-2 inhibition but not from ER-
BCL-2 effect. Finally, in order to evaluate the autophagic flux
(autophagosome on-rate versus off-rate), we treated cells with
the lysosome inhibitor chloroquine (20mM) for 1 h. As shown in
Figure 6B, chloroquine treatment leads to an increase of the
intensity of the LC3-II bands in all the cases presented. Taken
together, these results suggest that, in normal conditions, BCL-2
binds AMBRA1 at the mitochondria in order to inhibit its
proautophagic function during autophagosome formation.

AMBRA1 competes with BCL-2 to bind BECLIN 1
BCL-2 is known to bind BECLIN 1 on its BH3 domain.
Therefore, to better understand how AMBRA1 and BCL-2

Figure 4 AMBRA1 dynamic colocalization with mito-BCL-2 and the mitochondrial network. (A, B) HEK293 cells co-transfected with vectors
encoding mito-BCL-2 and myc-AMBRA1, grown either in normal media (A) or in EBSS (B) for 4 h and stained with an anti-BCL-2 antibody
(green), an anti-myc–AMBRA1 antibody (blu) and Mitotracker (red). The merge of the two or three fluorescence signals are shown in the
bottom panels, as indicated. Scale bar, 6mm. White arrows point to strong triple colocalization areas. (C) AMBRA1–mito-BCL-2 colocalization
decreases after autophagy induction. Quantification of cells showing colocalization between AMBRA1 and ER- or mito-BCL-2 in normal
conditions and after autophagy induction is shown. Results are expressed as percentage of cells (±s.d.) showing colocalization between
AMBRA1 and ER- or mito-BCL-2. Each point value represents the mean±s.d. of triplicate wells from three independent experiments. Statistical
analysis was performed by analysis of variance (one-way ANOVA). *Po0.05 versus mito-BCL-2 in normal conditions.
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Figure 5 AMBRA1 partially colocalizes with the mitochondrial network. (A) HeLa cells grown in normal media were stained with Mitotracker
(red) and an anti-AMBRA1 antibody (green). The merge of the two fluorescence signals is shown in the right panels. Scale bar, 6mm.
The Pearson correlation coefficient rp and Spearman correlation coefficient rs are indicated on the scatter plot. (B) Immunogold analysis
of whole cells and purified mitochondria from HeLa cells. Fifteen nm particles label the AMBRA1 protein (red arrows). Scale bar, 0.2mm.
M, mitochondria.
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differentially regulate autophagy, we set out to determine the
binding domain of AMBRA1 on BECLIN 1 by using different
BECLIN 1 mutants in co-immunoprecipitation experiments
with AMBRA1. In a first series of experiments, we found that
three truncated BECLIN 1 mutants (aa 1–353, aa 141–353 and
aa 141–450) are still able to interact with AMBRA1 (Figure 7A
and B). We refined our search by using two BECLIN 1
deletion mutants: BECLIN 1 DBcl-2 BD (binding domain)

(lacking aa 88–150) and BECLIN 1 DECD (lacking aa 244–
337). As shown in Figure 7C, AMBRA1 can still co-immuno-
precipitate with BECLIN 1 DECD, but not with the BECLIN 1
DBcl-2 BD mutant. Consequently, it appears that a part of
BECLIN 1 binding domain with BCL-2 is necessary for its
binding to AMBRA1. By studying more in detail the amino-
acid sequence of BECLIN 1, it can be deduced that amino
acids 141–150 are essential for the AMBRA1–BECLIN 1
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binding. We can conclude this because the D141–353 mutant
binds AMBRA1, whereas the D88–150 mutant does not. We
next analysed the binding between AMBRA1 and two BH3

mutants of BECLIN 1, BECLIN 1125A and BECLIN 1F123A,
which respectively interact or not with BCL-2 and BCL-XL

(Pattingre et al, 2005; Maiuri et al, 2007). In fact, BECLIN

B
E

C
LI

N
 1

  ∆
B

C
L-

2

B
E

C
LI

N
 1

 W
T

B
E

C
LI

N
 1

 ∆
E

C
D

B
E

C
LI

N
 1

 W
T

B
E

C
LI

N
 1

 ∆
B

C
L-

2

B
E

C
LI

N
 1

  ∆
E

C
D

A

B C
+ Myc-tagged AMBRA1

WB myc

WB
BECLIN 1

WB myc

WB
BECLIN 1

Total extractsIP BECLIN 1

E

WB BECLIN 1

WB BCL-2
(mito-BCL-2)

WB AMBRA1

AMBRA1 (mg)

+ FLAG-BECLIN  1

M
ito

-B
C

L-
2

M
ito

-B
C

L-
2

M
ito

-B
C

L-
2

M
ito

-B
C

L-
2

M
ito

-B
C

L-
2

M
ito

-B
C

L-
2

Total Extracts

 
 

B
E

C
LI

N
 1

 1
–3

53

 
 

B
E

C
LI

N
 1

 1
41

–3
53

B
E

C
LI

N
 1

 W
T

B
E

C
LI

N
 1

 1
–3

53

B
E

C
LI

N
 1

 1
41

–3
53

B
E

C
LI

N
 1

 1
41

–4
50

B
E

C
LI

N
 1

 1
41

–4
50

+ Myc-tagged AMBRA1

IP FLAG–BECLIN 1 Total extracts

1 450

1 353

353141

141 450

1 450

4501

88 150

244 337

BECLIN 1 WT

BECLIN 1 1–353

BECLIN 1 141–353

BECLIN 1 141–450

BECLIN 1 ∆BCL-2 

BECLIN 1 ∆ECD 

55
72

34

55

130

0

0 0

1

6 613 13

0

1

6 613 13

26

130

55

130

kDa kDa

kDa

B
E

C
LI

N
 1

 W
T

43

26

IP FLAG–BECLIN

* *
* *

* *
* *

B
E

C
LI

N
 1

 W
T

B
E

C
LI

N
 1

 L
12

5A
 

B
E

C
LI

N
 1

 W
T

B
E

C
LI

N
 1

 F
12

3A

B
E

C
LI

N
 1

 L
12

5A

B
E

C
LI

N
 1

 F
12

3A

WB
BECLIN 1

WB myc

+ Myc-tagged AMBRA1

IP FLAG–BECLIN 1 Total extracts

130

55

kDa

D

WB BECLIN 1

WB BCL-2
(ER-BCL-2)
WB AMBRA1

AMBRA1 (mg)

+ FLAG–Beclin 1

E
R

-B
C

L-
2

E
R

-B
C

L-
2

E
R

-B
C

L-
2

E
R

-B
C

L-
2

E
R

-B
C

L-
2

E
R

-B
C

L-
2

Total extracts

55

130

26

kDa

IP FLAG–BECLIN

Figure 7 AMBRA1 competes with BCL-2 to bind BECLIN 1. (A) Illustration of the BECLIN 1 mutants. The coiled-coiled domain (CCD) and the
evolutionary conserved domain (ECD) of BECLIN 1 are indicated. (B) AMBRA1 binds all truncated mutants of BECLIN 1. Co-immunopre-
cipitation of AMBRA1 and different mutants of BECLIN 1 in HEK293 cells is shown. HEK293 cells were co-transfected with vectors encoding
myc–AMBRA1, FLAG–BECLIN 11–353, FLAG–BECLIN 1141–353 or FLAG–BECLIN 1141–459. Protein extracts were immunoprecipitated using
an anti-FLAG antibody. Purified complexes and corresponding total extracts were analysed by WB, by using anti-AMBRA1 and anti-BECLIN 1
antibodies. Asterisks point to the molecular weight of proteins corresponding to the BECLIN 1 fragments. (C) AMBRA1 cannot be co-
immunoprecipitated with the Beclin 1 DBcl-2 mutant. HEK293 cells were co-transfected with vectors encoding myc–AMBRA1 and BECLIN 1
DBcl-2 BD or BECLIN 1 DECD. Protein extracts were immunoprecipitated using an anti-BECLIN 1 antibody. Purified complexes and
corresponding total extracts were analysed by WB, by using anti-AMBRA1 and anti-BECLIN 1 antibodies. (D) Intact BH3 binding site for
BCL-2 is not required for the binding to AMBRA1. HEK293 cells were co-transfected with vectors encoding myc-AMBRA1 and BECLIN 1125A and
BECLIN 1F123A, which respectively interact or not with BCL-2 and BCL-XL. Protein extracts were immunoprecipitated using an myc antibody
(myc–AMBRA1). Purified complexes and corresponding total extracts were analysed by WB, by using anti-myc and anti-BECLIN 1 antibodies.
(E) BECLIN 1 and mito- or ER-BCL-2 binding decreases when AMBRA1 is overexpressed. HEK293 cells were transfected both with FLAG–
BECLIN 1, mito- and ER-BCL-2 and increasing concentrations of myc–AMBRA1 cDNAs. Protein extracts were immunoprecipitated using an
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1125A mimicked the wild-type protein, while BECLIN 1F123A

possesses an unfunctional BH3 domain, a mutant known to
induce a strong autophagy. Figure 7D shows that AMBRA1
can bind these two BECLIN 1 mutants, indicating that an
intact BH3 binding site for BCL-2 and BCL-XL is not required
for the binding to AMBRA1. Even though AMBRA1 does not
require a functional BH3 domain on BECLIN 1, it binds
BECLIN 1 in a region similar to that used for binding BCL-2.

In order to substantiate the hypothesis that AMBRA1 and
BCL-2 may compete for binding BECLIN 1, we conducted co-
immunoprecipitation experiments with both mito/ER-BCL-2
and BECLIN 1, and increasing amounts of AMBRA1
(Figure 7E). Our results show that both mito- and ER-BCL-
2/BECLIN 1 interaction decrease with increasing AMBRA1
levels. This suggests that, upon induction of autophagy,
AMBRA1 can compete with mito/ER-BCL-2 to bind BECLIN
1. Of note, this competition is detectable also when we
perform an inverse experiment, by using BCL-2 as a compe-
titor for the binding between AMBRA1 and BECLIN 1 (see
Supplementary Figure S7).

AMBRA1–BCL-2 interaction upon apoptosis induction
AMBRA1 functional deficiency in mouse embryos led to
severe neural tube defects associated not only with autop-
hagy impairment, but also with excessive apoptotic cell death
(Fimia et al, 2007). Our observation that AMBRA1 binds the
mitochondrial pool of BCL-2, which is known to exert an
antiapoptotic effect, led us to examine the AMBRA1/BCL-2
interaction during apoptosis. First, we analysed AMBRA1–
mito-BCL-2 interaction in HEK293 cells overexpressing both
AMBRA1 and mito-BCL-2 and treated for 6 h with stauros-
porine (STS), an inducer of apoptosis. As illustrated in
Figure 8A, we detected the same reduction of binding be-
tween AMBRA1 and mito-BCL-2 observed after induction of
autophagy in the absence of cell death, as revealed by the
absence of pycknotic nuclei (Figure 8B). In contrast, the
interaction between AMBRA1 and ER-BCL-2 did not show
any variations. In order to exclude a possible induction of
autophagy by STS, cells were treated with STS in the presence
of 10 mM 3-methyladenine (3-MA), an inhibitor of the kinase
complex (Petiot et al, 2000). Also in this case, the disruption
of AMBRA1–mito-BCL-2 complex occurs after apoptosis in-
duction, clearly indicating that this event is independent of
autophagy (Figure 8C). This decrease cannot be abrogated by
addition of the general caspase inhibitor Q-VD-OPH (whose
efficiency is demonstrated by PARP cleavage analysis), thus
indicating that the disruption of the complex is upstream of
caspase activation (Figure 8D). These results suggest that,
after apoptosis induction, AMBRA1 early dissociates from
mito-BCL-2.

Owing to the fact that AMBRA1 is a crucial protein for the
development of the nervous system, where it is expressed
from the first stages of neurulation onwards (Fimia et al,
2007), we investigated a putative involvement of AMBRA1 in
neuronal survival. To this end, as a model of neuronal death,
we used cerebellar granule neurons (CGNs) induced to die by
suppression of trophic factors. Neurons were transfected with
AMBRA1 and, 24 h later, cellular viability was assessed by
analysis of nuclei morphology. As shown in Figure 8E, ex-
pression of AMBRA1 does not influence membrane-depolar-
ization-induced CGN survival (K25 medium), thus excluding
a proapoptotic role of AMBRA1. However, neurons overex-

pressing AMBRA1 (arrows) and shifted in K5 medium (cell
death condition) for 15 h seems to better survive in this
condition. These results may suggest that overexpression of
wild-type AMBRA1 is probably sufficient to enhance CGN
survival, early after Kþ depletion.

Discussion

AMBRA1 binds the mitochondrial pool of BCL-2
Our work demonstrates the existence of an interaction be-
tween AMBRA1 and BCL-2. BCL-2 has been detected in
different compartments of the cell: in particular, BCL-2 is
not only detected in the mitochondrial fraction (17%) but
also in cytoplasmic membranes including the ER (49%) and
the nuclear envelope (34%; Lithgow et al, 1994; Hoetelmans
et al, 2000; Portier and Taglialatela, 2006). By looking at the
different BCL-2 pools, we found that AMBRA1 binds prefer-
entially and dynamically the mitochondrial pool of BCL-2,
with the interaction being regulated by both autophagy and
apoptosis induction.

Although ER-localized BCL-2, but not mitochondrial-loca-
lized BCL-2, has been shown to be important for the inhibi-
tion of autophagy (Pattingre et al, 2005), our results might
imply that mitochondrial-localized BCL-2 can modulate the
function of AMBRA1, so as to inhibit, in turn, the autophagic
pathway. However, other studies are necessary to determine
whether mito-BCL-2 is able to inhibit AMBRA1’s role in
the BECLIN 1/Vps34 complex formation. To this end, it will
also be necessary to determine whether AMBRA1 can
bind BCL-2 directly or through a cofactor. Different mechan-
isms have been proposed for regulating the binding of
BCL-2/BCL-XL to BECLIN 1 at the ER, including JNK1-
mediated BCL-2 phosphorylation, competitive disruption of
BCL-2–BECLIN 1 binding by other BH3 domain proteins
(Sinha and Levine, 2008) and phosphorylation of the BH3
domain of BECLIN 1 by DAP kinase (Zalckvar et al, 2009). In
this study, we found that AMBRA1 can compete with BCL-2
to bind BECLIN 1 and thus may act positively in the autop-
hagic process.

The binding between AMBRA1 and mito-BCL-2
is disrupted following autophagy induction
BCL-2 has been mainly studied in the context of cell death;
yet, it is also known to carry out other functions in different
cellular processes, such as cell cycle progression, glucose
homeostasis, transcriptional repression by p53 and autop-
hagy (Reed, 1998; Danial and Korsmeyer, 2004; Pattingre
et al, 2005; Maiuri et al, 2007). A subtle regulation of BCL-2
at the expression level exists, due to its long half-life (Reed,
1996). However, it is known that post-translational modifica-
tions of BCL-2, and in particular phosphorylation, have
crucial roles in regulating its activity (Blagosklonny, 2001;
Wei et al, 2008; Pattingre et al, 2009). Recently, it has been
shown that BCL-2 phosphorylation on site T69, S70 and S87
by JNK1 inhibits its antiautophagic function (Pattingre et al,
2009). How does the disruption of AMBRA1–mito-BCL-2
complex occur, following autophagy induction? We have
evidence indicating that phosphorylation of BCL-2 by JNK1
does not regulate BCL-2 interaction with AMBRA1. Indeed,
we found that AMBRA1 is able to co-immunoprecipitate with
EEE-BCL-2, a mutant that phosphomimics the phosphoryla-
tion of BCL-2 at sites T69, S70 and S87 during autophagy
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immunoprecipitated using an myc antibody (IP: myc-AMBRA1). Purified complexes and corresponding total extracts were analysed by WB, by
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images. Arrows point to dead neurons. Scale bar, 6mm.
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induction (Wei et al, 2008). In agreement with this observa-
tion, the interaction between AMBRA1 and mito-BCL-2 re-
mains unchanged after induction of autophagy and treatment
with a JNK1 kinase inhibitor.

Another hypothesis is that the disruption of the interaction
between AMBRA1 and mito-BCL-2 is regulated by post-
transcriptional modifications on AMBRA1. AMBRA1 can be
directly phosphorylated by the serine/threonine kinase ULK1
and, indeed, when subjected to 2D-gel electrophoresis, it
shows multiple spots, corresponding to a number of mod-
ifications (Di Bartolomeo et al, 2010). In line with this
evidence, mito-AMBRA1 may be subjected to similar mod-
ifications during apoptosis and autophagy.

Another hypothesis concerning the function of AMBRA1 at
the mitochondria comes from new data proposed by Hailey
et al (2010), in which it is demonstrated that mitochondria
can serve as a source of autophagosomal membranes during
starvation in mammalian cells. Although isolation of mito-
chondria is likely to be contaminated with ER, in line with
these results, we can speculate that AMBRA1 is present at the
mitochondria to participate in the production of mitochon-
drial autophagosomes.

Indeed, our results highlight the important role played by
the subcellular localization of AMBRA1 for its function.
Noteworthy, we found an increase of binding between
AMBRA1 and BECLIN 1 in the mitochondrial fraction, after
autophagy induction. Given that we have recently demon-
strated that a pool of AMBRA1 and BECLIN 1 form a complex
and translocate together from the dynein motor complex to
the ER upon autophagy (Di Bartolomeo et al, 2010), these
results, combined with the recent findings from Hailey et al
lead us to propose a model in which, in normal conditions, a
pool of AMBRA1 (hereafter mito-AMBRA1) is docked by BCL-
2 at the mitochondria: after autophagy induction, mito-
AMBRA1 dissociates from mito-BCL-2, and increases its
binding with a fraction of mito-resident BECLIN 1; Mito-
AMBRA1 would have therefore the potential to enhance
BECLIN 1-dependent autophagy (see Supplementary Figure
S8, mitochondrial model). As we observed a reduction of
AMBRA1 colocalization with mitochondria in response to
autophagy (see Supplementary Figure S6A), accompanied
with an increase of binding between AMBRA1 and BECLIN
1 in the microsomal fraction with a reciprocal decrease of
binding between BCL-2 and BECLIN 1 (see Supplementary
Figure S6B), we cannot exclude that a fraction of this
mitochondrial pool of AMBRA1 translocates to the ER in
order to bind ER-resident BECLIN 1 and further enhances the
autophagic programme (see Supplementary Figure S8, ome-
gasome model). Although AMBRA1 has not been shown to
be in a stable complex with BECLIN 1 (Zhong et al, 2009;
Funderburk et al, 2010), our present results indicate that
AMBRA1 and BECLIN 1 can form ‘transient’ distinct com-
plexes that can regulate the autophagic programme.

AMBRA1 and mito-BCL-2 interaction is disrupted after
both autophagy and apoptosis induction
The fact that both STS treatment and autophagy induction are
able to induce the dissociation of AMBRA1 from mito-BCL-2
led us to hypothesize that these two treatments induce a
common pathway. Indeed, it is known that some apop-
tosis inducers can trigger, at first, an autophagic response
(Colell et al, 2007); this being the case, autophagy could be

considered as a defensive response following stress-induced
cell death. Our results, however, indicate that AMBRA1 and
mito-BCL-2 interaction can be modulated by induction of
both autophagy and apoptosis, thus underlying a double
function of AMBRA1 both in autophagy and cell death
control. Several authors have recently investigated the rela-
tionship between the proautophagic and proapoptosis activ-
ity of BECLIN 1 (Boya and Kroemer, 2009; Chang et al, 2010;
Djavaheri-Mergny et al, 2010; Luo and Rubinsztein, 2010;
Maiuri et al 2010). In particular, Djavaheri-Mergny et al
(2010) reported that caspases can cleave BECLIN 1, thereby
destroying its proautophagic activity. Thus, it will be very
interesting to further investigate the relationship between
AMBRA1 and caspase activities.

In conclusion, this work describes a novel interplay be-
tween the regulation of AMBRA1 function, BCL-2 and autop-
hagy. For this reason, it opens up new areas of research in the
complex relationship between apoptosis and autophagy.

Materials and methods

Antibodies
Polyclonal anti-FLAG (Sigma-Aldrich, F7425), monoclonal anti-myc
9E10 (Santa Cruz), polyclonal anti-myc A-14 (Santa Cruz),
polyclonal anti-Beclin 1 (Santa Cruz), monoclonal anti-BECLIN 1
(Becton-Dickinson), mouse monoclonal anti-TUBULIN (Sigma-
Aldrich), polyclonal anti-ACTIN (Sigma-Aldrich), monoclonal
anti-BCL-2 (Santa Cruz, sc-7382), polyclonal anti-BCL-2 (Abcam,
Ab7973), polyclonal anti-PARP antibody (Cell Signaling), polyclonal
anti-MnSOD (Assay Designs), polyclonal anti-PDI (Stressgen),
polyclonal anti-AMBRA1 (from SDI and Covalab), monoclonal
anti-p62 (BD Transduction Laboratories) and polyclonal anti-LC3
(Cell Signaling).

Reagents and plasmid constructs
Constructs coding for AMBRA1 and its fragments were cloned in
pLPCX vector (Clontech; Fimia et al, 2007). Plasmids containing
either wild-type h-BCL-2-myc, EEE-BCL-2 mutant, ER-BCL-2, Mito-
BCL-2, wild-type BECLIN 1 and all BECLIN 1 mutant cDNAs were
present in Beth Levine’s Laboratory (Howard Hughes Medical
Institute, Dallas, Texas). Rapamycin and STS were purchased from
Sigma-Aldrich. The Q-VD-ODH caspase inhibitor was from Kamyia
Biomedical Company.

Immunoprecipitation
Cells were lysed either in HEMG buffer (25 mM HEPES (pH 8.0),
100 mM NaCl, 0.5% Nonidet P-40, 0.1 mM EDTA, 10% glycerol)
plus protease and phosphatase inhibitors or in CHAPS buffer
(40 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM EDTA, 0.3% of
CHAPS) in order to detect endogenous AMBRA1–BCL-2 interaction.
After centrifugation at 41C for 10 min at 13 000 g, equal amounts of
protein were incubated with either anti-myc, anti-FLAG, anti-Beclin
1, anti-BCL-2 or anti-AMBRA1 antibodies (2 mg) overnight at 41C,
followed by 60 min incubation with 20ml of protein A/G sepharose
beads (Amersham Bioscience). The beads were collected by
centrifugation and washed four times with the HEMG buffer.
Proteins bound to the beads were eluted with 30ml of SDS–
polyacrylamide gel electrophoresis sample buffer and heated to
951C for 10 min.

Immunocytochemistry
Cells were washed in PBS and fixed with 4% paraformaldehyde in
PBS for 15 min. In order to stain mitochondria, mitotracker was
applied to cells, prior to fixation, 15 min at 100 nM. After
permeabilization with 0.2% Triton X-100 in PBS for 5 min, cells
were blocked in 2% horse serum in PBS and incubated for 1 h at RT
with primary antibodies. We used the antibodies directed against
AMBRA1, BCL-2 and the myc Tag. Cells were then washed in
blocking buffer and incubated for 1 h with labelled anti-mouse
(Alexa Fluor-488 or Alexa Fluor555, Molecular Probes, Eugene, OR)
or anti-rabbit (FITC or Cy3, Jackson ImmunoResearch, West Grove,
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PA) secondary antibodies. Nuclei were stained with 1mg/ml DAPI
and examined under a Leica TCS SP5 confocal microscope equipped
with a $ 63 (NA 1.4) oil-immersion objective (Deerfield, IL). We
used ‘Leica confocal’ software for analysis. In the case of AMBRA1
and mito-BCL-2 or ER-BCL-2 analysis, we used the Olympus IX70
microscope combined with SoftWorx software. Deconvolution was
applied in standard condition (8 cycles). Image analysis was
undertaken using the ImageJ analysis programme using the PSC
colocalization plug-in (French et al, 2008) to calculate colocaliza-
tion. At least 20 cells were analysed for each condition. Results are
presented in terms of Pearson correlation coefficients, which
represent the linear relationship of the signal intensity from the
green and red channels of the analysed image.

Förster resonance energy transfer
For standard acceptor photobleaching FRET microscopy, HEK293
cells were seeded on coated glass coverslips and co-transfected with
a vector encoding AMBRA1–mCherry and a vector encoding BCL-2–
GFP. Twenty-four hours after transfection, cells were fixed with 4%
paraformaldehyde for 10 min and, following three washes, nuclei
were stained with 1 mg/ml DAPI 20 min and then placed on slides
and embedded in mounting medium, as described above. FRET
studies were performed on a confocal microscope (TCS SP5, Leica)
using the implemented FRET acceptor photobleaching wizard.
Acquisition settings were as follows: objective Plan-Apochromat
$ 63/1.4 NA oil immersion, pinhole 2 Airy units, image size
512$ 512. Prebleach and postbleach images were serially recorded
by excitation of BCL-2–GFP at 488 nm (donor channel) with an
argon laser, and mCherry–AMBRA1 at 543 nm (acceptor channel)
with an helium–neon laser. Low laser intensities were used to avoid
bleaching effects during acquisition, selection of the cells were
made by visualizing only the donor channel to prevent premature
partial bleaching of the acceptor. The acceptor was bleached with
high intensity (100%) power at the 543 nm laser line for 10
iterations. This iteration time was found to be effective for
bleaching mCherry–AMBRA1 in pilot experiments. The change in
the fluorescence intensity between pre- and postbleach donor
values (efficiency, E) was calculated using the formula E¼ (donor
after"donor before)$ 100/donor after, and was shown as a
percentage; pseudo-coloured images showing FRET efficiency
values were also generated. We analysed 10 cells from each of
three independent experiments, where cells were maintained in
basal conditions without starvation.

Isolation of microsomal fraction
HEK293 cells were plated in ten 10-cm Petri dishes and co-
transfected with vectors encoding both FLAG–Beclin 1 and myc–
AMBRA1. Five dishes were then shifted in EBSS media during 4 h
and the other five dishes grown in normal media. Cells were
washed twice with 5 ml of a solution of 0.137 M NaCl/2.7 mM KCl/
8 mM Na2HPO4/1.5 mM KH2PO4 (PBS), harvested in a solution of
5 mM EDTA in PBS and washed with 5 ml of PBS. The cells were
swollen at 01C for 10 min in 2 ml of hypotonic solution of 10 mM
Tris–HCl, pH 7.5/0.5 mM MgCl2, and then protease inhibitor
cocktail was added at 1 mM. Cells were homogenized with 30
strokes in a glass Dounce homogenizer and the homogenate was
diluted in a equal volume of a solution of 0.5 M sucrose/6 mM
2-mercaptoethanol/40mM CaCl2/300 mM KCl/10 mM Tris–HCl, pH
7.5. The suspension was centrifugated at 10 000 g for 20 min to
pellet nuclei and mitochondria. The supernatant was made at 0.6 M
KCl. The suspension was centrifugated at 100 000 g for 60 min to
sediment the microsomal fraction. The pellet was suspended in a
solution containing 0.25 M sucrose, 0.15 M KCl, 3 mM 2-mercap-

toethanol, 20 mM CaCl2, 10 mM Tris–HCl (pH 7.5), and centrifugated
again at 100 000 g for 60 min. The pellet of protein was suspended in
the same solution (Maruyama and MacLennan, 1988).

Transmission electron microscopy and immunogold staining
Mitochondria were isolated from HeLa cells by standard differential
centrifugation, and suspended in isolation buffer (0.2 M sucrose,
10 mM Tris-MOPS (pH 7.4), 0.1 mM EGTA-Tris, 0.1% delipidated
bovine serum albumin, BSA). They were then fixed in 2% freshly
depolymerized paraformaldehyde and 0.2% glutaraldehyde in
0.1 M cacodylate buffer, pH 7.4, for 2 h at 41C. Samples were rinsed
in buffer partially dehydrated and embedded in Epon resin (Fluka),
sectioned and collected on uncoated nickel grids. Ultrathin sections
were processed for immunogold technique. Grids were preincu-
bated with 10% normal goat serum in 10 mM PBS containing 1%
BSA and 0.13% NaN3 (medium A), for 15 min at RT; sections were
then incubated with primary antibody, rabbit polyclonal anti-
AMBRA1 (ProSci Inc.) diluted 1:50 in medium A, overnight at 41C.
After rinsing in medium containing 0.01% Tween-20 (Merck), a
second incubation with primary antibody mouse anti-BCL-2 (Santa
Cruz) diluted 1:50 in medium A was performed, for 2 h at RT. After
incubation in medium A for 15 min at RT, sections were incubated
for 1 h at RT in a solution of goat anti-rabbit IgG conjugated to
15 nm colloidal gold (British BioCell Int.) and goat anti-mouse IgG
conjugated to 5 nm colloidal gold (British BioCell Int.) both diluted
1:30 in medium A containing fish gelatine 0.01%. Finally, grids
were thoroughly rinsed in distilled water, contrasted with aqueous
2% uranyl acetate for 20 min, and Reynolds solution (3.5% tri-
sodium citrate, 2.6% lead nitrate, Fluka) for 10 min, and then
photographed in a Technai 20 (FEI Company, Eindhoven, the
Netherlands) electron microscope.

Mitochondrial crosslinking
HEK293 cells were grown in normal medium or in EBSS medium
during 4 h and fixed with PFA 0.5% during 10 min. After three
washes with PBS, mitochondrial fractions were purified as
described before. We also performed an immunoprecipitation of
endogenous AMBRA1 with an antibody anti-AMBRA1 or with
preimmune IgG as a negative control.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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AMBRA1 is able to induce mitophagy via LC3 binding,
regardless of PARKIN and p62/SQSTM1

This article has been corrected since Advance Online Publication and a corrigendum is also printed in this issue.

F Strappazzon1,2, F Nazio1, M Corrado1,3, V Cianfanelli2,4, A Romagnoli5, GM Fimia5,6, S Campello1, R Nardacci5,
M Piacentini2,5, M Campanella7,8 and F Cecconi*,1,2,4

Damaged mitochondria are eliminated by mitophagy, a selective form of autophagy whose dysfunction associates with
neurodegenerative diseases. PINK1, PARKIN and p62/SQTMS1 have been shown to regulate mitophagy, leaving hitherto
ill-defined the contribution by key players in ‘general’ autophagy. In basal conditions, a pool of AMBRA1 – an upstream
autophagy regulator and a PARKIN interactor – is present at the mitochondria, where its pro-autophagic activity is inhibited by
Bcl-2. Here we show that, upon mitophagy induction, AMBRA1 binds the autophagosome adapter LC3 through a LIR
(LC3 interacting region) motif, this interaction being crucial for regulating both canonical PARKIN-dependent and -independent
mitochondrial clearance. Moreover, forcing AMBRA1 localization to the outer mitochondrial membrane unleashes a massive
PARKIN- and p62-independent but LC3-dependent mitophagy. These results highlight a novel role for AMBRA1 as a powerful
mitophagy regulator, through both canonical or noncanonical pathways.
Cell Death and Differentiation (2015) 22, 419–432; doi:10.1038/cdd.2014.139; published online 12 September 2014

Autophagy is an important eukaryotic process involved in the
lysosomal degradation of cytosolic components in both
physiological and pathological conditions. During autophagy,
the autophagosomes ! specific double-membraned vesicles
! engulf a number of different cargoes and then fuse with the
lysosomes for subsequent recycling of their content. Several
key proteins are involved in autophagosome formation, such
as BECLIN 1 and its positive regulator AMBRA1;1,2 a pool of
AMBRA1 is localized at the mitochondria, where its pro-
autophagic activity is inhibited by mitochondrial resident
Bcl-2.3 Interestingly, mitochondria have been described as a
source for autophagosome biogenesis;4 they play a key role
in the cross-talk between autophagy and apoptosis regulation
and they are involved in the cell death versus survival decision
(reviewed in Strappazzon et al.3).

Another mechanistic link exists between autophagy and
mitochondria in mammals. Indeed, mitochondria damaged by
the uncoupler CCCP (carbonyl cyanide m-chlorophenyl hydra-
zone) ! because of a loss of their mitochondrial membrane
potential (DCm) ! are subjected to a form of selective
autophagy, termed mitophagy.5–7 During this process, depo-
larized mitochondria are ubiquitylated; they then recruit p62 (a
protein involved in linking polyubiquitinated protein aggregates
to the autophagic machinery) and next they are transported

along microtubules to the perinuclear region, where they form
rough aggregate structures termed ‘mito-aggresomes’,8–10

a step preceding their lysosomal degradation.
Although mitophagy has been described in a number of

tissues and in various physiological or pathological condi-
tions (reviewed in Andreux et al.11), very few are the known
molecular mechanisms that regulate mitophagy; this is
despite the fact that its manipulation may represent a
forefront strategy in several human diseases. Thus, rather
scarse is yet the availability of chemicals and drug
candidates to modulate the process. The autophagy
receptor NIX and the kinase Ulk1 mediate developmental
removal of mitochondria during retyculocyte differentia-
tion.6,12,13 Smurf1 has been defined as a new recognized
mediator of both viral autophagy and mitophagy.14 In
contrast, the E3 ubiquitin ligase PARKIN and the Ser/Thr
kinase PINK1, both found to be mutated in autosomal
recessive forms of Parkinson’s disease (PD), regulate
mitophagy after mitochondrial damage.5 In more detail,
PINK1 recruits PARKIN to depolarized mitochondria in order
to remove damaged mitochondria. This mitochondrial
quality control, driven by PINK1/PARKIN proteins, has
recently been better characterized by RNAi screens.15

In fact, new proteins such as HSPA1L, BAG4 and SIAH3
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have been found to modulate translocation of PARKIN to
damaged mitochondria, whereas TOMM7 stabilizes PINK1
on the mitochondria. Interestingly, it has been demonstrated
that after mitochondrial depolarization, the cytosolic pool of
AMBRA1 interacts with PARKIN to enhance mitochondrial
clearance.16

In this study, we investigate the molecular mechanism(s)
responsible for the AMBRA1-dependent enhancement of
PARKIN-mediated mitophagy. We describe for the first time
AMBRA1 as a new LIR (LC3 interacting region)-containing
protein, and we demonstrate that this motif is essential for
the binding between AMBRA1 and LC3, following mitophagy
induction. Furthermore, we show that this interaction is
crucial in a number of cell systems in order to both amplify
PARKIN-mediated mitochondrial clearance and regulate
PARKIN-independent mitophagy. In addition, to better
understand the role of AMBRA1 at the mitochondria and as
AMBRA1 does not possess a clear mitochondrial targeting
sequence, we generated and expressed an organelle-
targeted mutant of AMBRA1 in two different cell systems.
Our data indicate that mitochondrial AMBRA1 induces (1)
relocalization of the mitochondrial network around the
nucleus, (2) depolarization and ubiquitylation of mitochon-
dria and (3) recruitment of the molecular platform necessary
to induce functional mitophagy through a PARKIN/p62-
independent pathway.

This work thus places AMBRA1 as a central player
of mitophagy: we suggest that this molecule facilitates
mitochondrial clearance by bringing damaged mitochondria
onto autophagosomes via its LIR-mediated LC3 interaction.
In addition, we show that high levels of mitochondrial
AMBRA1 trigger mitophagy, a finding that could herald new
therapies to fight important human disorders, ranging from
muscle dystrophy to neurodegeneration.

Results

FCCP induces AMBRA1 binding to LC3 through a
previously undisclosed LIR motif, this enhancing PAR-
KIN-mediated mitophagy. As AMBRA1 can localize at the
mitochondria,3 and as this organelle has been described as a

source for autophagosome biogenesis,4 we checked whether
AMBRA1 could bind LC3, an autophagosome cargo adapter,
on the mitochondria, so as to enhance autophagosome
production following mitochondrial damage.

The known consensus sequence for the core LIR motif is
W/F/Y-x-x-L/I/V.17 Therefore, first of all, we examined in silico
the AMBRA1 sequence and found that AMBRA1 possesses,
indeed, a putative LIR motif in its C-terminal region
(1012SGVEYYWxxL1023). Primed by the hypothesis that
the two factors could interact only locally at a subcellular
level, we enriched our samples for mitochondrial proteins, by
performing a mitochondrial fractioning assay in HEK293 cells
transiently overexpressing myc-AMBRA1WT and after
treatment with FCCP (trifluorocarbonylcyanide phenylhydra-
zone, 1 h, 10 mM), a routinely adopted inducer of mitochondrial
depolarization in in vitro assays. We then precipitated
myc- AMBRA1WT, and we checked for the presence of LC3-
I and -II (hallmarks of autophagy). Interestingly,
myc- AMBRA1WT can be found associated with LC3-I and -II
forms following FCCP treatment in both endogenous and
overexpression conditions (Figure 1a and Supplementary
Figure 1). It is noteworthy that no binding between AMBRA1
and LC3 could be found in total extracts of HEK293
cells following autophagy induction (EBSS treatment,
Supplementary Figure 1b).

It is noteworthy that point mutations of both an aromatic
residue and the conserved hydrophobic residue of the
putative LIR motif (AMBRA1LIR-AA (W1019A-L1022A)
SGVEYYAxxA) almost abolished the interaction between
myc-AMBRA1WT and endogenous LC3 after mitophagy
induction (Figure 1b). Next, as AMBRA1 overexpression has
been shown to enhance PARKIN-mediated mitochondrial
clearance,16 we set out to verify whether AMBRA1–LC3
interaction was required in this context. To this aim, we
transiently coexpressed a vector encoding PARKIN and
AMBRA1WT or AMBRA1LIR-AA in HEK293 cells. We then
treated cells with FCCP in order to induce mitophagy, and
then measured the expression of MnSOD, a mitochondrial
marker. As shown in Figure 1c, overexpression of
AMBRA1WTpotentiates PARKIN-mediated mitophagy,
confirming previous results.16 In contrast, coexpression

Figure 1 FCCP induces AMBRA1 binding to LC3 through a previously undisclosed LIR motif, enhancing PARKIN-mediated mitophagy. (a) HEK293 cells transfected with
a vector encoding myc-AMBRA1WT. At 24 h after transfection, cells were treated with DMSO (ctrl) or with FCCP for 1 h (10 mM). Mitochondrial extracts were
immunoprecipitated using an anti-myc antibody or with IgG control. Purified complexes and corresponding total extracts were analysed by western blot (WB) using anti-
AMBRA1 and anti-LC3 antibodies. (b) Identification of a LIR motif within the AMBRA1 sequence. Point mutations of both an aromatic residue and the conserved hydrophobic
residue are shown (AMBRA1-LIRAA (W1019A-L1022A SGVEYYAxxA)). HEK293 cells were transfected with a vector encoding myc-AMBRA1WTor myc-AMBRA1-LIRAA.
At 24 h after transfection, cells were treated with DMSO (ctrl) or FCCP for 1 h (10 mM). Mitochondrial extracts were immunoprecipitated using an anti-myc antibody or with IgG
control. Purified complexes and corresponding total extracts were analysed by WB using anti-AMBRA1 and anti-LC3 antibodies. The band density ratio of immunoprecipitated
AMBRA1 relative to immunoprecipitated LC3 is analysed in three independent experiments; each point value represents the mean±S.D. from three independent
experiments. Statistical analysis was performed using Student’s test (*Po0.05) versus AMBRA1. (c) HEK293 cells were transfected with a vector encoding myc-AMBRA1WT

or myc-AMBRA1-LIRAA. At 24 h after transfection, cells were treated with DMSO (ctrl) or FCCP for 9 h (1mM). Protein extracts were analysed using anti-MnSOD and anti-
ACTIN (loading control) antibodies. The graph illustrates the MnSOD/ACTIN ratio (±S.D.). Each point value represents the mean±S.D. from three independent
experiments. Statistical analysis was performed using Student’s test (*Po0.05) versus AMBRA1þPARKIN. (d) ETNA cells were transfected with a vector encoding myc-
AMBRA1WTor myc-AMBRA1LIR-AA. At 24 h after transfection, cells were treated with DMSO (ctrl) or FCCP for 5 h (30 mM). Protein extracts were analysed using anti-MnSOD
(mitochondria) and anti-ACTIN (loading control) antibodies. The graph illustrates the MnSOD/ACTIN ratio decrease following FCCP treatment (%). Each point value
represents the mean±S.D. from three independent experiments. Statistical analysis was performed using Student’s test (*Po0.05) versus AMBRA1WT. (e) Ultrastructural
analysis of brain from wild-type and Ambra1gt/gt embryos. The arrow (in the Ambra1gt/gt panel) indicates alterations of the cristae and the overall structure of the organelle in
damaged mitochondria. Protein extracts from embryo heads (E13.5) were analysed by WB using anti-MnSOD, anti-TOM20 and anti-ACTIN (loading control) antibodies.
Magnification is indicated (# ). Graphs represent MnSOD/ACTIN or TOM20/ACTIN ratio (±S.D.). Each point value represents the mean±S.D. from three independent
experiments. Statistical analysis was performed by Student’s test (*Po0.05)
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of PARKIN with AMBRA1LIR-AA did not increase mitochondrial
clearance to the same extent as AMBRA1WT.

Next, we confirmed our results in a murine proneural cell
line. We transiently coexpressed vectors encoding pcDNA3,
AMBRA1WTor AMBRA1LIR-AA in embryonic telencephalic

naive cells (ETNA).18 We then treated cells with FCCP, as
in Figure 1c, and obtained even more striking results
(Figure 1d).

Taken overall, these results indicate that, in different cell
types, the LIR motif of AMBRA1 required for LC3 binding is
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responsible for the described enhancement of PARKIN-
mediated mitochondrial clearance.16

To investigate the mitophagic role of AMBRA1 in vivo in
physiological conditions, we looked at the mitochondrial

content of embryonic forebrains (prosencephalon) from
wild-type or AMBRA1-deficient embryos (Ambra1gt/gt).
As revealed by ultrastructural analysis using electron
microscope (EM), brains from Ambra1gt/gt embryos
accumulated damaged mitochondria when compared with
wild-type tissues. In addition, we observed a stronger
expression of the two mitochondrial markers MnSOD and
TOM20 in Ambra1gt/gt embryonic brains (Figure 1e). These
results support a crucial role, in vivo, for AMBRA1 in
mitochondrial homeostasis.

High levels of mitochondria-targeted AMBRA1 specifi-
cally induce a perinuclear distribution of mitochondria.
To manipulate the dosage of the AMBRA1 mitochondrial
pool, we generated a construct encoding myc-AMBRA1
fused to an ‘insertion sequence’ that can target the molecule
to the outer mitochondrial membrane. To this end, we used a
DNA sequence from the Listeria monocytogenes Actin
assembly-inducing protein (ActA).19

First, we checked for the localization of the AMBRA1–ActA
protein. As expected, AMBRA1–ActA is enriched in the
mitochondrial fraction of HEK293 cells (Figure 2a).

To confirm these results we performed a confocal micro-
scopy analysis in HEK293 cells co-transfected with a vector
encoding fluorescent mito-RFP, in order to stain the
mitochondrial network, and a tagged vector encoding
AMBRA1–ActA. Indeed, AMBRA1–ActA surrounds swollen
and aggregated mitochondria (Figure 2b). In contrast, only a
slight colocalization of AMBRA1–ActA was found with the ER
network (Figure 2b, upper and mid panels). AMBRA1WT only
partially colocalizes with mitochondria (Figure 2b, lower
panels).

Most importantly, we observed that AMBRA1–ActA over-
expression induces per se a strong relocalization of the
mitochondrial network around the perinuclear envelope,
leading to the formation of structures similar to those
previously described as ‘mito-aggresomes’8,10 (Figure 2b,
upper panels). These structures cannot be found after
overexpression of Bcl-2–ActA (Supplementary Figure 2),
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Figure 2 AMBRA1–ActA colocalizes with mitochondria and induces the
formation of ubiquitin-and p62-positive mito-aggresomes in HEK293 cells.
(a) HEK293 cells were transfected with a vector encoding myc-AMBRA1–ActA.
At 24 h after transfection, cells were lysed and mitochondrial extracts were analysed
by western blot using an anti-myc antibody. The fraction purity was verified by
means of antibodies against MnSOD (mitochondria) or GAPDH (cytosol).
The longer exposure in the right panel shows the low levels of Ambra1–ActA
outside mitochondria. (b) HEK293 cells were co-transfected with vectors encoding
myc-AMBRA1–ActA (green) and mito-RFP (red) or ER-DsRed (red). As a control,
HEK293 cells were co-transfected with vectors encoding myc-AMBRA1WT and
mito-RFP. At 24 h after transfection, cells were fixed and stained with an anti-myc
antibody (green). Merge of the fluorescence signals is shown in the right panel,
together with a higher magnification image (# 3). N, nucleus; ERn, ER network;
Mtn, mitochondrial network. Scale bar, 6 mm. (c) HEK293 cells were co-transfected
with vectors encoding myc-AMBRA1-ActA and mito-RFP (red). Twenty-four hours
after transfection, cells were fixed and stained with anti-myc (blue) and anti-Ubiquitin
(green) antibodies. Merged images of the two fluorescence signals are shown in the
right panels. (d) HEK293 cells were co-transfected with vectors encoding myc-
AMBRA1-ActA and mito-RFP (red). Twenty-four hours after transfection, cells were
fixed and stained with anti-myc (blue) and anti-p62 (green) antibodies. Merged
images of the two fluorescence signals are shown in the right panels. N, nucleus.
Scale bar, 6mm.
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confirming that they represent a specific effect of AMBRA1
mitochondrial overexpression.

To summarize, AMBRA1 localization at the outer mitochon-
drial membrane potently induces the formation of structures
similar to mito-aggresomes.

Mitochondria-targeted AMBRA1 induces massive mito-
phagy in PARKIN-competent cells. We next studied the
dynamics of the mitochondria shape changes induced by
AMBRA1. As shown in Supplementary Figure 3, at 8 h after
transfection, AMBRA1–ActA staining significantly overlaps
with the mitochondrial network that seems to be normally well
organized. However, at 10 h after transfection, AMBRA1–
ActA staining in the majority of transfected cells (D75%)
surrounds all mitochondria, forming a sort of ring. Finally, at
18 h after transfection, the mitochondrial network is com-
pletely redistributed around the perinuclear area and forms
mito-aggresome-like structures.

Next, we characterized these structures and found that at
24 h following AMBRA1–ActA overexpression, mitochondria
are stained for ubiquitin and p62 (Figure 2). This observation
suggests that AMBRA1–ActA induces canonical mito-aggre-
somes, decorated by ubiquitin and p62.9,20 The appearance
of mito-aggresomes led us to hypothesize that AMBRA1–
ActA overexpression was able to induce mitophagy. Thus, we
decided to check the occurrence of this event by the presence
of LC3, a well-known marker of autophagosome formation.21

As shown in Figure 5a, a perfect colocalization between
AMBRA1–ActA, mitochondria and LC3 can be observed.
Cells overexpressing AMBRA1–ActA showed a colocalization
of D82% with ubiquitin, D69% with p62 and D89% with LC3
(see Supplementary Figure 4).

Furthermore, in order to better characterize the mito-
aggresomes as regions with high density of mitochondria-
containing autophagosomes, we performed an ultrastructural
analysis by EM on cells overexpressing AMBRA1–ActA. The
EM image at 24 h indicates the presence of mitochondria
redistributed on one side of the nucleus. At 48 h after
transfection, fewer mitochondria can be observed in whole
cells and engulfment events of mitochondria by autophago-
somes can be found (Figure 3b, 48 hþ magnification panels).
In contrast, after transfection of a vector encoding
AMBRA1WT, no changes in the mitochondrial distribution
are observed (Supplementary Figure 5). To ascertain that
mitophagy was induced by AMBRA1–ActA, we evaluated, by
electronic microscopy, the mitochondria number 48 h after
transfection of AMBRA1WT or AMBRA1–ActA. As shown in
the graph (Figure 3b), a third of mitochondria disappeared
upon transfection of AMBRA1–ActA versus AMBRA1WT. To
confirm these data, we checked for mitochondrial proteins at
different time points after AMBRA1–ActA overexpression. As
shown in the graph in Figure 3c, at 48 h after AMBRA1–ActA
overexpression, a third of mitochondria have disappeared,
whereas almost all mitochondria have been degraded at 72 h
after transfection. We can thus conclude that massive
mitophagy is induced by AMBRA1–ActA.

To determine the role of PI3K on mitophagy induced by
AMBRA1–ActA overexpression, HEK293 cells co-transfected
with AMBRA1–ActA and mito-RFP were treated with 10 mM
3-MA (3-methyladenine) or 75 nM Wortmannin (two inhibitors

of PI3K22,23). Aggregation of the mitochondrial network was
reduced by treating the cells with 3-MA or Wortmannin
(Figure 3d and Supplementary Figure 6a). Thus, AMBRA1–
ActA-induced mitophagic sequestration seems to depend, at
least in part, on the classical upstream PI3K pathway. We also
examined the on/off rate of autophagy upon AMBRA1–ActA
overexpression in the presence of a lysosomal-inhibiting
agent, chloroquine. This treatment resulted in a significantly
higher level of mito-aggresomes accumulation in AMBRA1–
ActA-positive cells, hence indicating that autophagosomes
induced by AMBRA1–ActA overexpression are normally
degraded in the lysosome (Figure 3d). In addition, LAMP1/
LC3 colocalization is present in AMBRA1–ActA-overexpres-
sing cells, indicating a canonical lysosomal destination for the
observed mito-aggresomes (Supplementary Figure 6b). We
next confirmed the involvement of the PI3K pathway in
AMBRA1–ActA-induced mitophagy by a more biochemical
approach, that is, by analysing the expression of MnSOD and
TOM20 following AMBRA1–ActA transfection in cells treated
or not with 3-MA and Chloroquine. As shown in Figure 3e, both
3-MA and chloroquine treatments block MnSOD and TOM20
decrease following AMBRA1–ActA overexpression. More-
over, downregulation of BECLIN 1, an activator of the PI3K
complex, is able to delay AMBRA1–ActA-induced mitophagy
(Supplementary Figures 6c and d). It is noteworthy that
AMBRA1–ActA overexpression is also sufficient to induce a
massive mitochondrial clearance in the ETNA proneural cell
line (Supplementary Figure 7).

Taken together, these observations demonstrate that
AMBRA1–ActA transfection per se triggers a fully functional
and massive mitophagy in different cell types.

AMBRA1–ActA induces mitophagy independently of
PARKIN and p62 recruitment. To identify the specific
mitophagy pathway induced by AMBRA1–ActA, we decided
to test whether our construct was able to induce mitophagy in
a PARKIN-free system. We used HeLa cells as a cell line
containing no PARKIN (Figure 4a), where AMBRA1–ActA
induces mito-aggresomes (Figure 4b). Then we measured
mitochondria degradation following AMBRA1–ActA over-
expression. As shown in Figure 4c, at 48 h after transfection,
50% of mito-aggresomes disappear, when compared with
the 24 h time point. At 72 h after transfection, it is also difficult
to find cells with mito-aggresomes, and mitochondrial
degradation is almost completed. This finding was also
confirmed by western blot analysis, as revealed by the
decrease of MnSOD and Tom20, two mitochondrial markers,
following AMBRA1–ActA overexpression. Quantification of
the MnSOD/ACTIN ratio indicates that 72 h after AMBRA1–
ActA overexpression, almost all mitochondria are lost
(Figure 4d). These results strongly suggest that AMBRA1–
ActA is also able to induce mitophagy in a PARKIN-deficient
cell line.

To confirm these results, we analysed HEK293 cells in
which PARKIN-mediated autophagy normally takes place and
where PARKIN recruitment to mitochondria also occurs upon
AMBRA1–ActA transfection (Supplementary Figure 8). We
downregulated PARKIN (ShPARKIN, see Figure 4e) and, in
the same cells, we again coexpressed AMBRA1–ActA and
mito-RFP. As shown in Figure 4e, AMBRA1–ActA staining
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surrounds mitochondria in cells overexpressing either
ShPARKIN or control ShRNA. Our measurement of mito-
chondria degradation at 24, 48 and 72 h post transfection was
also consistent (see graph in Figure 4e). These data were also

confirmed by western blot analysis, by analysing the expres-
sion of MnSOD and TOM20 (Figure 4f).

Next, we decided to look at the formation of mito-
aggresomes following AMBRA1–ActA overexpression in
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HeLa cells. Surprisingly, as shown in Figure 4e, we found that
even though mitochondria are positive for ubiquitin
(Supplementary Figure 9), p62 staining is almost negligible
(at variance with what was observed in HEK293 cells,
see Figure 4b). In more detail, cells overexpressing
AMBRA1–ActA showed a colocalization of D80% with
ubiquitin; D15% with p62 and D87% with LC3
(Supplementary Figure 9).

Altogether, these data strongly suggest that high levels of
AMBRA1 at the mitochondria can also drive this process in a
PARKIN- or p62-independent manner.

AMBRA1–ActA surrounds depolarized mitochondria. A large
body of evidence indicate that mitochondria depolarization
is a ‘call-out’ signal to start mitophagy.24 Therefore, we set out
to establish whether or not AMBRA1–ActA overexpression
was localized around depolarized mitochondria. We used
Tetramethylrhodamine, methyl ester (TMRM).25 As shown in
Supplementary Figure 10A, AMBRA1–ActA is, indeed, localized
around depolarized mitochondria, with AMBRA1–ActA-overex-
pressing cells showing an D60% reduction in their mitochondrial
potential (see graph), similar to the effect obtained by FCCP
treatment (D80%). Overexpression of a vector coding for
GFP-mito alone does not affect mitochondrial potential
(Supplementary Figure 10B).

These data suggest that AMBRA1–ActA-mediated clear-
ance of mitochondria is summoned into action by depolarized
organelles.

The LIR motif of AMBRA1 is required for AMBRA1–ActA-
induced mitophagy. Given our initial results regarding the
importance of AMBRA1 LIR domain in mitophagy (see
Figures 1c and d), we decided to check the occurrence of
AMBRA1–ActA/LC3 interaction through this domain.
We thus performed an immunoprecipitation between
AMBRA1–ActA and LC3 on mitochondrial fractions. We
found that, in the absence of any known mitophagy inducers,
AMBRA1–ActA interacts with LC3, whereas no interaction
can be found between AMBRA1WT and LC3 (Figure 5a).

Point mutations of both the aromatic residue and
the conserved hydrophobic residue of the LIR motif
(AMBRA1LIR-AA-ActA (W1019A-L1022A SGVEYYAxxA))
suppress the interaction between AMBRA1–ActA and
endogenous LC3 (Figure 5b). In addition, we observed that
AMBRA1LIR-AA–ActA was able to colocalize with the mito-
chondrial network, but not, in contrast to AMBRA1–ActA,
with mito-aggresomes (Figure 5c).

Next, by measuring mitochondria degradation by western
blot analysis, we found that the mitochondrial markers
MnSOD and TOM20 were more stable after transfection of
AMBRA1LIR-AA–ActA when compared with cells overexpres-
sing AMBRA1–ActA (Figure 5d).

Our data indicate that the LIRAA mutation on AMBRA1–
ActA delays mitochondrial clearance. We can thus conclude
that AMBRA1–ActA-driven PARKIN-independent mitophagy
also absolutely requires LC3 binding via the AMBRA1 LIR
domain.

AMBRA1 mediates PINK1–PARKIN-independent mito-
phagy in different cell systems. Finally, to extend our
analysis to the PINK1–PARKIN regulatory axis and to get an
in vivo corroboration of our results, we decided to investigate
whether AMBRA1WTwas able to induce mitochondrial clear-
ance in several systems in which the PINK1–PARKIN
pathway was deficient or absent. To this aim, we recon-
stituted Parkin-Ambra1 double-deficient MEFs (Ambra1gt/gt)
with AMBRA1WT or AMBRA1LIR-AA and treated these cells
with 30 mM FCCP for 9 h, in order to induce mitophagy. As
shown in Figure 6a, AMBRA1WT is able to induce mitochon-
drial clearance, at variance with AMBRA1LIR-AA, that is not
able to promote mitophagy. We next decided to use mouse
embryonic fibroblasts (MEFs) from PINK1! /! mice in order
to ascertain that the PINK1–PARKIN pathway was abol-
ished. We overexpressed AMBRA1WT or AMBRA1LIR-AA and
we treated cells with FCCP for 9 h (30 mM). Again, as shown
in Figure 6b, overexpression of AMBRA1WT induces
mitochondrial clearance, whereas overexpression of
AMBRA1LIR-AA did not increase mitochondrial clearance to

Figure 3 AMBRA1–ActA induces mitophagy in HEK293 cells. (a) HEK293 cells were co-transfected with vectors encoding myc-AMBRA1–ActA and mito-RFP (red).
At 24 h after transfection, cells were fixed and stained with anti-myc (blue) and anti-LC3 (green) antibodies. Merge of the two fluorescence signals is shown in the right panel.
Scale bar, 5 mm. (b) An ultrastructural analysis by EM on whole cells. HEK293 cells were co-transfected with vectors encoding myc-AMBRA1–ActA and GFP mitochondria.
At 24 or 48 h after transfection, GFP-positive cells were sorted by using FACS and fixed in glutaraldehyde. Morphological analysis was performed. In the left panel,
mitochondria are already redistributed around the nucleus (24 h following transfection). M, mitochondria. The center panel (48 h following transfection) shows a whole cell
containing less mitochondria than at 24 h. Arrows indicate fragmented mitochondria into autophagosomes. Scale bar, 5mm. The upper and lower panels on the right are two
magnifications of the autophagosomes observed in the whole cell (see arrows in the middle panel, 48 h). Scale bar, 500 nm. The graph shows quantification of mitochondria
number per cells positive for AMBRA1WT and AMBRA1–ActA at 48 h post transfection. Each point value represents the mean±S.D. from three independent experiments.
Statistical analysis was performed using Student’s test (*Po0.05) (c) HEK293 cells were transfected with a vector encoding myc-AMBRA1–ActA. At 24, 48 and 72 h after
transfection, proteins extracts were analysed by western blot using the following antibodies: anti-MnSOD, anti-myc (to control AMBRA1–ActA expression) and anti-ACTIN
(loading control). The graph represents the MnSOD/ACTIN ratio (±S.D.). Each point value represents the mean±S.D. from three independent experiments. Statistical analysis
was performed using Student’s test (*Po0.01; 24 h versus 72 h). (d) 3-MA treatment partially inhibits AMBRA1–ActA/mito-DsRed vacuole formation. HEK293 cells were
co-transfected with vectors encoding AMBRA1–ActA and mito-RFP and treated directly with 10 mM 3-MA. After 24 h, cells were fixed and stained with an anti-myc antibody
(green). Nuclei were stained with 1mg/ml DAPI for 20 min. Merge of the three fluorescence signals is shown in the right panel. Scale bar, 6mm. Chloroquine treatment increases
the percentage of AMBRA1–ActA/mito-RFP colocalizations on mito-aggresomes per cell. HEK293 cells were co-transfected with a vector encoding AMBRA1–ActA and a vector
encoding mito-RFP. After 24 h, cells were treated with chloroquine for 1 h, and cells were fixed and stained with an anti-myc antibody (green). Nuclei were stained with 1mg/ml
DAPI for 20 min. Merge of the three fluorescence signals is shown in the right panel. Scale bar, 6mm. The graph shows the quantification of AMBRA1–ActA/mito-RFP
colocalization on mito-aggresomes per cell (±S.D.). Each point value represents the mean±S.D. from three independent experiments. Statistical analysis was performed using
Student’s test (*Po0.05, no treatment versus Chloroquine; and *Po0.001, no treatment versus 3-MA). N, nucleus. (e) HEK293 cells were co-transfected with vectors encoding
AMBRA1–ActA and mito-RFP and treated directly with 10 mM 3-MA. After 24 h, proteins extracts treated with Chloroquine (1 h) or left untreated were analysed by western blot
using the following antibodies: anti-MnSOD, anti-TOM20, anti-myc (to control AMBRA1–ActA expression) and anti-ACTIN (loading control). The graph represents the MnSOD/
ACTIN ratio (±S.D.). Each point value represents the mean±S.D. from three independent experiments. Statistical analysis was performed using Student’s test (*Po0.05)
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the same extent. To complete our analysis, we next used
primary human cells from a PD patient with PINK1 loss of
function (fibroblasts from Biobank of Genova, Italy). We
introduced lentivirus expressing AMBRA1WTor AMBRA1LIR-AA

in those cells and then treated them with FCCP for 5 h
(40mM). As shown in Figure 6c, overexpression of
AMBRA1WT induces mitochondrial clearance. At variance,
overexpression of AMBRA1LIR-AA did not increase mitochon-
drial clearance to the same extent as AMBRA1WT.

These results indicate that AMBRA1 expression can
partially rescue mitochondrial clearance in different ex vivo
models, including cells from a PD patient. In sum, AMBRA1
can induce mitophagy through its LIR domain, sinergically
with FCCP and in the absence of the PINK1–PARKIN
pathway activity.

Discussion

AMBRA1 binds LC3 following mitophagy induction. We
show that AMBRA1 uses a LIR motif to interact with LC3
following mitophagy induction. This interaction takes place
both upon enhanced levels of AMBRA1 at the mitochondria
and after FCCP treatment joint to PARKIN endogenous
expression or overexpression. Our results thus suggest that
LC3–AMBRA1 interaction is functional to an efficient
mitochondrial clearance, rather than to the capture of
AMBRA1 within the autophagosome in a sort of negative
feedback control of autophagy. However, we cannot exclude
that AMBRA1 is degraded by the autophagosomes in other
conditions. Indeed, several ATG proteins are located on the
outer surface of the phagophores, and some are also located
within the autophagosomes.26–28 The interaction with LC3
may imply that a binding of AMBRA1 with other ATG proteins
on LC3-positive structures could be required for correct
autophagosome maturation.

AMBRA1–ActA induces depolarization and ubiquitylation
of mitochondria. By another set of experiments, we
demonstrate that all mitochondria found to be positive for
AMBRA1–ActA are depolarized. An open question is how
high levels of mitochondrial AMBRA1 would induce mito-
chondrial depolarization. We previously demonstrated that

AMBRA1 could bind mito-Bcl-2.3 Considering all our findings,
we can now postulate that high levels of AMBRA1 at the
mitochondria, by mimicking BH3-only proteins, could
sequester the majority of mito-Bcl-2, thus inducing Bax/Bak
activation and mitochondrial membrane depolarization. As
for the fate of depolarized mitochondria, it is important to bear
in mind that ubiquitin is a signal for selective autophagy in
mammalian cells. In fact, in the PARKIN-induced mitophagy
pathway, PARKIN, an E3-ubiquitin ligase, translocates from
the cytosol to mitochondria in cells treated with CCCP.5,7

After translocation to the depolarized mitochondria, PARKIN
catalyzes polyubiquitylation of several substrates, calling into
play the autophagy receptor p62/SQSTM1 that simulta-
neously binds ubiquitin and autophagy-specific ubiquitin-like
modifiers (LC3/GABARAP proteins).9,20 Here we found that
all mitochondria are ubiquitylated after AMBRA1–ActA over-
expression. As we also found mitochondrial ubiquitin in
PARKIN-deficient cells, AMBRA1–ActA could serve, most
likely, as an adaptor for other E3 ligases. Noteworthy, we
have recently demonstrated that AMBRA1 can bind the E3
ubiquitin ligase TRAF6.29 It will be interesting to investigate
whether the binding between AMBRA1 and TRAF6 is an
important event for mitochondria ubiquitylation. However,
other candidates can help AMBRA1 to ubiquitylate mitochon-
dria. In fact, AMBRA1 has also been found to be associated
in a complex with the CUL4–DDB1 complex.30,31

AMBRA1 mediates PINK1–PARKIN-independent mitophagy.
Another issue is the mechanism by which endogenous
AMBRA1 participates in mitochondrial clearance. We confirm
that AMBRA1 potentiates PARKIN-mediated mitophagy, in
line with previous work.16 We show that AMBRA1–ActA
promotes PARKIN translocation to depolarized mitochondria
in HEK293 cells, where PARKIN is present. However, in
PARKIN-deficient cells, AMBRA1–ActA alone can induce
mitochondrial clearance, indicating that a parallel pathway for
mitophagy may exist when PARKIN is not present. Of the
highest importance, wild-type AMBRA1, in combination with
FCCP treatment, can also induce mitochondrial clearance in
a PARKIN-independent manner, as in Pink1- or Parkin-
deficient mouse fibroblasts or in human fibroblasts in which a
mutant inactive form of PARKIN is present.

Figure 4 AMBRA1–ActA induces mitophagy in PARKIN-deficient cell lines. (a) HeLa and HEK293 cells were grown in normal media. After extraction of proteins, we
performed a western blot analysis by using antibodies against PARKIN and against ACTIN (as a loading control). (b) Colocalization between AMBRA1–ActA, mito-RFP and
LC3 protein. HeLa cells were co-transfected with vectors encoding AMBRA1–ActA and mito-RFP, and grown in normal media. Cells were then stained using antibodies
anti-myc (AMBRA1, blue) and anti-LC3 (green). Nuclei were stained with 1mg/ml DAPI for 20 min. Merge of the different fluorescence signals is illustrated. Scale bar, 8 mm.
(c) Quantification in HeLa cells of AMBRA1–ActA/mito-RFP mito-colocalizations at 24, 48 and 72 h after transfection per cell (±S.D.). Each time point value is the
mean±S.D. from three independent experiments. Statistical analysis was performed using Student’s test (***Po0.001; 24 h versus 72 h). (d) HeLa cells were transfected
with a vector encoding myc-AMBRA1–ActA. At 24, 48 and 72 h after transfection, proteins extracts were analysed by western blot using the following antibodies: anti-MnSOD,
anti-TOM20, anti-myc (to control AMBRA1–ActA expression) and anti-ACTIN (loading control). The graph represents the MnSOD/ACTIN ratio (±S.D.). Each point value
represents the mean±S.D. from three independent experiments. Statistical analysis was performed using Student’s test (**Po0.01; 24 h versus 72 h). (e) HEK293 cells were
co-transfected with vectors encoding ShPARKIN or control ShRNA and myc-AMBRA1-ActA. At 24 h after transfection, expression of PARKIN was controlled by western blot
analysis by means of anti-PARKIN and anti-ACTIN (loading control) antibodies. Cells were fixed and stained with an anti-myc antibody (green). The merge of the fluorescence
signals is shown in the right panels. Scale bar, 4mm. The graph illustrates the quantification of AMBRA1–ActA/mito-RFP colocalizations on mito-aggresomes per cell (±S.D.).
Each point value represents the mean±S.D. from two independent experiments. Statistical analysis was performed using Student’s test (*Po0.01; 24 h versus 72 h).
(f) HEK293 cells were co-transfected with vectors encoding ShPARKIN or control ShRNA, and myc-AMBRA1–ActA. At 24 h after transfection, expression of PARKIN was
checked by western blot analysis by means of anti-PARKIN and anti-ACTIN (loading control) antibodies. At 24, 48 and 72 h after transfection, protein extracts were analysed
by western blot using the following antibodies: anti-MnSOD, anti-TOM20, anti-myc (to control AMBRA1–ActA expression) and anti-ACTIN (loading control). The graph
represents the MnSOD/ACTIN ratio (±S.D.). Each point value represents the mean±S.D. from three independent experiments. Statistical analysis was performed using
Student’s test (*Po0.05; 24 h versus 72 h). (g) HeLa cells were co-transfected with vectors encoding myc-AMBRA1–ActA and mito-RFP (red). At 24 h after transfection, cells
were fixed and stained with anti-myc (AMBRA1, blue) and anti-p62 antibodies (green). Merge of the fluorescence signals are shown. N, nucleus. Scale bar, 4 mm
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Figure 5 AMBRA1–ActA interacts with LC3, with this interaction being crucial for AMBRA1–ActA-induced mitophagy. (a) HEK293 cells were transfected with a vector
encoding myc-AMBRA1–ActA. At 24 h after transfection, mitochondrial extracts were immunoprecipitated using an anti-myc antibody. Purified complexes and corresponding
total extracts were analysed by western blot (WB), using anti-AMBRA1 and anti-LC3 antibodies. (b) HEK293 cells were transfected with a vector encoding myc-AMBRA1–
ActA or myc-AMBRA1–ActA-LIRAA. At 24 h after transfection, mitochondrial extracts were immunoprecipitated using an anti-myc antibody. Purified complexes and
corresponding total extracts were analysed by WB using anti-AMBRA1 and anti-LC3 antibodies. (c) HEK293 cells were transfected with a vector encoding myc-AMBRA1–
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control) antibodies. The graph represents the MnSOD/ACTIN ratio (±S.D.). Each point value represents the mean±S.D. from three independent experiments. Statistical
analysis was performed by Student’s test (*Po0.05; 0 h versus 48 h)
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In sum, it is certainly possible that different mitophagy
pathways coexist, depending on the inducing conditions or the
cell type. Moreover, we found a new mechanism accounting
for the effect of AMBRA1 on PARKIN-mediated mitophagy. In
fact, AMBRA1 binding to LC3 increases mitochondrial
clearance. In the absence of PARKIN, we also found a
binding between AMBRA1 and LC3 after AMBRA1–ActA
overexpression. Therefore, in the absence of PARKIN,
AMBRA1 could be proposed as a selective mitophagy
receptor, similar to the factor Atg32 in yeast.32,33

Interestingly, it has recently been demonstrated that
BECLIN 1 interacts with PARKIN and regulates PARKIN
translocation to mitochondria.34 As we show that down-
regulation of BECLIN 1 reduces AMBRA1–ActA-induced
mitophagy, it would be interesting to investigate the role of
BECLIN 1 in AMBRA1–ActA-induced mitophagy. We can
hypothesize that BECLIN 1 is functional to bring a putative E3
Ubiquitin ligase (alternative to PARKIN) in order to ubiquitylate
mitochondria in AMBRA1–ActA-induced mitophagy.

AMBRA1–ActA is a powerful inducer of mitophagy.
Hitherto, in mammalian cells, overexpression of PARKIN in
combination with CCCP treatment is the only known method
to induce mitophagy. We have now been able to prove that
targeting AMBRA1 to mitochondria is sufficient to induce
massive mitochondrial clearance. The next step will be to
check whether AMBRA1–ActA induces mitophagy in vivo,
this being of the highest importance in biomedicine.
Furthermore, given the fact that AMBRA1 has a LIR motif
used for its binding to LC3 during mitophagy, it would be
interesting to investigate whether AMBRA1 could be mutated
in this domain in neurodegenerative conditions, such as in
PD. Similar mutations may also be associated with the risk of
developing PD. At the same time, it could also be important
to check AMBRA1 levels in other human disorders in which
mitophagy is deregulated, such as muscular dystrophies.35

Materials and Methods
Antibodies. The antibodies used were as follows: polyclonal anti-PARKIN
(Santa Cruz Biotechnology, Santa Cruz, CA, USA, H-300- sc-30130, Abcam,
Cambridge, UK, 15954), mouse monoclonal anti-ACTIN (Sigma-Aldrich, St. Louis,
MO, USA), monoclonal anti-BCL-2 (Santa Cruz Biotechnology, sc-7382),
polyclonal anti-MnSOD (Assay Designs, Danvers, MA, USA), polyclonal anti-
AMBRA1 (Novus Biologicals, Littleton, CO, USA, 26190002), polyclonal anti-LC3
(Cell Signaling, Danvers, MA, USA), monoclonal anti-GAPDH and rabbit
polyclonal anti-LAMP1 (Abcam 24170).

Cells. The human embryonic kidney HEK293 cells and HeLa cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented
with 10% FCS, 2 mM L-glutamine, and 1% penicillin/streptomycin solution at 37 1C
under 5% CO2. MEFs cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS, Sigma-Aldrich), 2 mM L-glutamine and 1% penicillin/
streptomycin solution at 37 1C. Cells were incubated in the presence of 30 mM

FCCP (Sigma-Aldrich) for 9 h. Human fibroblasts (code: FFF0592011, Biobank
Genova, Laboratorio di diagnosi Prenatale, Ist. Gaslini, Genova, Italy, kind gift of
Dr. Filocamo) were obtained from a man bearing a mutation in the PINK1 gene,
who developed PD when he was 40 years old (early-onset form of the disease).
Human fibroblasts were then cultured in RPMI-140 medium supplemented with
10% FBS (Sigma-Aldrich), 2 mM L-glutamine and 1% penicillin/streptomycin
solution at 37 1C. Pink1! /! mice were jointly provided by Professor Jie Shen
(Harvard Medical School, Boston MT, USA) and Professor Antonio Pisani (IRCCS,
Fondazione Santa Lucia, Roma, Italy). MEFs derived from Pink1! /! embryos at
day 13.5 p.c. were grown in DMEM supplemented with 10% FBS (Sigma-Aldrich),
2 mM L-glutamine and 1% penicillin/streptomycin solution at 37 1C.

Cloning and plasmids. To create AMBRA1–ActA fusion gene, we first
amplified by PCR, with PfuTurbo DNA polymerase, the oligonucleotides
corresponding to aa 613–639 of Listeria ActA, using a vector encoding Bcl-2-
ActA (a kind gift of Dr. Beth Levine, Dallas, TX, USA). The AMBRA1 coding region
has also been generated by PCR with PfuTurbo DNA Polymerase, using wild-type
myc-AMBRA1. Next, we digested these two PCR products with two restriction
enzymes ApaI and HindIII, respectively, and then they were cloned into PcDNA3
vector (Invitrogen, Carlsbad, CA, USA). Construct coding for AMBRA1WT was
cloned in pLPCX vector (Clontech Laboratories, Mountain View, CA, USA).

Point mutations were generated using the QuickChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA) and all plasmid constructs made in this study were
verified by DNA sequencing (Eurofins, Rome, Italy). The oligonucleotides used for
mutagenesis, PCR and DNA sequencing were purchased from Invitrogen.

ShRNA PARKIN. ShRNA PARKIN (PGIP2 449497) or shRNA Control
(PGIP2 ) were transfected in HEK293 cells using Turbofect Transfection reagent
(Fermentas, Thermo Fisher Scientific, Waltham, MA, USA, R0531), according to
the manufacturer’s instructions. At 24 or 48 h after transfection, PARKIN
expression was controlled by western blot analysis.

Lentiviral production and infection. AMBRA1 cDNAs, wild-type and
mutant, were subcloned from pLPCX, by cutting with NheI and NotI (blunted)
restriction enzymes and transferred into the pRRL lentiviral plasmid digested with
XbaI and SalI (blunted). For AMBRA1 ectopic expression in MEFs, lentiviral
particles were produced by transfecting HEK293T cells with the lentiviral vector
pRRLsinPPT.CMV.WPRE (Follenzi et al.36) encoding AMBRA1WT or AMBRA1-
mutant (AMBRA1-LIRAA), together with the pMDLg/pRRE, pMD2.G and pRSV-Rev
plasmids. Supernatants were collected 48 h post transfection. The lentiviral
suspension was supplemented with polybrene (4mg/ml, Sigma-Aldrich), filtered
(PES 0.45mM filters, Corning, Santa Clara, CA, USA) to remove cell debris and
incubated with target cells for 8–12 h. To increase the transduction efficiency, the
infection was repeated twice. Infected cells were then analysed starting from 48 h
after infection.

Reagents. 3-Methyladenine, Chloroquine and wortmannin were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). TMRM (cat. no. T668) was
obtained from Invitrogen/Molecular Probes (Carlsbad, CA, USA). FCCP was from
Sigma.

Western blot analysis. Cell extracts were centrifuged at 13 000 g for 10 min
at 4 1C. Protein concentrations were determined with the Bio-Rad Protein Assay
(Bio-rad Laboratories, Hercules, CA, USA). Cell extracts or immunoprecipitates
were separated by SDS-PAGE and transferred onto nylon membranes (Immobilon
P, Millipore, Bedford, MA, USA). Membranes were incubated with primary
antibodies followed by horseradish peroxidase-conjugate secondary antibody
(Jackson Laboratories, Ann Arbor, MI, USA) and visualized with ECL plus
(Amersham Bioscience, Little Chalfont, UK).

Figure 6 Wild-type AMBRA1, in combination with FCCP, induces mitophagy independently of the PINK1–PARKIN pathway. (a) Mouse embryonic fibroblasts (MEFs)
homozygous (Ambra1gt/gt) for the gene-trap mutation in the Ambra1 locus were transduced with the AMBRA1WT or AMBRA1LIR-AA lentiviral vectors. MEFs were next treated
with FCCP (30 mM) for 9 h in order to induce mitophagy. Protein extracts were analysed by western blotting using anti-AMBRA1, anti MnSOD and anti-ACTIN antibodies. The
graph shows the MnSOD/ACTIN ratio decrease (±S.D.). Each point value represents the mean±S.D. from three independent experiments. Statistical analysis was
performed using Student’s test (*Po0.05, versus AMBRA1). (b) Pink1! /! MEFs were transduced with the GFP, AMBRA1WT or AMBRA1LIR-AA lentiviral vectors. MEFs were
next treated with FCCP (30 mM) for 9 h in order to induce mitophagy. Protein extracts were analysed by western blotting as in (a). (c) Primary skin fibroblasts from a patient
affected by an early-onset form of PD (mutation in Pink1 gene) were transduced with the GFP, AMBRA1WT or AMBRA1LIR-AA lentiviral vectors. MEFs were next treated with
FCCP (40mM) for 6 h in order to induce mitophagy. Protein extracts were analysed by western blotting as in (a)
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Immunocytochemistry. Cells were washed in PBS and fixed with 4%
paraformaldehyde in PBS for 15 min. After permeabilization with 0.4% Triton
X-100 in PBS for 5 min, cells were blocked in 3% normal goat serum in PBS and
incubated overnight at 4 1C with primary antibodies. We used the antibodies
directed against AMBRA1, PARKIN and LC3. Cells were then washed in blocking
buffer and incubated for 1 h with labelled anti-mouse (Alexa Fluor 488 or Alexa
Fluor 555, Molecular Probes, Eugene, OR, USA) or anti-rabbit (FITC or Cy3,
Jackson ImmunoResearch, West Grove, PA, USA) secondary antibodies.
Nuclei were stained with 1 mg/ml DAPI and examined under a Zeiss LSM 700
100# oil-immersion objective (Zeiss, Oberkoechen, Germany). We used ‘ZEN
2009 Light edition’ software for image analysis. All measurements in this work
were performed by a blind approach. All colocalization analyses were performed in
nonsaturated single z-confocal planes.

Mitochondria purification. Mitochondria were isolated from HEK293
cells by standard differential centrifugation, and suspended in isolation buffer
(IB; 0.2 M sucrose, 10 mM Tris-MOPS (pH 7.4), 0.1 mM EGTA-Tris and 0.1%
delipidated BSA).

Immunoprecipitation. Cells were lysed in RIPA buffer (plus protease
inhibitors). Equal amounts of protein (500mg) were incubated with 2ml of
monoclonal anti-Myc antibody conjugated with protein A agarose beads (Clontech
and Sigma, respectively) for 4 h followed by 60 min incubation with 30 ml of protein
A Sepharose beads (Roche, Boulogne-Billancourt, France). The beads were
collected by centrifugation and washed four times with the RIPA buffer. Proteins
bounds to the beads were eluted with 30 ml of SDS-polyacrylamide gel
electrophoresis sample buffer and heated to 95 1C for 10 min.

Electron microscopy. For conventional EM, HeLa cells previously trans-
fected with AMBRA1–ActA and mito-GFP were sorted 24 or 48 h after transfection
and fixed with 2.5% glutaraldehyde buffered with 0.1 M sodium phosphate, pH 7.4.
Samples were postfixed with osmium tetroxide, then stained with uranyl acetate,
dehydrated in ethanol and embedded in Epon resin (Fluka, Sigma-Aldrich). After
sectioning, samples were collected on uncoated nickel grids and observed and
photographed in a Technai 20 (FEI Company, Eindhoven, The Netherlands) EM.

Embryos lysis heads. Heads of embryos from stage E13.5 were subjected
to mechanical lysis in 50 mM Tris HCl pH 7.5, 320 mM Sucrose, 50 mM NaCl, 1%
Triton X-100 and protease inhibitors. Protein extracts were analysed by western
blot analysis.

Ultrastructural analysis of brain from wild-type and Ambra1gt/gt

embryos. The embryos (E13.5) were extracted from the deciduas and fixed by
immersion in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 45 min at
4 1C, rinsed in buffer, postfixed in 1% OsO4 in 0.1 M cacodylate buffer, pH 7.4,
dehydrated and embedded in Epon resin. Grids were thoroughly rinsed in distilled
water, stained with aqueous 2% uranyl acetate for 20 min and photographed in a
Zeiss EM 900 EM.
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mTOR inhibits autophagy by controlling ULK1
ubiquitylation, self-association and function
through AMBRA1 and TRAF6
Francesca Nazio1,2, Flavie Strappazzon1,2, Manuela Antonioli3, Pamela Bielli2, Valentina Cianfanelli1,2,
Matteo Bordi1,2, Christine Gretzmeier4,5, Joern Dengjel4,5, Mauro Piacentini3,6, Gian Maria Fimia3
and Francesco Cecconi1,2,7

Autophagy is important in the basal or stress-induced clearance of bulk cytosol, damaged organelles, pathogens and selected
proteins by specific vesicles, the autophagosomes. Following mTOR (mammalian target of rapamycin) inhibition, autophagosome
formation is primed by the ULK1 and the beclin-1–Vps34–AMBRA1 complexes, which are linked together by a scaffold platform,
the exocyst. Although several regulative steps have been described along this pathway, few targets of mTOR are known, and the
cross-talk between ULK1 and beclin 1 complexes is still not fully understood. We show that under non-autophagic conditions,
mTOR inhibits AMBRA1 by phosphorylation, whereas on autophagy induction, AMBRA1 is dephosphorylated. In this condition,
AMBRA1, interacting with the E3-ligase TRAF6, supports ULK1 ubiquitylation by LYS-63-linked chains, and its subsequent
stabilization, self-association and function. As ULK1 has been shown to activate AMBRA1 by phosphorylation, the proposed
pathway may act as a positive regulation loop, which may be targeted in human disorders linked to impaired autophagy.

Autophagy is a highly conserved catabolic process, by which
cytoplasmic material (for example, proteins, lipids and organelles)
is transported to the lysosome for degradation by means of double-
membraned vesicles, the autophagosomes. The process of de novo
autophagosome formation has been shown to be regulated by at
least four molecular complexes including the ULK1 complex, the
beclin-1–VPS34–AMBRA1 complex, two transmembrane proteins,
ATG9 andWIPI complexes, and two ubiquitin-like protein conjugation
systems (ATG12 and LC3; ref. 1). The mammalian orthologue of
yeast Atg1, the serine/threonine kinase ULK1, plays a key role in
autophagy induction2. ULK1 forms a stable complex with ATG13
(refs 3,4) and with FIP200 (ref. 5), the mammalian counterpart of
ATG17. Under normal conditions, the ULK1 complex is de-activated
by mTORC1 kinase-dependent phosphorylation of ULK1 and ATG13.
Inhibition of mTORC1 enhances ULK1 kinase activity, which, in turn,
triggers ATG13 and FIP200 phosphorylation4,6,7. ULK1 also interacts
with ATG101, another key player in autophagosome formation, in
an ATG13-dependent manner6,8. On autophagy, the ULK1 complex
is localized in the isolation membranes5, where it promotes the
formation of PI(3)P-enriched membrane compartments9 through
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the beclin-1–VPS34–AMBRA1 complex, which recruits downstream
effectors to the site where nucleation occurs. AMBRA1, on its
ULK1-dependent release from a cytoskeletal docking site, induces
autophagosome nucleation by promoting beclin 1 interaction with
its target lipid kinase VPS34 (refs 10,11). In this work, we found that
AMBRA1 is aULK1-binding partner, required forULK1 stability and ki-
nase activity. Interestingly, during autophagy, ULK1 undergoes Lys 63-
ubiquitylation and thismodification ismediated by AMBRA1 and a spe-
cific RING finger E3 ubiquitin ligase, TRAF6 (tumour necrosis receptor-
associated factor 6). Moreover, we determined that this Lys-63-linked
ubiquitylation facilitatesULK1 self-association during autophagy.
Taken together, our results lead us to propose a role for AMBRA1

as a substrate receptor for the TRAF6 ligase in mediating ULK1 Lys-
63-linked ubiquitylation that proves to be relevant for ULK1 protein
stability and activation. Finally, we identified a specific inhibitory
phosphorylation by mTOR on AMBRA1, which is removed during
autophagy induction. We propose in this paper that mTOR, besides
its negative regulation of ULK1 through its direct phosphorylation,
may also indirectly inhibit ULK1 stability and activity by modifying
AMBRA1 and impairing its E3-ligase-related functions.
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Figure 1 AMBRA1 interacts with the kinase ULK1 in mammalian
cells. (a) FLAG–AMBRA1 was transfected into HEK293 cells together
with ULK1WT or ULK1K46I Myc-tagged proteins. Protein extracts were
immunoprecipitated (IP) using anti-FLAG antibody. (b) HEK293 cells were
grown either in normal or in EBS medium for 1 h; protein extracts were
immunoprecipitated using anti-ULK1 antibody or rabbit immunoglobulin as
a negative control (IgG). Autophagy induction is shown by p62 degradation.
(c) HEK293 cells were treated as in b, in the presence of leupeptin and
stained by anti-AMBRA1 (red) and anti-ULK1 (green) antibodies. The merge
of the two signals and DAPI (blue) for nuclear staining is shown in the
right panels. Scale bar, 6 µm. The outlined areas are shown at a higher
magnification in the lower panels. White arrows point to the co-localization
puncta. Measurements by Metamorph indicate a co-localization ratio of
46% between ULK1 and AMBRA1 on autophagy induction. (d,e) ULK1
and AMBRA1 constructs are illustrated. Asterisks mark nonspecific bands
corresponding to immunoglobulins. (d) HEK293 cells were co-transfected
with vectors encoding AMBRA1 together with ULK1–Myc FL (full length)
or its deletion mutants encoding the kinase and the proline-rich domains

(1829–1,051), and the ULK1 carboxy-terminal domain (11-828). Protein
extracts were immunoprecipitated using anti-Myc antibody. (e) HEK293
cells were co-transfected with vectors encoding ULK1–HA together with
�-galactosidase–Myc (�gal), AMBRA1 full-length (FL), and F1, F2 or F3
Myc-tagged proteins. Protein extracts were immunoprecipitated using
anti-HA antibody. The relative amounts of co-immunoprecipitated ULK1
and F1 or F3, respectively, are the same (see upper and lower left panel).
(f) HEK293 cells were co-transfected with vectors encoding AMBRA1,
ULK1–Myc and ATG13–FLAG. Protein extracts were immunoprecipitated
using anti-FLAG antibody. (g) HEK293 cells were transfected with scramble
siRNA or ATG13 siRNA. Protein extracts were immunoprecipitated using
ULK1 antibody or IgG. The band density ratio of immunoprecipitated
AMBRA1 relative to immunoprecipitated ULK1 is analysed, with the control
ratio arbitrarily defined as 1.00. n=3 extracts prepared from independent
experiments; data are presented as means± s.d. and significance is
P = 0.04. Uncropped images of blots/gels are shown in Supplementary
Fig. S6. Source data of statistical analysis are shown in Supplementary
Table S1.

RESULTS
AMBRA1 interacts with the serine/threonine kinase ULK1 in
mammalian cells
On autophagy induction, ULK1 phosphorylates AMBRA1, a modifica-
tion essential for AMBRA1 translocation to the endoplasmic reticulum,
where it can prime autophagosome formation11. To examine the corre-
lation between AMBRA1 and ULK1, we investigated whether AMBRA1
interacted with ULK1. Indeed, AMBRA1 interacts with both wild-type
(WT) and K46I (dominant negative) ULK1 (ref. 3), showing that their
interaction may not depend on ULK1 kinase activity (Fig. 1a). Further-
more, AMBRA1 and ULK1 form a stable protein complex in normal
conditions and on autophagy induction by starvation (Fig. 1b,c), as
revealed by co-immunoprecipitation and co-localization experiments.

Next, we attempted to identify the ULK1 domain responsible for this
binding to AMBRA1. To this end, we used the full-length form of ULK1
(FL) and two different ULK1 deletion mutants (ULK11829–1,051 and
11–828; ref. 4). As shown in Fig. 1d, the carboxy-terminal domain
(CTD) of ULK1, which binds ATG13 (ref. 3), is sufficient to bind
AMBRA1. Vice versa, when mapping the AMBRA1 region responsible
for ULK1 binding, we found that the AMBRA1 amino-terminal (F1)
and C-terminal (F3) regions are sufficient to interact with ULK1,
whereas the central region (F2), which binds beclin 1 (ref. 10), shows
no interaction (Fig. 1e).
On the basis of these data, we examined the capacity of AMBRA1

to associate with ATG13, a ULK1-binding protein. As shown
in Fig. 1f, AMBRA1 is able to interact with ATG13, suggesting
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that ULK1, ATG13 and AMBRA1 coexist in a complex. However,
AMBRA1–ULK1 interaction does not significantly depend on
ULK1–ATG13 binding (Fig. 1g).
In conclusion, AMBRA1 forms a stable ternary complex with ULK1

and ATG13, which does not depend on ULK1 kinase activity or on
ULK1 binding to ATG13.

AMBRA1 is important for ULK1 stability and kinase activity
By analysing ULK1 expression, we noticed that the ULK1 protein was
expressed at higher levels on AMBRA1 transfection (Fig. 2a). Thus, we
reasoned that AMBRA1 binding could stabilize ULK1 and analysed the
expression of Ulk1/2 in Ambra1-deficient (Ambra1gt/gt) mouse tissues.
As illustrated in Fig. 2b and Supplementary Fig. S1a, the expression lev-
els of Ulk1/2 in Ambra1gt/gt embryos were much lower than in the wild
type (Ambra1+/+). Similar results were obtained in Ambra1+/gt mouse
embryonic fibroblasts (MEFs) (Supplementary Fig. S1b), suggesting an
AMBRA1-dose-dependent effect in this stabilization. As shown in Sup-
plementary Fig. S1c, there are no differences in the expression of beclin 1
and ATG12, two other autophagy-related proteins, in Ambra1+/+ ver-
sus Ambra11gt/gt MEFs, indicating a ULK1-specific effect for AMBRA1.
Furthermore, Ulk1 was detected as a smeared band with faster mobility
in Ambra1gt/gt tissues. As the faster gel migration of ULK1 indicates a
reduced phosphorylation level of the protein2,5, AMBRA1 could also
be important for ULK1 basal phosphorylation. Indeed, the same results
were observed by downregulation of AMBRA1 in HeLa cells, an effect
that can be compensated byAMBRA1 reconstitution assays (Fig. 2c,d).
By analysing Ulk1messenger RNA expression, we found that there

was no difference between Ambra1+/+ and Ambra1gt/gt MEFs, and
that Ulk1 mRNA, as expected5, was enhanced after starvation in
both the MEF genotypes analysed (Supplementary Fig. S1d). In
contrast, an analysis of ULK1 decay in the presence of the translational
inhibitor cycloheximide showed that, in the presence of AMBRA1,
ULK1 expression remained essentially unchanged during the treatment
(Fig. 2e). Also, ULK1 loss on AMBRA1 deficiency is proteasome
dependent (Supplementary Fig. S1e). These results confirm that
AMBRA1 is involved in ULK1 protein stability.
Next, to verify whether the ULK1 gel mobility shift, observed on

AMBRA1 downregulation, was due to an impairment of ULK1 kinase
activity, we investigated ATG13 phosphorylation (pATG13), a ULK1-
mediated event. In AMBRA1-shRNA-treated cells, the pATG13 level
decreases with respect to the control (Fig. 2d). In contrast, on AMBRA1
overexpression, the ATG13 phosphorylation level increases and an in
vitro kinase assay shows that ULK1 kinase activity is, indeed, higher
(Fig. 2f,g). However, by analysing the interaction between ULK1 and
two known ULK1-binding partners, ATG13 and mTOR, we observed
that the ULK1 complex is normally formed in AMBRA1-deficient
cells (Supplementary Fig. S1f). Further, as previously reported, ULK1
forms, on autophagy induction, specific puncta within the cytosol12;
although fewer ULK1 puncta could be seen in AMBRA1-deficient cells,
highlighting a general decrease in ULK1 levels, no consequences could
be detected on its mobilization and co-localization with LC3 puncta
during autophagy (Supplementary Fig. S1g).

AMBRA1 is important for ULK1 Lys-63-linked ubiquitylation
Prompted by these findings, we analysed themolecular steps involved in
this regulation. Post-translational modifications such as Lys-63-linked

ubiquitylation often regulate kinase activity and stability13–15. In
particular, ULK1 is a Lys-63-linked ubiquitylated protein during
axon growth and endocytosis in the sensory growth cones of the
nervous system16. How exactly polyubiquitylation affects the autophagy
regulatory functions of ULK1 and whether this modification is sensitive
to autophagy induction remain unknown.
Therefore, we investigated whether ULK1 underwent Lys-63-linked

ubiquitylation in our cellular system and found that this was the case
(Fig. 3a and Supplementary Fig. S2a). Furthermore, overexpression
of a K63R ubiquitin mutant (unable to form Lys-63-linked chains)
blocked the polyubiquitylation of ULK1, whereas a K48R mutant
(unable to form K48-linked chains), as well as wild-type ubiquitin,
did not (Fig. 3b), thus confirming that the polyubiquitylation we
observed on ULK1 depends on Lys-63-linked ubiquitin. Furthermore,
AMBRA1-siRNA-treated cells exhibit a decrease of Lys-63-linked
ubiquitin in the ULK1 immunoprecipitates (Fig. 3c), while the amount
of ULK1-linked ubiquitin is larger in cells transfected with AMBRA1
than in untransfected cells (Fig. 3d), indicating that AMBRA1 is
required for ULK1 Lys-63-linked ubiquitylation.
Next, we analysed whether this modification on ULK1 was sensitive

to autophagy induction. We found a rapid and transient increase in
the Lys-63-linked ubiquitylation level of ULK1 using two different
stimuli (rapamycin treatment and nutrient deprivation; Fig. 3e,f).
Indeed, after autophagy induction by starvation, we observed a
precise co-localization between ULK1 and Lys-63-linked ubiquitins
(Supplementary Fig. S2b). Finally, we found that in the presence of
a construct encoding ubiquitin Lys-63-linked chains, there was an
appreciable increase in ULK1 levels and in the ATG13 phosphorylation
level (Supplementary Fig. S2c). This supports our idea that this
modification enhances ULK1 stability and activity. Of note, it is
reasonable to believe that the population of Lys-63-ubiquitylated ULK1
is that which is released from themTOR complex during autophagy2.

AMBRA1 regulates ULK1 ubiquitylation by forming a complex
with the TRAF6-ubiquitin ligase
We next attempted to identify the E3 ligase that could mediate this
modification on ULK1. The E3 ligase TRAF6 can, indeed, ubiquitylate
ULK1 in vitro16, and human TRAF6 is linked to the induction of
autophagy in macrophages (through a physical interaction with
beclin 1), resulting in its Lys-63-linked ubiquitylation17. In light
of this evidence, we measured the expression levels of p62 and
LC3 in TRAF6-overexpressing cells, observing a strong induction of
autophagy on-rate, both in basal and starvation conditions (Fig. 4a
and Supplementary Fig. S3a). However, when TRAF6 overexpression
is coupled to simultaneous depletion of AMBRA1, the capability of
TRAF6 to induce autophagy is reduced in all conditions analysed
(Fig. 4b,c and Supplementary Fig. S3b), demonstrating that the
TRAF6 pro-autophagic effect may depend, at least in part, on the
presence of AMBRA1. Such a finding led us to examine whether
TRAF6 was able to bind ULK1 and AMBRA1. As shown in Fig. 4d,
FLAG–TRAF6 can bind AMBRA1 and ULK1 both in basal and
starvation conditions and the three factors show vast subcellular
co-localization (Supplementary Fig. S3c). Interestingly, when AMBRA1
is downregulated, the capability of TRAF6 to interact with ULK1 is
strongly affected (Fig. 4e), proving that AMBRA1 is essential for the
TRAF6–ULK1 interaction.
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Figure 2 AMBRA1 is important for ULK1 stability and kinase activity.
(a) HEK293 cells were transfected with AMBRA1 or the empty vector, as a
control. ULK1, AMBRA1 and actin were analysed by western blotting. (b) Pro-
tein extracts from wild-type (Ambra1+/+) and homozygous (Ambra1gt/gt)
embryos for the Ambra1 gene-trap mutation at developmental day 14.5
were analysed by western blotting using anti-Ulk1 or anti-Hsp90 (loading
control) antibodies. Quantification is shown on the right. n = 6 extracts
prepared from independent experiments. Data are presented as means±s.d.

and significance is P = 0.037. (c) AMBRA1, ULK1 and actin (as a protein
loading control) were analysed by western blotting in HeLa cells transiently
transfected with scramble siRNA or AMBRA1 siRNA. Quantification is shown
on the right. n = 5 extracts prepared from independent experiments. Data
are presented as means±s.d. and significance is P =0.007. (d) HeLa cells
stably interfered for AMBRA1 were transiently transfected with empty vector
or AMBRA1 vector; AMBRA1, ULK1, ATG13, p-ATG13 and actin levels were
analysed by western blotting. Quantification of ULK1 and pATG13 bands is
shown on the right. n =3 extracts prepared from independent experiments.

Data are presented as means ± s.d. and significance is P = 0.006 for
ULK1 and P = 0.044 and P = 0.011 for pATG13. (e) HeLa cells were
transfected or not with vector encoding AMBRA1 and treated with 35 µM
cycloheximide (CHX) for 6 and 8h before extraction. ULK1, actin and
AMBRA1 were analysed by western blotting. Quantification is shown below.
n=3 extracts prepared from independent experiments. Data are presented as
means±s.d. and significance is P =0.049 and P =0.02. (f) HEK293 cells
were transfected as in a; ATG13, pATG13, ULK1, AMBRA1 and actin were
analysed by western blotting. (g) Endogenous ULK1 is immunoprecipitated
from HeLa cells transfected with �-galactosidase or AMBRA1 plasmid
respectively using an anti-ULK1 antibody. As a control, rabbit IgG was used.
The resulting precipitates were subjected to ULK1 kinase assay using MBP
as the substrate. Purified complexes were analysed by autoradiography and
by western blotting using an anti-ULK1 antibody. Total extracts were analysed
using an anti-AMBRA1 antibody. Uncropped images of blots/gels are shown
in Supplementary Fig. S6. Source data of statistical analysis are shown in
Supplementary Table S1.

Next, we investigated whether TRAF6-mediated modification of
ULK1 was as important as AMBRA1 deficiency for ULK1 protein
stability. The depletion of TRAF6 promotes a massive proteasome-
dependent reduction of ULK1, while TRAF6 overexpression en-
hances ULK1 levels (Fig. 4f and Supplementary Fig. S3a,d,f). These
results demonstrate that both TRAF6 and AMBRA1 are required for
ULK1 stability. In contrast, TRAF6 modulation has no such effect
on the levels of other autophagy-related proteins, such as ATG13
or AMBRA1 (Fig. 4f).
Furthermore, the amount of ULK1-linked ubiquitin is larger in

cells transfected with FLAG–TRAF6 than in control cells (Fig. 4g),
the implication being that TRAF6 can ubiquitylate ULK1 in vivo.
Interestingly, AMBRA1 downregulation led to a significant decrease in
the capability of TRAF6 to ubiquitylate ULK1 (Fig. 4h), proving that
AMBRA1 is necessary tomediateULK1 ubiquitylation by TRAF6.
Last, we analysed ULK1 activation after TRAF6 overexpression

by a kinase assay in vitro and found that, after TRAF6 overex-
pression, ULK1 proved more active (Fig. 4i). However, the capa-
bility of TRAF6 to induce ULK1 activation is impaired after AM-
BRA1 downregulation (Fig. 4i), as also confirmed by monitoring
ULK1 gel mobility and ATG13 phosphorylation levels (Supple-
mentary Fig. S3e–g).
Taken together, these findings demonstrate that, by promoting its

ubiquitylation, both TRAF6 and AMBRA1 are required to enhance
ULK1 phosphorylation.

AMBRA1–TRAF6 interaction is necessary for ULK1
Lys-63-linked ubiquitylation
By analysing the amino-acid sequence of human AMBRA1 we found
five putative TRAF6-binding sites (P-X-E-X-X-aromatic/acidic)18

located at residues 618–623, 640–645, 681–686, 916–921 and
1,132–1,137, respectively. We mutated the glutamate residue to
alanine in each potential binding site, and observed that the two sites
identical to the canonical TRAF6-binding site (residues 618–623 and
681–686) are essential for AMBRA1–TRAF6 interaction (Fig. 5a,b and
Supplementary Fig. S4a,b). By generating a double-mutant construct
(AMBRA1AA), we further confirmed the importance of these two sites
in the AMBRA1–TRAF6 interaction, even though their mutation still
allowsAMBRA1 to bindULK1 (Fig. 5c and Supplementary Fig. S4c).
We then examined the functional significance of AMBRA1–TRAF6

interaction in ULK1 ubiquitylation and activation. In the presence
of the AMBRA1AA construct, we found that ULK1 ubiquitylation
and activation are almost abolished (Fig. 5d,e and Supplementary Fig.
S4d,e), supporting the hypothesis that AMBRA1–TRAF6 binding is
essential for ULK1-linked ubiquitylation and for regulating ULK1
stability and activity. TRAF6 overexpression only slightly rescued this
phenotype (Supplementary Fig. S4d).
Finally, we investigated the importance of AMBRA1–TRAF6

interaction in autophagy induction.We confirmed that, in the presence
of AMBRA1WT, the autophagy on-rate is strongly induced, and the
addition of AMBRA1AA had a much lower effect (⇡50%; Fig. 5f,g and
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Figure 3 AMBRA1 is also important for ULK1 Lys-63-linked ubiquitylation.
(a) Protein extracts from HeLa cells were immunoprecipitated using
anti-ULK1 antibody or with IgG as a negative control and analysed by western
blotting using anti-Lys63 specific ubiquitin and anti-ULK1 antibodies.
(b) HeLa cells were co-transfected with ULK1–Myc alone or in combination
with wild-type ubiquitin or its mutant (K48R or K63R) HA-tagged constructs.
Protein extracts were immunoprecipitated using an anti-Myc antibody.
Purified complexes and total extracts were analysed by western blotting
using anti-Myc and anti-HA antibodies. (c) In HeLa cells, AMBRA1 was
downregulated by RNAi. Protein extracts were immunoprecipitated using
anti-ULK1 antibody or with IgG as a negative control. Purified complexes
and total extracts were analysed by western blotting using anti-ULK1,
anti-Lys-63 ubiquitin and anti-AMBRA1 antibodies. Of note, ULK1 levels
in the co-immunoprecipitation experiment do not change in this case in the

AMBRA1 siRNA lane, owing to saturation of the anti-ULK1 antibody (see
also Fig. 4h). (d) HeLa cells were co-transfected with vectors encoding for
ubiquitin Lys-63–HA alone or in combination with AMBRA1. Protein extracts
were immunoprecipitated using an anti-ULK1 antibody or with IgG as a
negative control and Ub-Lys-63–HA, ULK1 and AMBRA1 were analysed by
western blotting. (e,f) HeLa cells were cultured in complete or starvation
medium for 30min or in the presence of 100nM of rapamycin for 3 h and
then protein extracts were immunoprecipitated using anti-ULK1 antibody or
with IgG as a negative control. Purified complexes and total extracts were
analysed by western blotting as in a. Quantifications are shown on the right.
In both panels, n=3 extracts prepared from independent experiments. Data
are presented as means±s.d. and significance is P =0.003 and P =0.0015,
respectively. Uncropped images of blots/gels are shown in Supplementary Fig.
S6. Source data of statistical analysis are shown in Supplementary Table S1.

Supplementary Fig. S4f), indicating that this interaction contributes
to autophagy induction.

ULK1 Lys-63-linked ubiquitylation is required for ULK1
self-association
As Lys-63-linked ubiquitylation is often linked to protein self-
association19,20 and a recent report shows that Atg1, the yeast ULK1
orthologue, is able to self-associate under autophagy induction21,
we checked for this process in our system. We found that ULK1
is able to self-associate in mammalian cells and that autophagy
induction by starvation enhances this capability (Fig. 6a). In contrast,
downregulation of TRAF6 (Fig. 6b) or AMBRA1 (Fig. 6c) reduces
the amount of ULK1–Myc interacting with ULK1–HA: this strongly
suggests that both proteins are necessary for ULK1 self-association.
Consistently, in the presence of the AMBRA1AA mutant construct,
ULK1 self-association is strongly reduced (Fig. 6d), implying that ULK1
ubiquitylation promotes ULK1 self-association.

mTOR phosphorylates AMBRA1 at Ser 52, inhibiting its role in
ULK1 modification
Taken together, all of the results above indicate that AMBRA1 plays an
upstream role in ULK1 regulation. On the basis of the observation that
mTORC1 is a negative regulator of the ULK1 complex, and one of the
more upstream factors in autophagy signalling, we reasoned thatmTOR

could also modulate AMBRA1 activity. To identify potential AMBRA1
inhibitory modifications on autophagy induction, we performed a
differential high-throughput mass spectrometry study (Supplementary
Fig. S5a), by using cell extracts from starved and untreated cells.
AMBRA1 was found to be phosphorylated in normal conditions at
its Ser 52 residue, and the same site proved to be dephosphorylated
on autophagy induction. Considering that the region surrounding this
site is similar to the consensus phospho-acceptor motif for mTORC1
(ref. 22), we therefore postulated that mTOR could be responsible for
this AMBRA1 phosphorylation in basal conditions, an event that would
have an inhibitory role on autophagy (Supplementary Fig. S5b). Indeed,
mutation of this site (AMBRA1S52A) decreased the level of phosphoryla-
tion of AMBRA1 by mTOR in vitro (Fig. 7a), whereas AMBRA1 is able
to physically interact with the mTORC1 complex (Fig. 7b), suggesting
that AMBRA1 could be an mTOR substrate and that Ser 52 could
be an mTOR target site. Moreover, we generated an antibody against
phospho-Ser-52 AMBRA1 (Supplementary Fig. S5c) and, by means of
this antibody, we confirmed a decrease in the phosphorylation status of
AMBRA1 at Ser 52 in cells cultured in the presence of Torin1 (Fig. 7c),
anmTOR inhibitor23,24, or in nutrient-depletedmedia.
The functional role of this site in the capability of AMBRA1 to induce

autophagy was then analysed by using LC3 and p62 antibodies, in the
presence or the absence of chloroquine, an inhibitor of the autophagy
flux (Fig. 7d). After AMBRA1WT reintroduction in AMBRA1-deficient
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Figure 4 AMBRA1 regulates ULK1 ubiquitylation by forming a complex
with the TRAF6 ubiquitin ligase. (a) HeLa cells were transfected with
FLAG–TRAF6 or grown in starvation medium for 1 h. Some of them were
treated with chloroquine. LC3, p62 and actin were analysed by western
blotting. Quantification of LC3II and p62 bands is shown on the right.
n =3 extracts prepared from independent experiments. Data are presented
as means± s.d. and significance is P = 0.017 for LC3 and P = 0.01
and P = 0.04 for p62. (b) HeLa cells were transduced with AMBRA1
lentiviral shRNA and transfected or not with FLAG–TRAF6. Quantification
of LC3II and p62 bands is shown on the right. n = 3 extracts prepared
from independent experiments. Data are presented as means± s.d. and
significance is P =0.001 and P =0.0018 for LC3 and P =0.004 for p62.
(c) Count of LC3 puncta in HeLa cells transduced as in b. Five different
confocal microscopy images for each experiment were randomly chosen and
GFP-positive dots were examined on the images with identical brightness
and contrast settings. The results are represented as the average number of
LC3 dots with 100 cells analysed per sample. Confocal images are shown in
Supplementary Fig. S3b. (d) HEK293 cells were transfected with AMBRA1

and FLAG–TRAF6 as indicated. Protein extracts were immunoprecipitated
using an anti-FLAG antibody. (e) HeLa cells were transfected as in b and
FLAG–TRAF6 was purified as in d. Quantification of immunoprecipitated
TRAF6 is shown on the right. n = 3 extracts prepared from independent
experiments. Data are presented as means± s.d. and significance is
P =0.0003. (f) In HeLa cells, TRAF6 was downregulated by RNAi. AMBRA1,
ULK1, TRAF6, ATG13 and actin were analysed by western blotting. (g) HeLa
cells were co-transfected with vectors encoding ULK1–Myc, FLAG–TRAF6
and Ub-Lys-63–HA, as indicated. Protein extracts were immunoprecipitated
using an anti-Myc antibody. (h) HeLa cells stably interfered for AMBRA1
were transfected with FLAG–TRAF6 and Ub-Lys-63–HA as indicated. Protein
extracts were immunoprecipitated using anti-ULK1 antibody. (i) Endogenous
ULK1 is immunoprecipitated from HeLa cells transfected as in b. The
resulting precipitates were subjected to a ULK1 kinase assay using MBP
as the substrate. Purified complexes were analysed by autoradiography and
by western blotting using an anti-ULK1 antibody. Uncropped images of
blots/gels are shown in Supplementary Fig. S6. Source data of statistical
analysis are shown in Supplementary Table S1.

HeLa cells, a strong induction of autophagy can be observed, as
indicated by LC3 lipidation and p62 decrease. However, the addition
of AMBRA1S52A in the same system has a stronger effect, suggesting

that the dephosphorylation of this site contributes to the induction
of autophagy. We also transfected HeLa cells with an AMBRA1S52E

phospho-mimicking mutant construct, again in an AMBRA1-deficient
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Figure 5 AMBRA1–TRAF6 interaction is necessary for ULK1 Lys-63-linked
ubiquitylation. (a–c) Two canonical TRAF6-binding sites in AMBRA1 are
essential for its interaction with TRAF6. HEK293 cells were co-transfected
with vectors encoding FLAG–TRAF6 together with AMBRA1WT and mutant
constructs. Protein extracts were immunoprecipitated using an anti-FLAG
antibody. AMBRA1 and FLAG–TRAF6 were analysed by western blotting.
(d) HeLa cells were transfected with AMBRA1 RNAi oligonucleotide
(siRNA AMBRA1). Then, cells were co-transfected with vectors encoding
ubiquitin–HA and AMBRA1WT or AMBRA1AA, respectively. Protein extracts
were immunoprecipitated using anti-ULK1 antibody; ubiquitin–HA, ULK1
and AMBRA1 were analysed by western blotting. (e) HeLa cells stably
interfered for AMBRA1 were transduced with lentiviral vectors encoding
�-galactosidase (negative control) AMBRA1WT or AMBRA1AA respectively;
protein extracts were analysed by western blotting using anti-ULK1,

anti-AMBRA1 anti-ATG13, anti-pATG13 and anti-actin antibodies. (f) HeLa
cells were transfected as in e and some of them were treated with
chloroquine for 1 h. LC3, p62, AMBRA1 and actin were analysed by western
blotting. Quantification of LC3II and p62 are shown on the right. n = 3
extracts prepared from independent experiments. Data are presented as
means± s.d. and significance is P = 0.03 for LC3 and P = 0.045 for
p62. (g) GFP–LC3 MEF cells from wild-type (Ambra1+/+) and homozygous
(Ambra1gt/gt) embryos were transduced with the indicated lentiviral vectors
and quantification of LC3 puncta per cells is shown on the right. Bars
represent mean±s.e.m. of triplicate samples with 50 cells analysed per
sample; n = 3 independent experiments. Significance is P = 0.001 and
P =0.003 (n =3). Scale bar, 10 µm. Uncropped images of blots/gels are
shown in Supplementary Fig. S6. Source data of statistical analysis are
shown in Supplementary Table S1.
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Figure 6 ULK1 Lys-63-linked ubiquitylation is necessary for ULK1
self-association. (a) HEK293 cells were co-transfected with vectors encoding
ULK1–HA and ULK1–Myc and then grown either in normal (Ctrl) or in
starvation (EBS) medium for 1 h. Protein extracts were immunoprecipitated
using an anti-Myc antibody, and analysed by western blotting using anti-HA,
and anti-Myc antibodies. Quantification is shown on the right. n = 3
extracts prepared from independent experiments. Data are presented
as means± s.d. and significance is P = 0.001. (b) HEK293 cells were
transfected with TRAF6 RNAi oligonucleotide (TRAF6 siRNA) or unrelated
oligonucleotides as a control (Ctrl siRNA). Then, cells were co-transfected
with vectors encoding ULK1–HA and ULK1–Myc and protein complexes
were immunoprecipitated using anti-Myc antibody. Protein extracts were
analysed by western blotting using anti-HA, anti-Myc and anti-TRAF6
antibodies. Quantification of ULK1–HA relative to ULK1–Myc is reported

on the right. n =3 extracts prepared from independent experiments. Data
are presented as means±s.d. and significance is P =0.037. (c) HEK293
cells were transfected with AMBRA1 RNAi oligonucleotide (AMBRA1
siRNA) or unrelated oligonucleotides as a control (Ctrl siRNA). Then, cells
were co-transfected and analysed as in a. Quantification is shown on the
right. n = 3 extracts prepared from independent experiments. Data are
presented as means± s.d. and significance is P = 0.044. (d) HEK293
cells were co-transfected with vectors encoding for ULK1–HA, ULK1–Myc
and AMBRA1WT or AMBRA1AA respectively. Protein complexes were
immunoprecipitated and analysed as in a. Quantification is shown on the
right. n = 3 extracts prepared from independent experiments. Data are
presented as means±s.d. and significance is P =0.014. Uncropped images
of blots/gels are shown in Supplementary Fig. S6. Source data of statistical
analysis are shown in Supplementary Table S1.

context. In this case, the capability of AMBRA1 to induce autophagy
was significantly reduced (Supplementary Fig. S5d).
To highlight the effect of this construct in ex vivo primary cells, we

reconstitutedAmbra1-deficientMEFs with AMBRA1S52A andmeasured
the occurrence of GFP–LC3-positive puncta, in comparison with
AMBRA1WT, obtaining an even stronger autophagy induction (Fig. 7e).
Then, the functional effect of Ser 52 phosphorylation in ULK1

modifications was analysed in the same reconstitution systems. As
shown in Fig. 7f, in the presence of AMBRA1S52A, ULK1 ubiquitylation
is more abundant, compared with the expression of AMBRA1WT.
Furthermore, on transfection of the same construct, the level of ATG13
phosphorylation is increased, together with ULK1 protein levels and
the capability of ULK1 to self-associate (see total extracts in Fig. 7f–h
and Supplementary Fig. S5e).
Our conclusion, therefore, is that AMBRA1 phosphorylation by

mTOR at Ser 52 impairs ULK1 ubiquitylation, stability, activity and
self-association, besides inhibiting autophagy.

DISCUSSION
We have shown here that AMBRA1, a component of the beclin 1
complex, regulates the activation and stability of the kinase ULK1,

by promoting its Lys-63-linked ubiquitylation. Our data indicate that,
on autophagy induction, ULK1 is rapidly Lys-63-ubiquitylated by an
AMBRA1–TRAF6 complex, a key step in ULK1 self-association and
in the enhancement of its kinase activity. In the absence of autophagy
signalling, mTOR downregulates these series of events through a
specific inhibitory phosphorylation onAMBRA1 (see Fig. 8).
Overall, these results imply that a much closer cross-talk between

ULK1 and beclin 1 complexes exists long before their hierarchical
localization at the omegasome on autophagy induction25. Indeed, the
exocyst, a protein scaffold complex involved in tethering intracellular
vesicles to the plasmamembrane, has been previously shown to provide
an assembly and activation platform for members of the autophagy
machinery. In this higher complex, all subcomplexes, including ULK1,
beclin 1 and mTOR coexist, their interaction and functional reciprocal
control being regulated by ad hoc protein modifications26. mTOR, a
master regulator of a cell life27, is one of the more upstream negative
regulators of autophagy: this protein, in response to the nutrient levels
available to the cell, can inhibit ULK1 andATG13 by phosphorylation2,4.
We here demonstrate that mTOR exerts a further brake on autophagy,
by directly phosphorylating AMBRA1, thereby inhibiting its action
on ULK1. AMBRA1 is thus one of the few known functional targets
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Figure 7 mTOR phosphorylates AMBRA1 at Ser 52, inhibiting its role
in ULK1 modification. (a) Highly purified mTOR was incubated with
radiolabelled ATP without substrate, with purified FLAG–AMBRA1 and
purified FLAG–AMBRA1S52A and analysed by autoradiography. The lower
panels show a FLAG and mTOR western blot (WB). (b) HEK293 cells
expressing FLAG–RAPTOR were subjected to FLAG immunoprecipitation.
Protein complexes were analysed by western blotting using anti-FLAG and
anti-AMBRA1 antibodies. (c) HEK293 cells were treated with Torin1 for 3 h
or cultured in starvation medium for 2 h and protein extracts were analysed
by western blotting using anti-pSer-52 and anti-AMBRA1 antibodies.
(d) HeLa cells stably interfered for AMBRA1 were transduced with the
indicated lentiviral vectors encoding for �-galactosidase, AMBRA1WT or
AMBRA1S52A respectively and some of them were treated with chloroquine
for 1 h. Protein extracts were analysed by western blotting using anti-LC3,
anti-p62 and anti-actin antibodies. Quantification of LC3II and p62 bands
is shown below. n=3 extracts prepared from independent experiments. Data
are presented as means±s.d. and significance is P =0.038. (e) GFP–LC3
MEF cells from wild-type (Ambra1+/+) and homozygous (Ambra1gt/gt)

embryos were transduced with indicated lentiviral vectors and quantification
of LC3 puncta per cell is shown on the right. Bars represent mean±s.e.m.

of triplicate samples and 50 cells analysed per sample. n =3 independent
experiments. Significance is P = 0.001 and P = 0.003. Scale bar, 10 µm.
(f) HeLa cells stably interfered for AMBRA1 were co-transfected with vectors
encoding Ub-Lys-63–HA and AMBRA1WT or AMBRA1S52A, respectively.
Protein extracts were immunoprecipitated using an anti-ULK1 antibody and
ubiquitin Lys-63–HA, ULK1, AMBRA1 and actin were analysed by western
blotting. (g) HeLa cells stably interfered for AMBRA1 were transduced as
in d; protein extracts were analysed by western blotting using anti-AMBRA1,
anti-ATG13, anti-pATG13 and anti-actin antibodies. Quantification of
the p-ATG13 band is shown below. (h) HeLa cells transfected with
ULK1–HA, ULK1–Myc and different AMBRA1 constructs, respectively.
Protein complexes were immunoprecipitated using anti-HA antibody and
analysed by western blotting using anti-HA, anti-Myc and anti-AMBRA1
antibodies. Uncropped images of blots/gels are shown in Supplementary
Fig. S6. Source data of statistical analysis are shown in Supplementary
Table S1.

of mTOR and one of the more upstream autophagy signallers.
Interestingly, and according to its secondary and tertiary putative
sequence, AMBRA1 can be considered as an intrinsically disordered
protein28 (data not shown). These proteins are excellent candidates
for the role of scaffold factors, linking different molecules and driving
different cell processes, a capability that may explain the multi-task role
of AMBRA1 at different steps during autophagy induction.
As for the role of Lys-63-linked ubiquitylation in autophagy, we show

here that this modification is an early and crucial step of autophagy
induction and is mediated by TRAF6. TRAF6-dependent Lys-63-linked
ubiquitylation of beclin 1 was shown to be essential for beclin 1
pro-autophagic function17. TRAF6 is also known to be involved in

innate immune response by regulating the Toll-like pathway. In
particular, in this signalling pathway, TRAF6 ubiquitylates some
protein kinases such as TAK1 and IKK�, leading to their subsequent
activation29. In our case, we found that TRAF6 overexpression
enhances ULK1 activity and that the capability of TRAF6 to modify
ULK1 is affected when AMBRA1 is downregulated. Interestingly,
AMBRA1 has been identified as DDB1- and cullin4-associated factor
3 (DCAF3), and proposed to bridge this ligase complex to its target
substrates30,31, supporting the idea that AMBRA1 could act as a TRAF6
adaptor during autophagy. In fact, TRAF6 needs adaptor proteins
to ubiquitylate its substrates, such as in the regulation of TAK1
kinase through the TAB1–TAB2 adaptor complex in the IL-1 signal
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Figure 8 Proposed model of AMBRA1 regulation in ULK1 ubiquitylation.
In basal conditions, AMBRA1 is maintained in an inactive state by
mTOR phosphorylation and by its anchoring to the dynein motor complex.
After autophagy induction, AMBRA1 and ULK1 are active; AMBRA1
enhances ULK1 kinase activity and stability by promoting its Lys-63-linked

ubiquitylation and self-association through TRAF6. ULK1 primes AMBRA1
detachment from the dynein complex through a positive phosphorylation.
Coupling these regulatory events may represent a positive feedback to
sustain autophagy in a continuous loop. The exocyst may act as a scaffold
platform to keep the complexes involved grouped together.

transduction pathway32. Furthermore, it remains unknown how the
failure in Lys-63-linked ubiquitylation of ULK1 affects its protein
stability. It has been demonstrated that an enzyme called A20, a
deubiquitylase for TRAF6, could deubiquitylate Lys-63-linked chains
of TRAF6-target proteins to trigger K48-linked ubiquitylation, leading
to these proteins degradation. A20 will therefore be a good candidate
to exert this function on ULK1 (ref. 33). Of note, it has been recently
published that, in yeast, the ULK1 orthologue Atg1 forms an Atg1–Atg1
complex, stimulating the autophosphorylation of Atg1 and autophagy
induction21. According to our data, a self-association that enhances
ULK1 activity occurs also in higher eukaryotes, and depends on the
AMBRA1–TRAF6 complex.
Of note, we have previously shown that AMBRA1 itself is one of

the targets of the ULK1 kinase activity11. Indeed, this ULK1-mediated
AMBRA1 phosphorylation has the potential to prime AMBRA1 detach-
ment from cytoskeletal docking sites. Given the additional andmore up-
stream role of AMBRA1 that we describe here, theULK1-dependent reg-
ulation of AMBRA1 localizationmay represent a positive feedback loop
regulating autophagy enhancement. As for the role of these two proteins
in vivo, it should be noted that both AMBRA1 and ULK1 play crucial
roles in the developing and adult brain compartments10,16,34. Although
these roles have not yet been clearly related to the ULK1 pro-autophagic
functions, our findings reveal that AMBRA1 may participate in a
common pathway in neurogenesis, linked to autophagy regulation. ⇤

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Antibodies. All antibodies were used at a dilution of 1:1,000 unless specified
otherwise. Mouse monoclonal antibodies were from: Sigma (FLAG-F3165;
HA-clone HA-7-H3663; TRAF6-D10 sc-8409), Santa Cruz (Myc-9E10 sc-40),
Becton–Dickinson (beclin 1-612113). Rabbit polyclonal antibodies were from:
Sigma (ATG13-SAB4200100; ULK1-A7481; actin-A2066 1:10,000; ULK2-U8008),
Santa Cruz (ULK1 sc-33182), Novus (AMBRA1-26190002 1:3,000), Cell Signalling
(LC3B #3868S 1:3,000; mTOR #2972; ATG12 #2011), Rockland (pATG13-600-401-
C49), ProteinTech (FIP200-10043-2-AP 1:500). Rabbit monoclonal antibodies were
from: Millipore (ubiquitin-Lys-63 specific-#05-1308), Epitomic (TRAF6 #1660-1).
The antibody against phospho-AMBRA1S52 was raised by immunizing rabbits with
a peptide (MERK) and was affinity-purified using the immunizing peptide (ABC80).

Immunoprecipitation and western blotting. Cells and embryonic tissues were
lysed in CHAPS buffer as previously described2. Lysates (1–3mg) were then
incubated at 4 �C for 30min. Equal amounts of protein were incubated with 20 µl
of monoclonal anti-Myc or anti-FLAG antibody conjugated with protein A agarose
beads (Clontech and Sigma, respectively) for 4 h, or 2 µg of anti-ULK1 antibody
overnight at 4 �C followed by 60min incubation with 30 µl of protein A/G Sepharose
beads (Roche). To detect ubiquitin and ULK1modification by Lys-63-linked chains,
after the lysis and before the immunoprecipitation 1% SDS was added and the
lysates were incubated for 5min at 90� to dissociate protein–protein interactions.
The samples were diluted 10-fold with the same buffer and the immunoprecipitation
assay was performed as previously described. Note that endogenous AMBRA1
usually migrates as a doublet band, whereas the overexpressed AMBRA1 shows
additional lower-molecular-weight bands.

In vitro kinase assay. For ULK1 kinase assay, cells were lysed in ice-cold buffer
(10mM Tris–HCl (pH 7.4), 2mM MgCl2, 150mM NaCl, 0.5% Triton X-100, 10%
glycerol containing the Complete EDTA-free protease inhibitor cocktail (Sigma)
and phosphatase inhibitors (NaV, NaF and �-glycerophosphate)). Lysates were
incubated with anti-ULK1 antibody for 3 h and then washed three times with the
buffer. Following the three washes, immunoprecipitates were further washed once
with kinase reaction buffer (KRB; 20mMHEPES, at pH 7.5, 20mMMgCl2, 25mM
�-glycerophosphate, 2mM dithiothreitol and 100 µM sodium orthovanadate) and
then incubated at a final volume of 20⌦ in KRB containing 20 µM ATP, 5 µg
myelin basic protein (MBP) and 5 µCi [�-32P]ATP at 30 �C for 15min. The reaction
was stopped by the addition of sample buffer, boiled and analysed by SDS–PAGE
followed by autoradiography. For the mTOR kinase assay, FLAG–AMBRA1WT

and FLAG–AMBRA1S52A were purified from transiently transfected HEK293 cells
using anti-FLAG affinity beads (Sigma). Cells were lysed using CHAPS buffer and
immunocomplexes were washed four times in CHAPS buffer containing NaCl
150mM and eluted for 1 h at 4 �C using a competing FLAG peptide (Sigma).
Endogenous mTOR was purified using an anti-mTOR antibody. The kinase assay
was performed for 30min at 37 �C in a final volume of 25 µl consisting of kinase
buffer (25mM HEPES at pH 7.4, 50mM KCl, 10mM MgCl2 and 4mM MnCl2),
50 µMATP and 1 µCi [�-32P]ATP. The reaction was stopped as described above.

Complementary DNA cloning. Constructs coding for AMBRA1 and its
fragment were cloned in the pLPCX vector10 (Clontech) and these were
used here for both transient expression and retroviral expression. Plasmids
encoding for wild-type ULK1–Myc, wild-type ULK1–HA, K46I Ulk1–Myc
and ATG13–FLAG were provided by S. A. Tooze. ULK1 deletion con-
structs were provided by D. H. Kim. AMBRA1 mutants for TRAF6-binding
sites and for Ser 52 were generated by using the site-directed mutagenesis
kit (Agilent Technologies). The sequences used were as follows: E620A 50-
GGCAGCCAGTTGCCACCTCTCGCGCGGACTGAGGGCCAAACG-30; E682A 50-
CCTTACATCAGGATATGCCTGAGGCCGAGCTCTGAGGAGGATTC-30; S52A
50-GAGAGTAGAACTGCCGGATGCTCCACGCTCTACCTTC-30; S52E 50-GAG-
AGTAGAACTGCCGGATGAGCCACGCTCTACCTTC-30. TRAF6 and ubiquitin
constructs were from Addgene. Ambra1 cDNA wild-type and mutants were sub-
cloned from pLPCX, by cutting with NdeI and NotI (blunted) restriction enzymes,
and transfer into the pRRL lentiviral plasmid digested with NdeI and SalI (blunted).

Cell culture and reagents. HEK293, MEF and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented with 10%
fetal bovine serum (FBS, Sigma), 2mM l-glutamine and 1%penicillin/streptomycin

solution at 37 �C. All co-immunoprecipitation and co-localization experiments were
performed inHEK293 cells; instead, the genemodulation and functional assays were
carried out in HeLa cells. For autophagy induction, cells were washed with PBS and
cultured for 1–2 h in Earle’s balanced salt solution (EBSS; Invitrogen) or treated with
rapamycin (100 nM), 35 µMcycloheximide (Sigma), 20 µMMG132 (Sigma) or with
250 nM Torin1 (Tocris). HeLa and HEK293 cells were transiently transfected using
Lipofectamine 2000 (Invitrogen) as indicated by the supplier.

Retrovirus and lentiviral generation and infection. The retroviral vectors
(15 µg) were co-transfected with 5 µg of an expression plasmid for the vesicular
stomatitis virus G protein into the HEK293 gp/bsr cell line. At 48 h later, the
supernatant containing the retroviral particles was recovered and supplemented
with Polybrene (4 µgml�1). HeLa cells were infected by incubation with retrovirus-
containing supernatant for 6–8 h. For AMBRA1 ectopic expression, lentiviral
particles were produced by transfecting HEK293 cells with pRRL–Ambra1 pMDLg,
pRRE and pRSV–Rev plasmids. For stable Ambra1 RNA interference, a pLKO.1
plasmid carrying a short hairpin sequence targeting Ambra1 mRNA, obtained from
Sigma-Aldrich (clone TRCN0000168652), was co-transfected with pMDLg and
psPAX2 plasmids inHEK293 and supernatants were collected 48 h post-transfection.
A pLKO.1 plasmid carrying a short hairpin sequence that does not target known
mammalian genes was used as a control in lentiviral infection.

RNA interference. AMBRA1 siRNA oligonucleotides were described previously10.
Stealth RNAi oligonucleotides were used for human ATG13 and the sequences
used were as follows: sense, 50-CCAUGUGUGUGGAGAUUUCACUUAA-30; an-
tisense, 50-UUAAGUGAAUCUCCACACACAUGG-30. TRAF6 siRNA oligonu-
cleotides were as follows: sense, 50-CCACGAAGAGAUAAUGGAUGCCAAA-30;
antisense, 50-UUUGGCAUCCAUUAUCUCUUCGUGG-30. For stable downregula-
tion of AMBRA1 we used lentiviral vectors as indicated.

Immunocytochemistry. Cells were washed in PBS and fixed with 4%
paraformaldehyde in PBS for 15min. After permeabilization with 0.4% Triton
X-100 in PBS for 5min, cells were blocked in 3% horse serum in PBS and incubated
overnight at 4 �C with primary antibodies. Cells were then washed and incubated
for 1 h with labelled anti-mouse (Alexa Fluor-488, Molecular Probes) or anti-rabbit
(FITC, Jackson ImmunoResearch; Alexa Fluor-647 donkey anti-Rabbit) secondary
antibodies. Images were examined under a Zeiss LSM 700 confocal microscope
equipped with a ⇥100 (NA 1.4) oil-immersion objective (Deerfield).

Real-time PCR. RNA was isolated by using the RNeasy Micro Kit (Qiagen),
according to the manufacturer’s instructions. Real-time PCR was performed
using the SensiMix Plus SYBR Kit (Quantace). The primer sets used were
as follows: mouse Ulk1 forward, 50-TTACCAGCGCATCGAGCA-30; reverse, 50-
TGGGGAGAAGGTGTGTA-GGG-30. Real-time quantification was performed by
using a Fast-Real Time PCR System (Applied Biosystems). Data were normalized
to �-actin. Fold-change was determined by using the 2-11CT method and all
reactions were performed in triplicate.

Mass spectrometry. Samples were taken up in SDS–PAGE loading buffer, reduced
with 1mM dithiothreitol (Sigma) for 5min at 95 �C and alkylated using 5.5mM
iodacetamide (Sigma) for 30min at 25 �C. Protein mixtures were separated by
SDS–PAGE, and the gel lanes were cut into 10 equal slices, which were in-gel
digested with trypsin (Promega). Peptides were incubated with 10 µl of a 30%
TiO2 slurry (MZ-Analysentechnik) in 30mgml�1 DHB (Sigma-Aldrich) for 30min
at room temperature. Beads were washed with 100 µl of 10% ACN and 1% TFA
followed by 100 µl 80%ACN and 1%TFA and finally 100 µl water. Phosphopeptides
were eluted using 25% ammonium hydroxide in 20% and 40% ACN, respectively.
Mass spectrometric measurements were performed on an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) coupled to an Agilent 1200 nanoflow-
HPLC (Agilent Technologies GmbH). Samples were applied directly onto the
column without a pre-column. A gradient of A (0.5% acetic acid in water) and
B (0.5% acetic acid in 80% ACN) with increasing organic proportion was used
for peptide separation. The flow rate was 250 nlmin�1 and for sample application
500 nlmin�1. Themass spectrometer was operated in the data-dependent mode and
switched automatically between MS (maximum of 1⇥106 ions) and MS/MS. Each
MS scanwas followed by amaximumof fiveMS/MS scans in the linear ion trap using
35% collision energy and a target value of 5,000. Parent ions with a charge state of
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z = 1 and unassigned charge states were excluded for fragmentation. For MS/MS,
wideband activation and multi-stage activation were enabled with the neutral loss
mass list of singly, doubly and triply phosphorylated peptides. The mass range for
MS wasm/z = 350–2,000 and the signal threshold was 1,000. The resolution was set
to 60,000. Mass spectrometric parameters were as follows: spray voltage 2.3 kV; no
sheath and auxiliary gas flow; ion-transfer tube temperature 200 �C.

Statistical analysis. For all experiments shown, n is indicated in the figure legends.
Densitometric analysis was performed using the ImageJ software: the average of the
values from different experiments (as indicated) related to the control ratio was
arbitrarily defined as 1.00. Each point value represents the mean± s.d. from three
independent experiments unless specified otherwise. Comparison between control

and sample in the western blot intensity measurement was made from the same
western blot. Statistical significance was measured by an unpaired t -test. For the
count of GFP–LC3-positive autophagosomes, five different confocal microscopy
images were randomly chosen and GFP-positive dots were examined on the images
with identical brightness and contrast settings. The total number of cells on images
was determined by nuclei staining with DAPI (40,6-diamidino-2-phenylindole).
Quantification was carried out by counting 50 or 100 cells for each experiment
as indicated in the figure legends and calculating the percentage of cells with each
phenotype after each experiment. The graphs relative to the count of puncta show
the average percentage± s.e.m. A statistic checklist file, including single values
corresponding to the graphs, is included as a separate spreadsheet (Supplementary
Table S1).
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Figure S1 Expression analysis of autophagy-related molecules upon AMBRA1 
regulation. (a) Protein extracts from wild-type (Ambra1+/+) and homozygous 
(Ambra1gt/gt) embryos for the Ambra1 gene-trap mutation at developmental 
day 14.5 were analysed by WB using anti-Ulk2 or anti-Tubulin (loading 
control) antibodies. (b) Protein extracts from AMBRA1+/+, AMBRA1+/gt and 
AMBRA1gt/gt MEFs were analysed by WB using an anti-Ulk1 or anti-Hsp90 
(loading control) antibodies Quantification is shown (b, right). n=3 extracts 
prepared from independent experiments. Data are presented as means±s.d 
and significance is P=0.04 and P=0.02. (c) Protein extracts from AMBRA1+/+ 
and AMBRA1gt/gt MEFs were analysed by WB using an anti-Beclin 1, anti-
Atg12 and anti-Actin antibodies. (d) Ambra1+/+ and Ambra1gt/gt MEF cells 
were cultured in the complete or starvation medium for 2 hours. Ulk1 
mRNA expression was analysed by real-time PCR and normalized to b-Actin 
mRNA levels. The relative expression is presented as a fraction of the mRNA 

level detected in wild-type MEFs cultured in complete medium. Data are 
presented as means±s.d; n=5 independent experiments. (e) HeLa cells were 
transfected with scramble siRNA or AMBRA1 siRNA and treated for 6 hours 
with MG132. ULK1, AMBRA1 and ACTIN were analysed by WB. (f) HeLa 
cells were transfected with AMBRA1 RNAi oligonucleotide (siRNA AMBRA1) 
or unrelated oligonucleotide as a control (siRNA CTRL) and protein extracts 
were immunoprecipitated using anti-ULK1 antibody or with IgG as a control. 
Purified complexes and total extracts were analysed by WB using anti-ULK1, 
anti-ATG13, anti-mTOR and anti AMBRA1 antibodies. (g) HeLa cells were 
transfected as in (f) and growth in starvation medium for 1 hour. The cells were 
subjected to an immunofluorescence analysis using anti-ULK1 and anti-LC3 
antibodies. Scale bar, 10 mM. White arrows point to the co-localisation puncta. 
The inserts are shown at higher magnification in lower panels. Source data of 
statistical analysis are shown in the Supplementary Table 1.
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Supplementary Figure S2 

Figure S2 Analysis of ULK1 K63-linked ubiquitination. (a) HeLa cells 
were growth in normal medium or in starvation medium for 1 hour. 
Protein extracts were treated or not with SDS 1% as indicated and 
immunoprecipitated using anti-ULK1 antibody or with IgG as a control. 
Purified complexes and total extracts were analysed by WB using anti-
ULK1, anti-ATG13, anti-FIP200 antibodies. (b) HEK293 cells grown in 
starvation medium for 30 minutes in presence of 15 mM of leupeptin 

and were stained by anti-ULK1 (Red) and anti-K63 ubiquitin (Green) 
antibodies. The merge of the two fluorescence signals is shown in the right 
panels. Scale bar, 6 μm. The inserts are shown at higher magnification in 
lower panels. White arrows point to the co-localisation puncta. (c) HEK293 
were transfected with vector encoding K63-ubiquitin chains and protein 
extracts were analysed using anti-ULK1, anti-ATG13, anti-pATG13 and anti-
ACTIN antibodies. 
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Figure S3 Study of TRAF6 activity on autophagy network regulation. (a) Total 
extracts relative to the experiment in Figure 4a are shown. ULK1, FLAG-
TRAF6 and TUBULIN were analysed by WB. (b) The images are relative to 
the count of LC3 dots shown in Figure 4c. HeLa cells were transduced with 
indicated lentiviral vectors and transfected with TRAF6-FLAG. Cells were 
stained using TRAF6 (Red) and LC3 (Green) antibodies. (c) HEK293 cells, 
cultured in the complete or starvation medium for 1 hour, were stained by 
anti-ULK1 (Red), anti-TRAF6 (Green) and anti-AMBRA1 (blue) antibodies. 
The merge of AMBRA1-TRAF6 and ULK1-TRAF6 fluorescence signals is 
shown and also the merge of the three fluorescence signals. Scale bar, 6 
μm. The inserts are shown at higher magnification in lower panels. White 

arrows point to the co-localisation puncta. (d) In HeLa cells, TRAF6 was 
downregulated by RNAi and then cells were treated for 6 hours with MG132. 
ULK1 and ACTIN were analysed by WB. (e) HeLa cells were transfected with 
FLAG-TRAF6 or AMBRA1 plasmids respectively; then, transfected cells were 
treated with starvation medium for 1 hour. ULK1, TRAF6-FLAG and ACTIN 
were analysed by WB. (f) HeLa cells were transfected or not with FLAG-
TRAF6. ATG13, pATG13, ULK1 and FLAG-TRAF6 were analysed by WB. (g) 
In HeLa cells AMBRA1 was downregulated by RNAi. Then, the cells were 
newly transfected with FLAG-TRAF6. Protein extracts were analysed by WB 
using anti-pATG13, anti-ATG13, anti-ULK1, anti-FLAG, anti-AMBRA1 and 
anti-ACTIN antibodies.
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Supplementary Figure S4  

Figure S4 Structural and functional analysis of AMBRA1-TRAF6 
interaction. (a,b) As control of the immunoprecipitations showed in 
Figure 5a-d, an anti-FLAG antibody was used for immunoprecipitation 
in the presence of the different AMBRA1 mutant constructs. Anti-
FLAG and anti-AMBRA1 antibodies were used for WB. (c) HeLa cells 
were transfected with AMBRA1WT and AMBRA1AA constructs and 
immunoprecipitation was performed using anti-AMBRA1 antibody. 
Purified complexes and total extracts were analysed using anti-ULK1 
and anti-AMBRA1 antibodies. (d) HeLa cells were transfected as 
in Figure 5d. After 24 hours, the cells were newly transfected with 
plasmids encoding FLAG-TRAF6 and Ubiquitin-HA. Protein extracts were 

immunoprecipitated and analyzed as in (5d). (e) Mefs cells from wild-
type (Ambra1+/+) and homozygous (Ambra1gt/gt) embryos were transduced 
with lentiviral vectors coding for AMBRA1WT or AMBRA1AA respectively. 
Ulk1, Ambra1 and Tubulin were analysed by WB. (f) HeLa cells stably 
interfered for AMBRA1 were transduced with lentivirus coding for bGal 
(as negative control) AMBRA1WT or AMBRA1AA and starved for 1 hour; 
some of them were treated with chloroquine. LC3, AMBRA1 and ACTIN 
were analysed by WB. Quantification of LC3II is shown (f, right). n=3 
extracts prepared from independent experiments. Data are presented 
as means±s.d. and significance is P=0.04. Source data of statistical 
analysis are shown in the Supplementary Table 1.
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Figure S5 Study of AMBRA1 modification by mTOR. (a) Mass spectrometry 
analysis of AMBRA1 phosphorylation during autophagy. Cells were SILAC-
labeled and starved for 0 h (Arg10) and 4 h (Arg0). Subsequently cells 
were combined, lysed, and AMBRA1-Flag-HA complexes purified by 
immunoprecipitation. Protein extracts were separated by SDS-PAGE and 
digested by trypsin. The resulting peptide mixtures were enriched for 
phosphorylated peptides by TiO2 and analyzed by LC-MS/MS. The left panel 
shows the MS spectrum of the SILAC pair. Monoisotopic peaks are marked 
by asterisks. The right panel shows the fragment spectrum of the heavy 
labelled (Arg10) version of the peptide AMBRA147-54 being phosphorylated 
on Ser52. (b) Schematic representation of AMBRA1 protein structure with 
the mTOR target site Serine52 and its similarity to mTOR phosphoacceptor 

motif. (c) Detection of p-S52-AMBRA1 using a p-S52 AMBRA1 antibody. 
Immunoblotting of protein extracts isolated from HEK293 cells transfected 
with FLAG-AMBRA1WT or with FLAG-AMBRA1S52A are probed with p-S52 
AMBRA1 or FLAG antibodies. (d) HeLa cells stably interfered for AMBRA1 
were transfected with vectors encoding bGal (as negative control) AMBRA1WT 
or AMBRA1S52E and some of them were treated with chloroquine. LC3, 
AMBRA1 and ACTIN were analysed by WB. Quantification of LC3II and is 
shown (f, right). n=3 extracts prepared from independent experiments. Data are 
presented as means±s.d. and significance is P=0.04. (e) Mefs cells from wild-
type (Ambra1+/+) and homozygous (Ambra1gt/gt) embryos were transduced with 
indicated lentiviral vectors and Ulk1, Ambra1 and Tubulin were analysed by 
WB. Source data of statistical analysis are shown in the Supplementary Table 1.
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Figure S6 Full scans of Western blots. Each panel in each figure labeled to refer to data presented in main figures.
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ABSTRACT
Macroautophagy/autophagy is a tightly regulated intracellular catabolic pathway involving the lysosomal
degradation of cytoplasmic organelles and proteins to be recycled into metabolic precursors. AMBRA1
(autophagy and Beclin 1 regulator 1) has a central role in the autophagy signaling network; it acts upstream
of MTORC1-dependent autophagy by stabilizing the kinase ULK1 (unc-51 like autophagy activating kinase
1) and by favoring autophagosome core complex formation. AMBRA1 also regulates the cell cycle by
modulating the activity of the phosphatase PPP2/PP2A (protein phosphatase 2) and degradation of MYC. Of
note, post-transcriptional regulation mediated by noncoding microRNAs (MIRNAs) contributes significantly
to control autophagy. Here we describe a new role for the microRNA MIR7–3HG/MIR-7 as a potent
autophagy inhibitor. Indeed,MIR7–3HG targets the 30 untranslated region (UTR) of AMBRA1mRNA, inducing
a decrease of both AMBRA1mRNA and protein levels, and thus causing a block in autophagy. Furthermore,
MIR7–3HG, through AMBRA1 downregulation, prevents MYC dephosphorylation, establishing a positive
feedback for its own transcription. These data suggest a new and interesting role of MIR7–3HG as an anti-
autophagic MIRNA that may affect oncogenesis through the regulation of the tumor suppressor AMBRA1.

KEYWORDS
BECN1; lung cancer;
microRNA; MTOR; PPP2/PP2A

Introduction

Macroautophagy (hereafter referred to as autophagy) is a
highly conserved catabolic pathway that is involved in cellular
degradation of long-lived proteins or dysfunctional cellular
components, through the action of lysosomes.1 Central to this
process is the formation of the autophagosome, a double-mem-
braned vesicle, which is responsible for the delivery of cytosolic
cargoes to the lysosome.2 In addition to its housekeeping and
homeostatic function, autophagy constitutes a key prosurvival
response that allows adaptation to unfavorable conditions.3,4,5

Autophagy is essential for normal development,6,7 and defects
in this process are linked to numerous human diseases, includ-
ing neurodegeneration and cancer; this fact underlines why
tight control of autophagy is essential.8,9 In a tumor microenvi-
ronment, autophagy promotes cancer cell survival in response
to metabolic stress.10,11 However, hyperactivation of autophagy
can lead to cell death, and human cancers often display inacti-
vating mutations in autophagy-promoting genes.12,13 Thus, in
relation to tumorigenesis, the role of autophagy is complex and
likely depends on the genetic background of the cell as well as
on the environmental cues the cell is exposed to.14

MicroRNAs (MIRNAs), a class of small noncoding RNAs,
can bind the 30 untranslated region (UTR) of target messenger
RNAs (mRNAs), causing translational inhibition or mRNA

destabilization.15 In recent years, MIRNAs have been closely
linked to the post-translational regulation of almost all funda-
mental biological pathways, including autophagy.16,17,18,19 Con-
versely, autophagy is also important to maintain MIRNA
homeostasis.20 Recent data provide evidence that under stress
conditions, a number of MIRNAs including MIR30A, MIR101,
MIR130A, and MIR196 are capable of modulating autophagy
activity by changing intracellular levels of key autophagy
proteins.21,22

This bidirectional crosstalk has been defined as the autopha-
goMIR pathway,23 and its deregulation is obviously central to
cancer oncogenesis and progression. Here we describe a new
member of this pathway. In fact, MIR7–3HG turns out to be an
anti-autophagic MIRNA that acts through the downregulation
of AMBRA1, a key protein in autophagy. AMBRA1 has been
identified as a pivotal factor in regulating autophagy in verte-
brates,24,25 which promotes the interaction of BECN1/Beclin 1
with its target lipid kinase, PI3K3C3/Vps34, thereby mediating
the early phase of autophagy in autophagosome nucleation.26

Several AMBRA1 interaction partners have been identified so
far,27 highlighting the pivotal role of this protein as an efficient
scaffold-molecule that is able to coordinate many intracellular
processes with autophagy.28,29 Also, a number of AMBRA1
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post-translational modifications were characterized, while very
little is known about its transcriptional regulation. In this study
we have characterized MIR7–3HG and AMBRA1 regulatory
interaction in a number of cell lines, and subsequently focused
on a model of lung cancer (the A549 cell line) exhibiting low
levels of AMBRA1 and high levels of the MIR7–3HG transcrip-
tional regulator MYC.28,30 Of note, even though MIR7–3HG is
generally described to have a tumor-suppressive role,31 in some
instances the opposite effect has also been reported. In particu-
lar, in lung carcinomas, a poor prognosis is associated with
MIR7–3HG overexpression.30 Furthermore, inhibition of
MIR7–3HG causes reduced proliferation and increased apopto-
sis in HeLa and lung carcinoma cell lines, respectively,32 sug-
gesting that high MIR7–3HG expression is not necessarily
beneficial in terms of inhibiting carcinogenesis. In the present
study, we also highlight MIR7–3HG as an oncogenic MIRNA
promoting its own MYC-mediated transcription through the
downregulation of the tumor suppressor AMBRA1.

Results

In silico analysis of most significant MIRNA candidates to
target the AMBRA1 30 UTR

In order to identify and study which MIRNAs could potentially
regulate autophagy through targeting the AMBRA1 30 UTR, we
performed a global analysis using 4 independent target predic-
tion algorithms, DIANA-microT v3.032, TargetScan 5.2,33,34

microrna.org35 and PicTar.36 We thus obtained a list of the
MIRNA families broadly conserved among vertebrates
(Fig. S1A). The majority of predicted MIRNAs were unknown
regulators of autophagy, with the exception of MIR23B. In fact,
MIR23B regulates autophagy, associated with radio-resistance
in pancreatic cancer cells, through the targeting of ATG12 and
HMGB2.37 By contrast, the other predicted MIRNAs (MIR7–
3HG, MIR9 and MIR200B) we identified could be potentially
novel regulators of autophagy. To determine whether these
MIRNAs’ binding sites were functional on the full-length
AMBRA1 30-UTR, HeLa cells were cotransfected with MIRNA
overexpressing plasmids and a reporter plasmid, containing
Renilla luciferase fused to the AMBRA1 full-length 30-UTR
sequence. Indeed, MIR7–3HG overexpression suppressed sig-
nificantly (47%) the activity of Renilla luciferase compared to
the control, whereas MIR200B and MIR23B over-dosage had
no effects on the reporter activity (Fig S1B). MIR9 caused, as
well, a mild decrease (27%) in Renilla expression. As a conse-
quence, we decided to focus our attention on MIR7–3HG
whose overexpression led to a remarkable downregulation of
Renilla activity (Fig. S1B).

AMBRA1 mRNA is a direct target ofMIR7–3HG

A stable interaction based on partial base pairing between
mature MIRNA and the 30-UTR region of an mRNA (the
“MIRNA responsive element”, MRE) is crucial for MIRNA-
dependent regulation of target mRNA and protein levels. A
seed sequence is essential for the MIRNA::mRNA interaction
and it is located in the MIRNA 50-end, at position 2 to 7. In the
seed region occurs the perfect match between a MIRNA and its

mRNA target, while additional residues of the mature MIRNAs
stabilize the contact.38 To validate the effect of MIR7–3HG on
AMBRA1, its wild-type 30-UTR region was cloned downstream
of the cDNA encoding Renilla luciferase in the psiCHECK-2
vector (Fig. 1A, upper panel). In parallel, we also created a
mutant version of this construct by introducing 2 nonconsecu-
tive base changes in the seed region of the AMBRA1-specific
MRE for MIR7–3HG (Fig. 1A, lower panel). Co-transfection of

Figure 1. MIR7–3HG (MIR-7) targets AMBRA1. (A) Schematics representing sequen-
ces of AMBRA1 MRE (top sequence) or its artificially mutated form (bottom
sequence) cloned within the 30-UTR of the reporter Renilla luciferase in the vector
psiCHECK-2. Mutations are marked in lower case letters. MIR7–3HG seed sequence
is in bold. (B) Normalized luciferase activity in lysates from HEK293 cells, co-trans-
fected with the wild-type or mutant AMBRA1 luciferase constructs and negative
control (Empty Vector) or MIR7–3HG plasmids (indicated as MIR7; mean § SD of 3
independent experiments, !p < 0.05.) N.S., not significant. (C) Western blot analy-
sis of cytoplasmic AMBRA1 levels 24 h after transfection with MIR7–3HG-encoding
plasmids (indicated as MIR7) or negative control (Empty Vector). ACTB was used as
an endogenous control. One representative western blot of 3 independent experi-
ments is shown. The right panel shows ImageJ densitometry analysis of 3 indepen-
dent experiments (mean § SD of independent experiments,!!p < 0.01). (D)
AMBRA1 mRNA expression was analyzed by quantitative RT-qPCR 24 h after trans-
fection with MIR7–3HG-encoding plasmids (indicated as MIR7) or negative control
(Empty Vector). Relative quantification was measured by means of the comparative
cycle threshold (DDCt) method (mean § SD of 3 independent experiments,
!p < 0.05).
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MIR7–3HG, together with the wild-type luciferase vector in
HEK293 cells, resulted in a significant decrease in the luciferase
activity, compared with control levels (Fig. 1B, wild-type). By
contrast, MIR7–3HG had no significant effects on the luciferase
levels expressed by the mutant construct (Fig. 1B, mutant).
These results indicate that MIR7–3HG can downregulate
AMBRA1 levels by directly targeting the above described MRE
present in its 30-UTR region.

Effect ofMIR7–3HG overexpression on cellular AMBRA1
levels

To assess whether MIR7–3HG affected the translation of the
endogenous AMBRA1, we analyzed its protein levels upon
transfection with MIR7–3HG-overexpressing plasmid in HeLa
cells (Fig. S1C). Western blot analysis indicates that MIR7–
3HG reduces the endogenous levels of AMBRA1, coherently
with the luciferase assay results (Fig. 1C). In addition, we also
checked AMBRA1 mRNA levels, and demonstrated that they
were, indeed, affected by MIR7–3HG overexpression (Fig. 1D).
We could thus conclude that MIR7–3HG mediates the direct
regulation of AMBRA1 expression.

Overexpression ofMIR7–3HG results in an autophagy
decrease in HeLa cells

Given the effect that MIR7–3HG has on AMBRA1, and consid-
ering the role of AMBRA1 in autophagy, we analyzed the role
of this MIRNA in autophagy signaling and progression. To
date, MAP1LC3/LC3 is the most reliable marker of autophago-
somes, whose formation upon autophagy induction can be
monitored by LC3-I to LC3-II conversion and by detecting
LC3-positive cytosolic puncta. We found that, in basal condi-
tions (DMEM with 10% serum), the overexpression of MIR7–
3HG in HeLa cells reduced LC3 conversion compared to the
control (Fig. 2A). Also, since autophagosome accumulation can
result either from increased de novo autophagosome biosynthe-
sis or inhibition of the autophagy flux, we also measured the
on-rate/off-rate of autophagy by using the lysosomal inhibitor
chloroquine. When we overexpressed MIR7–3HG, we observed
a decrease in the accumulation of LC3-II, with respect to the
control (Fig. 2A). To further confirm our data, we monitored
the autophagy flux and autophagosome formation by measur-
ing LC3-positive puncta in immunofluorescence analyses. In
cells transfected with the control vector, we detected a signifi-
cant number of LC3-II puncta and we observed accumulation
of dots after chloroquine treatment (Fig. 2B, left panels). Con-
versely, MIR7–3HG did not increase LC3 puncta formation
after chloroquine treatment (Fig. 2B, right panels and graph),
supporting our finding that MIR7–3HG induces a block in the
autophagic flux (autophagy on-rate). These observations were
also strengthened by the analysis of LC3 conversion and dot
accumulation upon autophagy induction by starvation
(Fig. 2C, D). In line with what was observed in basal conditions,
after MIR7–3HG overexpression LC3 puncta did not further
increase upon starvation. To further assess the effect of MIR7–
3HG on autophagy, we quantified the levels of the autophagy
receptor SQSTM1/p62, a protein incorporated into phago-
phores (autophagosome precursors) and degraded in

autolysosomes39 in basal and starvation conditions. Upon
MIR7–3HG overexpression, there is a clear reduction in
SQSTM1 degradation in both conditions and in comparison
with the control vector (Fig. 2E).

Further, in order to verify whether or not the observed auto-
phagy modulation was achieved by MIR7–3HG by downregu-
lating other autophagy-related key molecules besides
AMBRA1, we also analyzed the effect of MIR7–3HG on other
autophagy proteins that play a central role in the regulation of
autophagy; among them ULK1 and BECN1, both involved in
autophagy induction40 and a few crucial ATG genes (ATG3,
ATG5, ATG7 and ATG12) in the elongation and closure of
phagophores. Interestingly, we did not observe any changes in
the protein levels of the analyzed autophagy markers after
MIR7–3HG overexpression (Fig. S2A, B).

Last, we checked whether the observed regulation was spe-
cific for tumor cell lines, such as HeLa cells, or common to
other nontumor cells, such as HEK293 (immortalized human
kidney epithelium). We obtained, after MIR7–3HG overexpres-
sion, a decrease in AMBRA1 but also in autophagy flux and
autophagosome formation level as seen with HeLa cells
(Fig. S3). Moreover, we investigated the effect of MIR7–3HG
also in 2 other nontumor cell lines, NIH3T3 (immortalized
murine fibroblasts) or RPE1 (immortalized human retinal epi-
thelium). In all cases MIR7–3HG donwregulated AMBRA1
and inhibited autophagy flux (Fig. S4).

In summary, MIR7–3HG overexpression downregulates
autophagy in both normal and starvation conditions.

MIR7–3HG affects autophagy by downregulating AMBRA1

To demonstrate that MIR7–3HG was acting on autophagy via
AMBRA1, we investigated whether MIR7-insensitive AMBRA1
mRNA could rescue MIR7–3HG-dependent autophagy regula-
tion. To this aim, we generated 2 new constructs carrying the
AMBRA1 coding sequence with a wild-type or mutated
AMBRA1 30-UTR tail (AMBRA1[30-UTR-WT] and AMBRA1
[30-UTR-MUT], respectively). The mutation is hypothesized to
disrupt the specific MIR7–3HG binding to AMBRA1 mRNA
(Fig. 3A). We then overexpressed these constructs simulta-
neously with MIR7–3HG in HEK293 cells and verified that, at
variance with the wild-type form, the mutant construct was
indeed unresponsive to MIR7–3HG (Fig. 3B). Of the greatest
importance, the AMBRA1[30-UTR-MUT] construct was able
to completely rescue autophagy in the given conditions to con-
trol levels, as monitored by LC3 and SQSTM1/p62 in an
autophagy flux assay (Fig. 3C).

Altogether, these results suggest the existence of a clear epi-
static relationship between MIR7 and AMBRA1 in autophagy
downregulation, irrespective of the cell type analyzed.

AntagoMIR againstMIR7–3HG induces an increase of
AMBRA1 protein levels and positively regulates autophagy

In the previous set of experiments, we observed that overex-
pression of MIR7–3HG caused a dramatic decrease in
AMBRA1 protein levels, leading to an efficient block in the
autophagy process. Based on these results, we next moved to
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another cellular system of tumor origin (A549 cells), exhibiting
a very low level of AMBRA1.28 siMIRNA are chemically engi-
neered oligonucleotides conceived to block specific endogenous
MIRNAs. To test whether silencing endogenous MIR7–3HG

could have an impact on target mRNA and protein levels,
we obtained MIR7–3HG-specific siMIRNA (siMIR7–3HG,
Fig. S5). We next transfected A549 cells with siMIR7–3HG or
nonspecific control siMIRNA (Ctrl siRNA), and then

Figure 2. MIR7–3HG (MIR7) overexpression downregulates basal autophagy. (A) Analysis of cytoplasmic LC3-I and LC3-II levels, by using anti-LC3A/B antibody, on extracts
from cells untreated or treated with chloroquine (CHQ; 20 mM, 30 min). All samples were analyzed 24 h after transfection with MIR7–3HG-encoding plasmids (indicated
as MIR7) or negative control (Empty Vector). ACTB was used as a loading control. One representative western blot of 3 independent experiments is shown. The right
graphs show the quantification of autophagy flux as the ratio between LC3-II in chloroquine-treated and LC3-II in untreated cells, the rate of LC3-I in LC3-II conversion
and the quantification of LC3-II in the untreated samples. ImageJ densitometry analysis of 3 independent experiments (mean § SD of independent experiments,
!p < 0.05, !!!p < 0.001). (B) MIR7–3HG blocked LC3 dot accumulation in samples treated with chloroquine. Cells were transfected with MIR7–3HG (indicated as MIR7) or
Empty Vector and untreated (upper panels) or treated with chloroquine (20 mM, 30 min, lower panels). Scale bar: 5 mm. GFP fluorescence is shown in the red channel.
The right graph shows the quantification of LC3 dots per transfected cell as the ratio between chloroquine-treated and -untreated cells (mean § SD of 3 independent
experiments, !p < 0.05). Statistical analysis was performed using the Student t test. (C) Overexpression of MIR7–3HG downregulates starvation-induced autophagy. Star-
vation-induced and autophagy related LC3-I to LC3-II conversion, by using anti-LC3A/B antibody, after MIR7–3HG overexpression (indicated as MIR7) is shown by immuno-
blots of control or MIR7–3HG-transfected cells that were nonstarved (STV-) or starved for 2 h (STVC). ACTB was used as loading control. The right graph shows ImageJ
densitometry analysis of 3 independent experiments (mean § SD of independent experiments, !p < 0.05, !!p < 0.01). (D) Analysis of LC3 dot formation in HeLa cells,
transfected with MIR7–3HG (indicated as MIR7) or empty vector. Autophagy was assessed under starvation conditions (2 h, lower panels). Scale bar: 5 mm. GFP fluores-
cence is shown in the red channel. The right graph shows the quantification of LC3 dots per transfected cell as the ratio between starved and nonstarved cells (mean §
SD of 3 independent experiments, !!p < 0.01). Statistical analysis was performed using the Student t test. (E) Analysis of the starvation-induced and autophagy-related
SQSTM1 degradation in MIR7–3HG transfected HeLa cells (indicated as MIR7). The right graph shows ImageJ densitometry analysis of 3 independent experiments (mean
§ SD of independent experiments, !!!p < 0.001, !!p < 0.01).
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monitored AMBRA1 protein and mRNA levels. We observed
that transfection with siMIR7–3HG led to an increase in
AMBRA1 protein (Fig. 4A) and a milder but significant
increase in AMBRA1 mRNA levels (Fig. 4B) compared to the
control antagoMIRs, confirming the MIR7–3HG-dependent
AMBRA1 regulation.

Next, we analyzed autophagy upon biologically relevant inhi-
bition of MIR7–3HG activity. In line with the previous experi-
ments, interference of MIR7–3HG in the lung carcinoma cell
line A549 by siMIR7–3HG caused an increase in the rate of
LC3-I to LC3-II conversion and SQSTM1 degradation, when
compared with control cells grown in basal conditions (Fig. 4A
and Fig. 4C). The second step was to analyze the autophagic flux
after MIR7–3HG silencing using the siMIR7–3HG antagoMIR.
As shown in Figure 4C, after chloroquine treatment, we could
appreciate a higher autophagosome accumulation in samples
interfered for MIR7–3HG, respective to the control.

AntagoMIR againstMIR7–3HG induces an increase of MYC
phosphorylation at serine 62

Recently, we have demonstrated that AMBRA1, through a
direct binding with the catalytic subunit of the serine/threo-
nine-protein phosphatase 2A (PPP2/PP2A), is able to mediate
the dephosphorylation of phospho-MYC on serine 62 (p-MYC
[S62]) and, consequently, its proteasomal degradation.28,6

Primed by this evidence, we analyzed the level of p-MYC
(S62) upon transfection of A549 cells with siMIR7–3HG. Of
note, this cell line exhibits a clear inverse correlation between
AMBRA1 (low) and p-MYC (S62) (high) protein levels.28

When we transfected the A549 cell line with siMIR7–3HG,
besides an AMBRA1 increase, we observed a decrease of p-
MYC (S62) (Fig. 5A). As previously shown,28,6 also in this sys-
tem, the downregulation of p-MYC (S62) induced MYC degra-
dation (Fig. 5B).

Figure 3. Overexpression of MIR7–3HG-insensible AMBRA1 rescues the autophagy phenotype. (A) Scheme representing sequences of AMBRA1 mRNA with wild-type 30-
UTR (top sequence) or its artificially mutated form in the MIR7–3HG responsive element (bottom sequence). Mutations are marked in lower case letters. MIR7–3HG seed
sequence is in bold. (B) Western blot analysis of AMBRA1 wild-type or mutated 24 h after cotransfection with MIR7–3HG-encoding plasmids (indicated as MIR7) or nega-
tive control (Empty Vector). Different bands are detected upon AMBRA1 overexpression, with the band indicated by the arrow corresponding to the expected size-range
for full-length AMBRA1. The other bands, with lower molecular weights, correspond to AMBRA1 full-length cleavage products.28 ACTB was used as endogenous control.
One representative western blot of 3 independent experiments is shown. The right panel shows ImageJ densitometry analysis of the band of 3 independent experiments
(mean § SD of independent experiments,!!p <0.01). (C) Analysis of autophagy flux following overexpression of AMBRA1 wild type or mutated, 24 h after cotransfection
with MIR7–3HG-encoding plasmids (indicated as MIR7) or negative control (Empty Vector). Western blot analysis of LC3-II and SQSTM1 accumulation, using LC3B and
SQSTM1 antibody, in extracts from cells untreated or treated with chloroquine (CHQ; 20 mM, 30 min). ACTB was used as loading control. One representative western blot
of 3 independent experiments is shown. The right graphs show the quantification of autophagy flux measures as the ratio between LC3-II and SQSTM1 in chloroquine-
treated and untreated cells (upper graphs), the rate of LC3-I to LC3-II conversion and the quantification of LC3-II (lower graphs) in the untreated samples. The data show
ImageJ densitometry analysis of 3 independent experiment (mean § SD of independent experiments, !p < 0.05,!!p < 0.01, !!!p < 0.001).
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Given the reported activity of p-MYC (S62) on the MIR7–
3HG promoter and MIR7–3HG transcription,30 we sought to
investigate whether an AMBRA1 unable to bind the p-MYC
(S62) phosphatase PPP2/PP2A (AMBRA1PXP)28 decreased the
impact of MYC on MIR7–3HG transcription. Interestingly,
overexpression of wild-type AMBRA1, but not of its mutant
form could regulate MIR7–3HG expression in lung cancer cells
(Fig. 5C, right graph).

These data strongly suggest that AMBRA1-mediated regula-
tion of p-MYC affects MIR7–3HG expression, thus establishing
a feedback loop.

MIR7–3HGmodulation in A549 cells has an impact on cell
proliferation

Given the role of AMBRA1 in cell cycle regulation28 and in
order to assess if AMBRA1 modulation mediated by MIR7–
3HG could have an effect on cell proliferation, we analyzed the
proliferation rate of A549 cells after MIR7–3HG inhibition by a
cell viability assay. Indeed, MIR7–3HG inhibition led to a
decrease of proliferation when compared with control cells that
was rescued upon AMBRA1 overexpression (Fig. 6A). In line
with this finding, overexpression of MIR7–3HG in HeLa cells,
that express moderate levels of MIR7, led to a cell number
increase (Fig 6B). Also in this case, AMBRA1 overexpression

compensated for the effect of MIR7–3HG overexpression,
priming the cells to proliferate similar to the control.

MIR7–3HG and AMBRA1 expression inversely correlate in
human lung tumor samples compared to normal tissues

Primed by our findings in the lung tumor cell line A549, we set
out to investigate the reciprocal AMBRA1-MIR7–3HG regula-
tion in silico in human lung tumor samples. To this aim, RNA-
Seq data for 58 and 51 paired samples have been analyzed for
LUAD (LUng ADenocarcinoma) and LUSC (LUng Small Cells
cancer) data sets deposited in TCGA (The Cancer Genome
Atlas database), respectively. We decided to focus only on the
paired samples since the expression levels of AMBRA1 vary
remarkable from sample to sample. It is thus important to be
able to compare the tumor samples to normal samples from
the same patient as a reference to identify cases in which the
gene is up- or downregulated.

We found that more than 40% and 60% of the LUAD and
LUSC samples, respectively, have a negative log2FC for the
AMBRA1 gene, indicating that in these tumor samples
AMBRA1 is downregulated with respect to the normal samples.
The other cluster of patient data in which the log2FC is positive
have not been further investigated in this study, since other
mechanisms such as the absence of other regulators of its

Figure 4. Inhibition of endogenous MIR7–3HG (MIR7) leads to AMBRA1 upregulation and increased autophagy. (A) Western blot analysis in the A549 cell line of cyto-
plasmic AMBRA1 and SQSTM1 levels, 72 h after transfection with siMIR7 (siRNA anti-MIR7–3HG) or negative control (Ctrl siRNA, control siRNA). ACTB was used as an
endogenous control. One representative western blot of 3 independent experiments is shown. The right panels show ImageJ densitometry analysis of 3 independent
experiments (mean § SD of independent experiments, !!p < 0.01). (B) AMBRA1 mRNA expression was analyzed by quantitative RT-PCR, 72 h after overexpression of
siMIR7–3HG (indicated as siMIR7). Relative quantification was measured by means of the comparative cycle threshold (DDCt) method (mean § SD of 3 independent
experiments, !p < 0.05). (C) Analysis of cytoplasmic LC3-I and LC3-II levels, by using anti-LC3A/B antibody, on extracts from cells untreated or treated with chloroquine
(20 mM, 30 min). All samples were analyzed 72 h after transfection with siMIR7 (siRNA anti-MIR7–3HG) or negative control (Ctrl siRNA, control siRNA). ACTB was used as a
loading control. One representative western blot of 3 independent experiments is shown. The right graphs show the quantification of autophagy flux as the ratio between
LC3-II in chloroquine-treated and untreated cells, the rate of LC3-I to LC3-II conversion and the quantification of LC3-II in the untreated samples. ImageJ densitometry
analysis of 3 independent experiments (mean § SD of independent experiments, !p < 0.05).
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expression levels could account for expression changes, consid-
ering the high heterogeneous spectrum of cancer-related mech-
anisms. We thus focused on the samples characterized by
log2FC, and we analyzed the levels of MIR7–3HG in tumor
and normal samples. We observed that MIR7–3HG was always
overexpressed in the given tumor cases for LUAD and in 90%
of the LUSC samples where AMBRA1 was downregulated
(Figure 6C, D), supporting the existence of a tight correlation
between MIR7–3HG and AMBRA1 expression levels in cancer
patient data.

Discussion

Autophagy plays essential roles in different cellular processes,
and many studies have recently demonstrated the involvement
of MIRNA-mediated regulation of proteins in the autophagy
pathway. Very recently a correlation was described between
MIR23A and AMBRA1 in autophagy regulation during UV-
stress-induced premature senescence.41 However, only few of
these studies have investigated in depth the effect of MIRNAs
on autophagic flux or attempted to identify the physiological
context in which the MIRNA may be linked to autophagy. In

this study, we introduce MIR7–3HG as a new autophagy-regu-
lating MIRNA that acts as an oncogene in lung cancer cells, by
blocking autophagy in favor of cell proliferation.

Data obtained from the in silico analysis of AMBRA1, a key
protein in autophagy regulation, identified MIR7–3HG as a
strong candidate for AMBRA1 regulation. Indeed, we observed
that MIR7–3HG overexpression causes a significant decrease in
AMBRA1 levels; we also demonstrated that this regulation
occurs trough the binding of MIR7–3HG to a canonical MIR7–
3HG responsive element present in the 30-UTR region of
AMBRA1 mRNA, a domain that is broadly conserved among
vertebrates. In fact, taking advantage of a luciferase assay, we
validated AMBRA1 mRNA as a direct target of MIR7–3HG.

To investigate the AMBRA1-MIR7–3HG axis in autophagy
regulation we next decided to study LC3-II levels upon
AMBRA1 downregulation in both basal and starvation condi-
tions or in a number of tumor and nontumor cell lines. We dem-
onstrated by several approaches that MIR7–3HG
overexpression decreases the conversion rate of LC3-I into LC3-
II, positively modulates SQSTM1/p62 and plays an important
role in blocking the autophagy flux. Also, we have proven the
AMBRA1 binding by MIR7–3HG to be functional to this

Figure 5. Inhibition of endogenous MIR7–3HG (MIR7) leads to an increase of MYC dephosphorylation and to a decrease in cell proliferation. (A) Western blot analysis of
AMBRA1, p-MYC (S62) and MYC levels, 72 h after A549 cells transfection with siMIR7 (siRNA anti-MIR7–3HG) or negative siRNA control (Ctrl siRNA, control siRNA). ACTB
was used as a loading control. One representative western blot of 3 independent experiments is shown. The right graph shows the ratio between p-MYC (S62) and MYC
proteins (ImageJ densitometry analysis of 3 independent experiments [mean § SD of independent experiments, !!!p < 0.001]). (B) Cells transfected with siMIR7–3HG or
negative siRNA control (Ctrl siRNA, control siRNA) were treated with 50 mg ml¡1 cycloheximide (CHX) and collected at the indicated time points. Protein extracts of cells
were analyzed by western blot, using antibodies against MYC. ACTB was used as a loading control. The right panel shows ImageJ densitometry analysis of the band of 3
independent experiments (mean § SD of independent experiments,!!p < 0.01, !p < 0.05). (C) Western blot analysis in the A549 cell line of cytoplasmic p-MYC (S62)
72 h after transfection with a plasmid encoding AMBRA1WT, AMBRA1PXP or with GLB1/ß-galactosidase, as a negative control. The right graph shows the relative quantifica-
tion of endogenous MIR7–3HG in A549 cells after transfection. The level of endogenous MIR7–3HG was analyzed by quantitative RT-PCR. Relative quantification was mea-
sured using the comparative cycle threshold (DDCt) method (mean § SD of 3 independent experiments, !p < 0.05).
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regulation. Altogether, these results demonstrate that MIR7–
3HG has a role in autophagy regulation via AMBRA1. It should
be mentioned that an opposite and specific role for MIR7–3HG
overexpression in human lung cancer cells has been previously
reported,42 although based on a different protocol of transduc-
tion of MIR7–3HG, on a fluorescent-reporter detection method
to monitor autophagy and, most important, at a very much later
time point. Indeed, we cannot exclude, based on our data, that
in a later phase of cell growth, autophagy gets primed as a sec-
ondary feedback response, resulting in decreased cell survival.

Recent data strongly support a physiological and pathologi-
cal relevance for the crosstalk between autophagy and other

pathways.43,44 As an example, autophagy-related proteins also
affect cell proliferation.26,28,45,46 Indeed, to adapt to nutrient
deprivation or other cell stresses, a simultaneous regulation of
autophagy and cell growth occurs in eukaryotic organisms.
First, a plethora of signaling molecules and pathways have
opposite effects on cell growth and autophagy, supporting the
idea that these processes might represent mutually exclusive
cell fates.47 Such a reciprocal inhibition between autophagy and
cell growth can occur either through direct regulatory mecha-
nisms, most of which remain to be determined to date, or
through the same signaling pathways that act independently
and simultaneously on autophagy and cell growth.

Figure 6. MIR7–3HG (MIR7) affects proliferation in an AMBRA1-dependent manner. (A) The graph shows the MIR7–3HG overexpression effect on cell proliferation in HeLa
cells. (B) The left graph shows the siMIR7–3HG effect on cell proliferation in A549 cells. In (A) and (B) the proliferation rate was measured by the AlamarBlue! Cell Viability
assay. All samples were analyzed 48 h after transfection with siMIR7–3HG or the negative control siRCtrl (mean § SD of independent experiments, !p < 0,05; !!!p <
0.001). (C) Inverse correlation between MIR7–3HG levels and AMBRA1 expression in lung cancer. Expression levels of AMBRA1 (left graphs) and MIR7–3HG (right graphs)
in LUAD (upper graphs) and LUSC (lower graphs) datasets from TCGA comparing normal (NT) to tumor primary (TP) samples. Center lines in the boxplot show the
medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percen-
tiles, outliers are represented by dots.
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AMBRA1, a well-characterized positive regulator of the
autophagy pathway, affects cell proliferation both in vitro and
in vivo.24,26,28 In more detail, embryos homozygous for the
gene-trap mutation in the Ambra1 locus (Ambra1gt/gt embryos)
are affected by a dramatic hyperproliferative phenotype of the
neuroepithelium, appearing at the onset of neurulation.26

Moreover, AMBRA1 downregulation or its overexpression in
human cell lines result in a significant increase or decrease of
the cell proliferation rate, respectively.26,28 By taking these lines
of evidence into account, the relevance of AMBRA1 in control-
ling cell proliferation and guaranteeing cell survival upon auto-
phagic stress is evident.

Primed by these findings, we thus investigated whether
ovexpression of MIR7–3HG, in our cellular model, could affect
at the same time autophagy and cell proliferation. Overexpres-
sion of MIR7–3HG in HeLa and A549 cell lines resulted in a
decrease of the autophagy flux, as previously described, and, at
the same time, in a parallel increase in cell proliferation. By
contrast, we obtained an opposite effect when we used an anta-
goMIR construct that decreases MIR7–3HG expression, leading
to a decrease in cell proliferation and an increase in autophagy.

In recent years, AMBRA1 has emerged as a scaffold mole-
cule that serves as a platform for autophagy-related complexes
and as an early autophagy regulator, linking this process to a
number of other cellular activities.27 In this work, we have dem-
onstrated that MIR7–3HG, via AMBRA1 downregulation,
could be the circuit breaker between autophagy and cell prolif-
eration. Indeed, through MIR7–3HG inhibition or activation,
cells could be able to control both autophagy and proliferation.

Of note, we have previously demonstrated that AMBRA1,
through its interaction with the phosphatase PPP2/PP2A,
dephosphorylates the oncogene MYC, thereby enhancing its
proteasomal degradation.28 In this way, AMBRA1 is able to
control MYC cellular levels, thus acting as a tumor suppressor.
In various lung cancer cell lines, we observed a low expression
level of AMBRA1 and high expression levels of phosphorylated
MYC.28 In lung cancer, MIR7–3HG expression is regulated by
MYC, which promotes MIR7–3HG transcription.48 Here, based
on the interference of MIR7–3HG in A549 lung cancer cells, we
suggest that MIR7–3HG maintains the balance of this inverse
correlation between AMBRA1 and phospho-MYC. In fact, by
blocking MIR7–3HG expression in A549 cells, we obtained an
increase in AMBRA1; this finding correlates with a parallel
enhancement in autophagy levels and a decrease in phosphory-
lated MYC levels. Through our experiments, we thus found
that MIR7–3HG, through AMBRA1 downregulation, can regu-
late not only autophagy, but also the levels of MYC, a transcrip-
tion factor regulating MIR7–3HG’s own activity. This would
establish a positive feedback for MIR7–3HG transcription.

In sum, we identified a regulatory loop, in which there is a
mutual regulation between MIR7–3HG and AMBRA1. On the
one hand, there is a direct post-transcriptional downregulation
of MIR7–3HG on AMBRA1 expression; on the other hand,
AMBRA1 is able to downregulate MIR7–3HG transcription by
promoting proteasomal degradation of its transcriptional regu-
lator MYC (Fig. 7). Such evidence, together with the observa-
tion that MIR7–3HG is deregulated in lung cancer cells, in
which autophagy and AMBRA1 play a central role, leads us to

Figure 7. Proposed working model for the MYC-MIR7–3HG-AMBRA1 axis. In this regulatory loop, MIR7–3HG downregulates AMBRA1 expression, and promotes its own
transcription mediated by MYC. This model favors cell proliferation to the detriment of autophagy (for details see the text).
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hypothesize that MIR7–3HG and AMBRA1 interaction could
be critical for the onset and progression of lung carcinoma. Of
the highest importance, both LUAD and LUSC lung cancer in
humans (with the A549 cell lined being derived from a LUAD
tumor), show a striking inverse correlation between AMBRA1
mRNA and MIR7–3HG levels, which is lost in normal tumor
from the same patients.

The importance of both autophagy and MIRNAs in cancer
is emerging in recent years. It is widely demonstrated that
altered autophagy is associated with tumor formation and pro-
gression, and with an altered response to several types of cancer
treatment. The results reported here suggest that MIRNAs have
the potential of modulating autophagy through regulation of
expression of key autophagy genes, such as AMBRA1, provid-
ing evidence for a new role of MIRNAs highly correlated with
cancer biology.

The finding that MIR7–3HG modulates the expression of
the tumor suppressor AMBRA1, thereby promoting its expres-
sion, supports indeed the idea that MIR7–3HG is a promising
prognostic biomarker and a therapeutic target for lung cancer.
Our findings imply that by modulating MIR7–3HG in lung
cancer cells, it could be possible to switch a cell phenotype
towards a more autophagic profile and a less proliferative state.

In the future, it could be interesting to investigate, in non-
malignant cells, whether there is a correlation between the pres-
ence of polymorphisms or genetic rearrangements of the
AMBRA1 30-UTR or if that could have a protective role in can-
cer insurgence and progression.

Material and methods

Cell culture and reagents

HEK293, NIH3T3, RPE1 and HeLa cells were cultured in Dul-
becco’s modified Eagle’s medium (LONZA, BE12–604F) sup-
plemented with 10% fetal bovine serum (GIBCO, 10270–106),
in a CO2-humidified incubator at 37"C. A549 cell lines were
similarly cultured in RPMI 1640 (LONZA, BE12–702F) supple-
mented with 10% fetal bovine serum. For autophagy induction
cells were washed with phosphate-buffered saline (UCS Diag-
nostic, PBS1199) and cultured for 2 h in Earle’s balanced salt
solution (Sigma-Aldrich, E2888). All the cell lines were tran-
siently transfected with expression vectors using Lipofectamine
2000 (Invitrogen, 11668–019) as indicated by the supplier.
Viral infection of A549 cells with the retroviral AMBRA1-cod-
ing constructs was performed as previously described.25,28

When indicated, cells were incubated in the presence of 50 mg
ml¡1 cycloheximide (Sigma Aldrich, 200–636–0) and 20 mM
chloroquine (Sigma Aldrich, 50–63–5).

Plasmid constructs

A construct coding for MIR7–3HG overexpression was produced
by cloning the pri-MIRNA sequence, with 100 nucleotides
upstream and downstream of the pre-MIRNA, in the pSP65 plas-
mid into the U1snRNA expression cassette (according to Denti49).
The full-length human 30-UTR sequence of AMBRA1 was ampli-
fied by PCR and then directionally cloned inNotI and XhoI unique
restriction site of the psicheck2 plasmid (Promega, C8021),

downstream of the Renilla luciferase gene. This kind of vector also
contains the firefly luciferase to normalize transfection efficiency.
AMBRA1–30-UTR mutated in the MIR7–3HG recognition ele-
ment was created by site-directed mutagenesis (Agilent Technolo-
gies, 200518), using AMBRA1 30 UTR as a template. The linker
primers used during the study were; AMBRA1 50- CATCTCGA-
GAGACAAACGTTGCACTGGTG-30; 50- CATGC
GGCCGCGAGGGGCATGTCATCATTTT-30; AMBRA1 mutant
primers 50- AGCCTCCAGAGAGTGAACAGTGTACCAGATCT
GGGCCAATCATCCT-30 and the exact reverse complement.

Target prediction

MIRNA targets were predicted using publicly available bioinfor-
matics tools. Target scan (http://www.targetscan.org/); Pictar
(http://pictar.mdc-berlin.de/cgi-bin/new_PicTar_vertebrate.cgi
?species D vertebrate), MIRanda (http://www.microrna.org/
microrna/getGeneForm.do), diana TOOLS (http://diana.imis.
athena-innovation.gr/DianaTools/index.php?r D microT_CDS
/index)

Immunoblotting and antibodies

Cells were lysed at the indicated time points in RIPA buffer
(50 mM TRIS-HCl, pH 7.4, 150 mM NaCl, 1% NP40 [Ther-
moFhisher Scientific, FNN0021], 0.25% Na-deoxycholate
[ThermoFisher Scientific, 89904]) supplemented with complete
protease inhibitor cocktail (Roche, 04–693–131–001) and
1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich, P7626).
Protein extracts (20 mg per well) were analyzed using 7% or
12% SDS-polyacrylamide gels and then transferred onto nitro-
cellulose membranes (Millipore, IPVH00010). Membranes
were blocked in 5% nonfat milk in TBST (50 mM Tris-Cl, pH
7.5, 150 mM NaCl, 0.1% Tween 20 [Sigma-Aldrich, P 9416],
pH 7.4) for 1 h and then incubated with a 5% milk-containing
TBST solution containing the following primary antibodies:
Anti-ACTB (Sigma Aldrich, A2066; 1:2,000), anti-p-MYC
(S62) (Abcam, ab78318), anti-SQSTM1 (Santa Cruz Biotech-
nology, sc-28359), anti-BECN1 (Santa Cruz Biotechnology, sc-
11427), anti-AMBRA1 (Santa Cruz Biotechnology, sc-398204),
and anti-LC3 (Cell Signaling Technolog,y 27755 and 12741).
Following incubation with horseradish peroxidase-coupled sec-
ondary anti-mouse (Bio-Rad, 170–6516) and anti-rabbit anti-
body (Bio-Rad, 170–6515), bands were revealed by
chemiluminescence. Band intensities were quantified using
ImageJ software.

Immunocytochemistry

Cells were washed in PBS and fixed with 4% paraformaldehyde
in PBS for 30 min. After permeabilization with 0.4% Triton X-
100 (Sigma-Aldrich, X100) in PBS for 5 min, cells were blocked
in 3% normal goat serum (Sigma-Aldrich, G9023) in PBS and
incubated overnight at 4"C with primary antibodies; we used
the antibodies directed against LC3. Cells were then washed in
blocking buffer and incubated for 1 h with labeled anti-mouse
(Molecular Probes, Alexa Fluor 488, A11017 or Alexa Fluor
555, A20187) or anti-rabbit (Jackson Immuno Research, FITC,
111–095–003 or Cy3, 115–165–166) secondary antibodies.
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Nuclei were stained with 1 mg/ml DAPI and examined under a
Zeiss LSM 700 100_ oil-immersion objective (Zeiss, Oberkoe-
chen, Germany). We used ‘ZEN 2009 Light edition’ software
for image analysis. All measurements in this work were per-
formed by a blind approach. All analyses were performed in
nonsaturated single z-confocal planes.

RNA isolation and real-time RT-PCR for AMBRA1mRNA
quantification

RNA was extracted from HeLa and A549 cells using QIAGEN
MIRNeasy kit (217004) following the manufacturer’s instructions.
Extracted RNA (800 ng) was used for reverse transcription and
500 ng of random primers for each mg of RNA was added to each
tube. Samples were heated to 70"C for 5 min followed by immedi-
ate incubation on ice. M-MLV reaction buffer (1X), dNTPs, RNase
inhibitor (1U/ml), andM-MLV reverse transcriptase (8U/reaction)
(Promega, 9PIM170) were added to the mix and were incubated
for 1 h at 37"C. Real-time PCR was performed using LightCycler
480 SYBR Green I Master and the LightCycler 480 System (Roche)
following the manufacturer’s instructions. mRNA change was
quantified with the 2¡DDCT method using RPL34 as mRNA con-
trol. The following primers where used for quantitative real-time
PCR: Ambra1 (F: AACCCTCCACTGCGAGTTGA, R: TCTACC
TGTTCCGTGGTTCTCC), RPL34 (F: GTCCCGAACCCCTGG-
TAATAGA, R: GGCCCTGCTGACATGTTTCTT).

Real-time RT-PCR for endogenus MIRNA quantification

RNA was extracted from A549 cells. Extracted RNA (800 ng)
was used for reverse transcription following the manufacturer’s
instructions using miScript Reverse Transcriptase Mix, miS-
cript RT Buffer, RNase-Free Water (Quiagen, 218061). qPCR
reactions were performed following manufacturer’s instruc-
tions for QuantiTect SYBR Green PCR Master Mix, miScript
Univerthe sal Primer (Quiagen, 218073). MIRNA change was
quantified with the 2¡DDCT method using RNU6–1 (RNA, U6
small nuclear 1) as control.

Luciferase assay

Firefly and Renilla luciferase activities were measured 48 h
post-transfection using the dual-luciferase reporter assay sys-
tem (Promega, E1910) according to the manufacturer’s instruc-
tions. Results were expressed as Renilla luciferase activity
normalized to firefly luciferase activity.

siRNA MIRNA

The A549 cells were transfected with miRCURY LNATM,
against MIR7–3HG (MIMAT0000252) and as control we uti-
lized microRNA inhibitor negative control A purchase from
Exigon.

Statistical analyses

Statistical analyses were performed using the Student 2-tailed t
test. Data are shown as means § SD of n independent experi-
ments. Values of p < 0.05 were considered significant.

Analyses of lung cancer data sets from The Cancer
Genome Atlas database

RNA-Seq data for LUAD and LUSC paired samples have been
downloaded from The Cancer Genome Atlas (TCGA) and pre-
processed with the TCGAbiolinks R package.50 In particular,
we downloaded the data for 58 and 51 patient samples for lung
adenocarcinoma (LUAD) and lung squamous cell carcinoma
(LUSC), respectively. At first, we searched for possible outliers
using the TCGAnalyse Preprocessing function of TCGAbio-
links, which performs an Array Array Intensity correlation
analyses, i.e. a square symmetric matrix of Pearson correlation
among all samples. According to this analysis we did not find
samples with correlation lower than 0.6 in LUAD so all the
samples have been retained for further analyses, whereas one of
the samples was discarded for LUSC. Afterwards, using the
TCGAnalyze_Normalization function of TCGAbiolinks, we
normalized the mRNA transcripts using the EDASeq R pack-
age. In this step, we used normalization procedures to adjust
for GC-content and gene-length effects on read counts and full
quintile normalization.51 Fold change (FC) of tumor samples
with respect to normal has been calculated and log2 (log2FC)
transformed and used to classify the patient samples according
to changes in AMBRA1 expression levels of tumor versus nor-
mal samples. The MIR7–3HG microRNA expression levels cor-
responding to the same samples for which RNA-Seq data were
available have been also analyzed as log2 transformed normal-
ized RSEM counts (for a total of 53 and 48 samples, for LUAD
and LUSC, respectively). The data were produced using the
Illumina HiSeq 2000 mRNA/MIRNA sequencing platform.
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a b s t r a c t

Mitochondria are considered the powerhouse of the cell and disturbances in mitochondrial functions are
involved in several disorders such as neurodegeneration and mitochondrial diseases. This review sum-
marizes pharmacological strategies that aim at modifying the number of mitochondria, their dynamics
or the mitochondrial quality-control mechanisms, in several pathological instances in which any of these
mechanisms are impaired or abnormal. The interplay between different cellular pathways that involve
mitochondria in order to respond to stress is highlighted. Such a high mitochondrial plasticity could be
exploited for new treatments.

© 2015 Published by Elsevier Ltd.

1. Introduction

In mitochondria, energy obtained by nutrients is converted,
thanks to the oxidative phosphorylation system (OXPHOS) –
located in the inner-membrane of the mitochondria, into ATP. Mito-
chondria plays many other roles, such as regulating signals through
mitochondrial reactive oxygen species (ROS) [1] that they produce,
in regulating the membrane potential [2] and cell death processes
[3], and in modulating calcium signalling [4] and steroid produc-
tion [5]. According to the endosymbiotic hypothesis, mitochondria
were previously considered to be prokaryotic cells (derived from
alphaproteobacteria) and able to carry out oxidative functions that
were not possible for eukaryotic cells. Mitochondria next went on to
be considered as endosymbionts inside the eukaryotes. This speci-
ficity renders the mitochondria a unique organelle with its own
mitochondrial DNA (mtDNA). However, mtDNA encodes only a few
crucial proteins (13 proteins). Consequently, a controlled importa-
tion of nuclear DNA (nuDNA)-encoded proteins is required to allow
a proper mitochondria functionality [6].

Mitochondrial shape is also crucial for their function, this being
regulated through an association with the cytoskeleton [7]. More-
over, mitochondria are highly dynamic organelles, undergoing

∗ Corresponding author at: IRCCS Fondazione Santa Lucia, 00143 Rome, Italy.
Tel.: +39 6501703093.

E-mail address: f.strappazzon@hsantalucia.it (F. Strappazzon).

continuous fusion and fusion in order to react to extra cellular
stressors [8].

When the organelle is excessively damaged, it becomes danger-
ous for the cell, initiating the apoptotic pathway [9]. Fortunately,
cells have developed a mitochondrial quality control system that
can selectively degrade damaged mitochondria, through a selective
autophagic process, called mitophagy [10]. Healthy and damaged
mitochondria are illustrated in a simplified way in Fig. 1.

Considering that mitochondria, the principal source of energy
for the cell, coordinate metabolism, and coordinate a subtle balance
between mtDNA and nuDNA transcription and translation, it is not
surprising that defects in these functions are involved in several
diseases requiring therapy [11,12].

In particular, ageing-related diseases, such as neurodegenera-
tive diseases and cancer are linked to mitochondrial disturbances.
For instance, mitochondrial dysfunction and increased oxida-
tive damage (high production of ROS that can in turn damage
mtDNA) are often associated with Alzheimer disease (AD), and
Parkinson disease (PD), suggesting that oxidative stress may
play an important role in the pathophysiology of these diseases
[13]. Moreover, mtDNA mutations could contribute to cancer
progression by increasing mitochondrial oxidative damage and
changing the energy capacities of the cell (reviewed in [14]).
Finally, metabolic disorders such as obesity and type 2 diabetes,
are also directly linked to mitochondrial dysfunction. A number
of mitochondrial therapeutic interventions aimed at improv-
ing these metabolic disorders have been favourably reviewed
[15].
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Fig. 1. Mitochondrial physiology and its major dysfunctions: principal pathways that can be manipulated to restore the organel functions. Mitochondria produce ATP through
the oxidative phosphorylation system (OXPHOS). When the cytosolic ATP/ADP ratio becomes too low, the AMP-dependent kinase (AMPK) is activated and acts principally
on the transcriptional co-activator PGC-1!. Mitochondrial DNA (mtDNA) encodes 13 key proteins responsible for respiratory chain synthesis and ATP synthase. The other
mitochondrial proteins are imported from the cytosol after transcription of nuclear DNA (nuDNA). Mutations of the mitochondrial or nuclear DNA lead to alterations in the
respiratory chain that, in turn, induce an increase in ROS production. Following apoptotic stimuli, the mitochondrial outer membrane becomes permeable (pore-opening)
and cytochrome c (Cyt c) is released into the cytosol, where it can activate the apoptotic pathway.

Here are discussed the strategies aimed at repairing mitochon-
dria functions in diseases in which they are damaged, such as PD,
AD, Charcot–Marie–Tooth type 2A, the dominant optic atrophy and
mitochondrial diseases such as the mitochondrial encephalopathy
lactic acidosis. Thanks to the growing understanding of mito-
chondrial functions, we are now able to act, by using therapeutic
compounds, on several functional aspects of the organelle. In this
review, we present pharmacological strategies that affect mito-
chondria biogenesis, mitochondrial dynamics and mitochondria
quality control, and we try to highlight the high plasticity that offers
mitochondria a mechanism for coping with stress.

2. Strategies that affect mitochondrial biogenesis

Mitochondrial diseases are characterized by mutations on
genes mtDNA- or nuDNA-encoded. For example, mitochondrial
encephalopathy lactic acidosis is a disease due to a mutation in the
mitochondrial tRNA gene that leads to defective assembly of oxida-
tive phosphorylation complexes and defects in energy metabolism
in the neuromuscular system [16]. Mutations on nuclear-encoded
mitochondrial genes can also lead to defects in mitochondrial
metabolic functions [17,18]. Cellular energy deficit is also a fea-
ture of several diseases, such as neurodegeneration, cancer, and
metabolic diseases as obesity and type 2 diabetes [19]. Conse-
quently, boosting mitochondria biogenesis, and thus the number of
mitochondria, has considerable therapeutic potential since it may
enhance ATP synthesis.

Physiologically, mitochondria number is stimulated following
a workload or a reduction in nutrients. Indeed, caloric restric-
tion is the well-known physiological intervention that can increase

lifespan [20]. A well-known way to stimulate mitochondrial
biogenesis is to exert pressure on PGC-1! (peroxisome proliferator-
activated receptor gamma coactivator 1 alpha), a key player in
mitochondrial biogenesis. PGC-1! stimulates the activity of tran-
scription factors such as nuclear respiratory factor (NRF-1), which,
in turn, modulates the expression of other factors important for
mtDNA replication and transcription [21]. More recently, synthetic
chemicals that mimic the effects of a low-calorie intake have been
identified and very well reviewed in Andreux et al. [22]. Here we
summarize these principal components.

The Sirtuin family of histone deacetylase [23] is a good target to
promote mitochondria biogenesis. In fact, these proteins depend
on the metabolic co-factor NAD+ [24]; moreover, Sirtuin 1 (SIRT-
1) is able to activate transcription factors such as PGC1! [25]. The
first compound discovered to act on Sirtuins was resveratrol, which
by acting on AMPK (AMP-activated protein kinase), is responsible
for an increase in NAD+ production that leads indirectly to Sirtuin
activation [26,27]. Following this discovery, other SIRT-1-activating
compounds have been identified, i.e., SRT1720 and SRT2014. The
latest study describes a role for SRT1720 in extending the lifes-
pan of mice by about 9% [28]. Again in order to activate sirtuins,
researchers have developed a dietary supplemented with the NAD+

precursors nicotinamide mononulecotide (NMN) or nicotinamide
riboside. In fact, NMN ameliorates glucose intolerance by restoring
NAD+ levels in a type 2 diabetic mouse model [29].

The activation of AMPK is another way to increase mitochon-
drial biogenesis. AMPK is responsible of the enhancement of
energy production which follows an increase of the AMP/ATP ratio
[30]. AICAR (the AMPK agonist 5-aminoimidazole-4-carboxamide
riboside) is responsible for AMPK activation and can then rescue
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mitochondrial dysfunction [31]. The mTOR inhibitor Rapamycin
can also act on AMPK activation, this action leading to a lifespan
increase in mice and other organisms [32,33].

Other small molecules can trigger mitochondrial biogenesis by
acting on downsteam effectors, such as the nuclear receptors NRF-1
(nuclear respiratory factor 1) and TFAM (mitochondrial transcrip-
tion factor A). Among them, we can mention compounds acting
on the three peroxisome proliferators-activated receptors PPARs
(agonists), such as L-16501L, GW501516, bezafibrate and rosiglita-
zone. Also compounds acting on oestrogen-related receptor-! can
stimulate mitochondrial biogenesis, similarly to compounds acting
more downstream on co-factors [22].

3. Strategies that affect mitochondrial dynamics

Mitochondria undergo a continuous fission and fusion. This
dynamic process is very important for a normal morphology of the
organelle, and to allow correct mitochondrial functions [34,35]. Key
proteins regulate fusion events: MFN1 and MFN2 (Mitofusin 1 and
2), two GTPases anchored to the outer mitochondrial membrane
[36] and another GTPase, OPA1 (optic atrophy 1), localized in the
intermembrane space and the inner membrane of mitochondria
[37,38]. A disturbance in the activity of these three proteins leads to
excessive mitochondria fragmentation that in turn, impacts mito-
chondrial functions (depolarization of mitochondrial membrane,
loss of mtDNA, respiratory chain alterations) [39]. Of note, these
fusion factors are crucial for early development, as demonstrated
by the fact that all mice lacking MFN1, MNF2 or OPA1 die at an
early embryonic stage [39,40]. Mitochondrial fission is regulated
by another GTPase, the dynamin-related protein 1 (DRP1) [41].
Drp1 is recruited to mitochondria through mitochondrial fission
factor or MiD49/51 [41–43]. Cells lacking Drp1 present deficiency
in mitochondrial fission with elongated mitochondria [44]. Most
importantly, point mutations in Mfn2 or OPA1 lead to neurode-
generative diseases, such as Charcot–Marie–Tooth type 2A and the
dominant optic atrophy [45,46].

As a result, in recent years, Drp1 has become an obvious target
for these neurodegenerative diseases. One of the primary pheno-
types associated with loss of fusion in mammalian cells is a severe
defect in mitochondrial respiratory functions, caused in part by loss
of mtDNA within a subset of mitochondria, this being due to exces-
sive mitochondria division (an important factor contributing to the
aetiology of these neurodegenerative diseases) [47,48]. Indeed, one
of the fundamental roles of mitochondrial fusion is to provide an
exchange mechanism that allows mtDNA maintenance [49].

Several chemical compounds have been reported to induce
mitochondrial elongation through the inhibition of mitochondrial
fission mediated by Drp1. In 2008, Cassidy-Stone et al. [50] iden-
tified mdivi-1 (mitochondrial division inhibitor 1) as the first
selective inhibitor of mitochondrial division dynamins. The mech-
anism of mdivi-1 inhibition is distinct from the more general DRP
inhibitor, dynasore, which was discovered in a chemical screen
for inhibitors of dynamin-1 GTPase activity [51]. Dynasore inhibits
the GTP hydrolysis of dynamin-1, dynamin-2 and Drp1 in a non-
competitive manner, by binding to the GTPase domain in both
assembled and unassembled states. Mdivi-1 selectively inhibits the
activity of mitochondrial division DRPs by binding to an allosteric
site, which does not exclusively act through the GTPase domain.
Upon binding, mdivi-1 creates or stabilizes a conformational form
of unassembled, and probably dimeric Dnm1 that can bind GTP, but
at a significantly lower affinity. In addition, Mdvi-1 only partially
blocks apoptosis by acting early in the pathway to inhibit mitochon-
drial outer membrane permeabilization (MOMP). Drp1 activity is
regulated by covalent phosphorylation, ubiquitylation and sumoy-
lation [52,53]. By attenuating mitochondrial division and increasing

mitochondrial connectivity, mdivi-1 is a selective inhibitor of mito-
chondrial division and apoptosis; this is highly beneficial in some
of the many heteroplasmic mtDNA-linked diseases in humans.

Wang et al. [54] identified in 2012, from a phenotype image-
based screen, the “M1 Hydrazone”, a small molecule that also
promotes the fusion of fragmented mitochondria and protects cells
from mitochondrial fragmentation associated cell death (M1 pre-
treated cells showed decrease in Cytochrome c (Cyt c) release and
higher survival rate). M1 regulates protein levels of the subunits
of mitochondrial adenosine triphosphate (ATP5A and 5B). It is now
considered as another approach to the treatment of diseases asso-
ciated with mitochondrial dysfunction.

More recently, Yue et al. discovered a small natural compound,
15-oxospiramilactone (S3) derived from spiramine A of Spiraea
japonica (rose family plant) which potently induces mitochondrial
fusion. S3-induced inhibition of USP30, a mitochondrial-localized
deubiquitinase, increased the ubiqutinylation of MFN1 and MFN2
without affecting their protein levels. This non-degradative ubiqui-
tinylation of MFNs is involved in regulation of mitochondrial fusion
[55]. S3 can restore the normal distribution of mtDNA and recover
membrane depolarization; furthermore, it increases ATP levels and
OXPHOS capacity. S3 has promising therapeutic implications in
the treatment of diseases such as Charcot–Marie–Tooth type 2A
and autosomal dominant optic atrophy. Hitherto, S3 is the first
identified naturally derived small molecule from plants to activate
mitochondrial fusion and facilitate restoration of the mitochondrial
network.

The function of pharmacological compounds created to act on
mitochondrial dynamics are illustrated in Fig. 2.

4. Strategies that could affect mitochondrial quality control

4.1. Mitophagy

Given the important mitochondria roles described above, dam-
aged mitochondria could be detrimental to the cell. In fact,
accumulation of dysfunctional mitochondria is a characteristic
of many types of diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), ageing and cancer [56,57]. AD is the
most common age-associated neurodegenerative disorder, char-
acterized by cognitive dysfunction and loss of memory, caused
by neuronal death in cerebral cortex. Neurofibrillary tangles and
extracellular amyloid plaques composed of beta-amyloid derived
from amyloid precursor protein (APP) are observed in AD human
brains. Mitochondrial damage has been implicated in the devel-
opment of the disease: abnormalities in mitochondrial structure
and accumulation of beta-amyloid fragment in mitochondria have
been observed in AD patients [58,59]. PD is caused by loss of
dopaminergic neurons in the substantia nigra, a region important
for motor control and coordination. An increase of mutations and/or
deletions of the mtDNA is observed in patients with PD [60,61].
Consistently, mitochondrial damage accumulation is observed in
dopaminergic neurons of PD patients. Mitochondrial dysfunction
has also been correlated with ageing. Indeed, mitochondria are the
primary source of ROS [62]. Ageing particularly affects mitochon-
drial homeostasis with mtDNA mutations accumulating due to ROS
generation in mitochondria, an event that has been correlated with
age-related decreased autophagic activity [63,64].

Fortunately, cells have developed a mechanism to remove dam-
aged mitochondria through a selective autophagy process called
mitophagy. Stimulation of mitophagy may have a pivotal role in
combating AD and PD development through the elimination of
defective mitochondria. Autophagy (from ancient Greek, meaning
self-eating) is a catabolic process occurring in all eukaryotic cells,
by which cytoplasmic material (e.g., proteins, lipids and organelles)
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Fig. 2. Overview of the compounds acting on mitochondrial dynamics. Dynosore acts in a non-specific manner on DRP1 (inhibitor of dynamin-1, 2 and DRP1). By contrast,
mdivi-1 inhibits DRP1 selectively and thus decreases division events that lead to a reduction of apotosis by blocking Cyt c release. M1 Hydrazone is a small molecule
that, by regulating levels of the subunits of mitochondrial adenosine phosphatase, promotes fusion of fragmented mitochondria and protects also cells from mitochondria-
fragmentation-associated cell death. S3 induces mitochondrial fusion through inhibition of the deubiquitinase USP30. Consequently, USP30 cannot remove regulative
ubiquitins on MFN1 and MFN2 which in turn increase their activity, promoting fusion events.

is degraded through the lysosome machinery. This process
involves de novo formation of double-membraned vesicles, termed
autophagosomes, which sequester the cytoplasm-derived materi-
als and transport them to the lysosomes for degradation. There are
three types of autophagy: microautophagy, chaperone-mediated
autophagy (CMA), and macroautophagy. Macroautophagy is well
conserved from yeast to mammals, and is the predominant path-
way of autophagy. Non-selective autophagy (bulk autophagy) is
induced by starvation, whilst selective autophagy is induced when
organelles (such as mitochondria, and in this case the process is
called mitophagy) are damaged or unwanted in the cell.

Fragmentation of the mitochondria is a critical step prior
to engulfment of mitochondria into autophagosomes. Mitochon-
dria damaged by the uncoupler CCCP (carbonyl cyanide m-chloro
phenyl hydrazone) − due to a loss of their mitochondrial membrane
potential (!" m), are subjected to mitophagy [65,66]. During this
process, the protein kinase PINK1 is stabilized to the outer mem-
brane of the mitochondria, where it can recruit the E3 ubiquitin
ligase PARKIN. These two proteins are found to be mutated in auto-
somal recessive forms of PD [65]. The mitochondrial quality control,
driven by PINK1/PARKIN proteins, has been more effectively char-
acterized by RNAi screens [67]. New proteins such as HSPA1L (Heat
shock 70 kDa protein 1-like), BAG4 (BAG family molecular chap-
erone regulator 4), and SIAH3 (siah E3 ubiquitin protein ligase
family member 3) have been found to modulate translocation of
PARKIN to damaged mitochondria, whereas TOMM7 (translocase
of outer mitochondrial membrane 7 homolog) stabilizes PINK1
on the mitochondria. Interestingly, it has been demonstrated that
after mitochondrial depolarization, the cytosolic pool of AMBRA1
interacts with PARKIN to enhance mitochondrial clearance [68].
We recently investigated the molecular mechanism responsible
for the AMBRA1-dependent enhancement of PARKIN-mediated
mitophagy. AMBRA1 was found to be a LIR-containing protein;
as we have demonstrated, this motif is essential for the bind-
ing between AMBRA1 and LC3, following mitophagy induction.
Furthermore, we have shown that this interaction is crucial in
order to amplify PARKIN-mediated mitochondrial clearance [69].

In this system, it has recently been demonstrated that the other
pro-autophagic factor BECLIN 1 also interacts with PARKIN and
regulates PARKIN translocation to mitochondria [70].

In mammalian cells, mitophagy receptors are localized at
the outer membrane of mitochondria and possess a consensus
sequence (W/F/YxxL/I) that allows their binding with LC3 for
selective autophagy. Until today, 2 types of mitophagy receptors
have been identified: The group including NIX/BNIP3L and BNIP3
(BCL-2/adenovirus E1B 19 kDa protein-interacting protein 3-like)
[71–73] and FUNDC1 (FUN14 domain-containing protein 1) [75].

NIX/BNIP3L and BNIP3 contain LIR motifs that can recruit LC3 to
the mitochondria during red blood cell maturation [74]. Phospho-
rylation of BNIP3 on serine 17 and 24 are required to promote the
binding with LC3 and thus needed for a correct mitophagy [76].

FUNDC1 is a mitochondrial outer membrane factor possessing
three TM domains. The N-terminal region of FUNDC1 contains a
LIR motif; it is exposed into the cytosol, where it can binds LC3
under hypoxia or after mitochondrial membrane depolarization.
The activity of FUNDC1-mediated mitophagy is also regulated at a
post-translational level. After membrane depolarization, FUNDC1
is phosphorylated on Serine 17 by the ULK1 kinase [75], whereas
Liu et al. demonstrated that FUNDC1 required a dephosphorylation
on tyrosine 18 and serine 13 to be active in the mitophagic pathway
[76].

In addition to NIX and FUNDC1, AMBRA1 has been recently
described as a novel regulator of mitophagy [69]. AMBRA1 has
long been known to be a key mediator of autophagy, regulating
positively the PI3K complex [77]. In 2011, a pool of AMBRA1 was
demonstrated to be associated to BCL-2, in the outer mitochondrial
membrane [78]. In addition, AMBRA1 possesses a LIR domain in its
C-terminal part that allows its binding with LC3 upon mitophagy
induction (after mitochondrial membrane depolarization). Fur-
thermore, high levels of AMBRA1 at the mitochondria (obtained
by overexpressing a mitochondria-targeted AMBRA1, also known
as AMBRA1-ActA) are able to trigger massive mitophagy in both
PARKIN-dependent or independent systems in mammalian cells.
AMBRA1-ActA can thus be considered a novel inducer of mitophagy
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Fig. 3. Key players of mitophagy in mammalian cells. The PINK1/PARKIN pathway is induced after mitochondrial membrane depolarization. PINK1 is stabilized to mitochondria
and allows mitochondrial recruitment of PARKIN. PARKIN ubiquitylates mitochondria that can subsequently be recognized by the scaffold protein p62. In this context, AMBRA1
is crucial to bring damaged mitochondria to degradation, by interacting with LC3 through its LIR motif. High levels of AMBRA1 at the mitochondria can induce massive
mitophagy in a PARKIN-dependent or -independent context. AMBRA1 can thus be considered as a mitophagy receptor that binds LC3 through its LIR motif. FUNDC1, NIX/BNIP3L
and BNIP also interact with LC3 through LIRs. Basically, FUNDC1 is phosphorylated on Tyr18 and Ser13. Hypoxia or mitochondrial depolarization induce dephosphorylation
of the protein, leading to a stronger binding with LC3. By contrast, phosphorylation of BNIP3 on ser17 is necessary to favour its binding with LC3.

in the absence of any treatments with CCCP (a mitochondrial
uncoupler known as the master mitophagy inducer), a finding
which could herald new therapies to fight important human disor-
ders, including age-associated pathologies such as PD, in which the
PINK1/PARKIN pathway is mutated. Related to this, a pharmacolog-
ical tool, named PMI (P62-mediated mitophagy) has been recently
discovered to induce mitophagy in mammalian cells. This com-
pound increases the expression and signalling of the autophagic
adaptor molecule p62/SQSTM and induces mitochondrial removal.
Even more interesting, this compound retains activity in cells
devoid of a fully functional PINK1/PARKIN pathway [79]. This
finding is of great interest in order to facilitate dissection of
the molecular mechanisms underlying mitophagy. The mitophagy
pathways described above are illustrated in Fig. 3.

4.1.1. Interplay between mitophagy and calcium
Gomez-Sanchez et al. [80] demonstrated that calcium overload

is important in PINK1/PARKIN-mediated mitophagy. In fact, they
found that increase of full-length PINK1 levels observed upon CCCP
treatment is not due only to the stabilization of the protein but
also to de novo PINK1 synthesis in a calcium dependent pathway.
Since calcium chelators are able to inhibit mitochondrial removal
following CCCP treatment, it will be interesting to test whether
these kind of agents can directly decrease PINK1 transcription and
thus act on mitophagy. Connected to this, Parkin mitochondrial
localization increases the ER-mitochondrial crosstalk, favouring
calcium transfer [81]. Since ER transfers calcium towards the mito-
chondria is fundamental for cell metabolism, it is not a surprise
that disruption of proteins involved in ER/mitochondria connec-
tion induce calcium defects. Also, intracellular calcium has been
shown to influence mitochondrial mobility [82]. In conclusion,
all compounds that improve ER/mitochondria junction could be

opportune for the development of new therapies. Interestingly, the
mitochondria-initiated calcium-mediated inter-organelle stress
response is involved in cell death resistance in cancer cells [83].
In this review, we do not discuss apoptosis, which is another cru-
cial feature of mitochondrial function, but this aspect has been
extensively reviewed in [84].

4.2. Mitochondrial UPR

In addition to mitophagy, mammalian cells possess another
quality control mechanism that involves the mitochondria-specific
chaperones and proteases against misfolded proteins. Cancer cells,
for example, survive in a highly oxidative environment. High levels
of ROS induce oxidative damage to DNA, lipids and proteins, leading
to their misfolding and aggregation in the mitochondria. Following
an increase of misfolded and aggregated proteins into mitochon-
dria, the cells triggers the mitochondrial unfolded protein response
(UPRmt), in order to decrease the proteotoxic stress and reach a
good homeostasis. The UPRmt is analogous to the UPR of the endo-
plasmic reticulum [85] but it was discovered more recently [86,87].
This signalling is controlled by 3 key proteins: (1) the transcription
factor CHOP, which activates transcription of the mitochondrial
chaperones and proteases [88]; there are two major mitochondrial
chaperone systems that allow protein folding in the mitochon-
drial matrix: mtHSP70 and the HSP60-HSP10 machinery [89]; (2)
the oestrogen receptor alpha (ER!), which exerts a cytoprotective
action on the cell by acting on the proteasome and the protease
Omi [90], and (3) SirT3, a novel major coordinator of the UPRmt

that orchestrates both the antioxidant machinery and mitophagy
[91].

The UPRmt is crucial for overcoming mitochondrial stress.
Interestingly, Jin and Youle [92], demonstrated that a connection
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Fig. 4. UPRmt signalling, as a target to develop therapeutic strategies in mammals. High levels of ROS induce oxidative damage to DNA, lipids and proteins, leading to
their misfolding and aggregation. Following an increase of misfolded and aggregated proteins (mitochondrial proteotoxic stress) into mitochondria, the cells trigger the
mitochondrial unfolded protein response (UPRmt). UPRmt can be activated after a loss of mtHSP70 that occurs in cells of PD patients, after a decrease of Mrsp5 that triggers
an imbalance between mitochondrial proteins and nuclear-encoded mitochondrial proteins. Three key proteins are involved in the UPRmt signalling: CHOP, a transcription
factor that activates transcription of chaperones and proteases; the oestrogen receptor alpha (ER!), that regulates proteasome activity, and the SirT3 protein that orchestrates
both the antioxidant machinery and mitophagy. UPRmt could thus be a novel target for therapeutic approaches. In fact, antibiotics seem to mimic, at least in C. elegans, Mrsp5
decrease and then lead to longevity. Interconnection between UPRmt, mitochondrial biogenesis, mitophagy, longevity and dynamics-related events are illustrated.

between the two quality control levels do, indeed, exist: expression
of unfolded proteins in the matrix induces PINK1/PARKIN-
mediated mitophagy and thus a reduction of unfolded protein load.
Moreover, Papa et al. [91] recently demonstrated that if proteotoxic
stress cannot be resolved, a mitophagic pathway, dependent of the
protein SirT3, is triggered. SirT3 favours the activity of magnesium
speroxide dismutase (MnSOD), a protein involved in the transfor-
mation of toxic superoxide into hydrogen peroxide and diatomic
oxygen [93–95]. Consequently, a reduction of SirT3 is linked to
an increase in ROS production [96]. Although the mechanism by
which SirT3 coordinates the selection of damaged mitochondria
has not been fully elucidated, it nevertheless shows mitochondria’s
remarkable plasticity in responding to stress.

Another study by Burbulla et al. illustrates the connection
between UPRmt and mitophagy: they showed that impaired
intramitochondrial quality control, in PD, mediated by loss
of mtHSP70 (also called Mortalin), can be compensated by
PINK1/PARKIN-mediated mitophagy [97].

Of note, a gradual decrease of mitochondrial function occurs
during ageing, as demonstrated by numerous studies, performed by
using simple organisms as well as mammalian models [98]. Jovai-
saite et al. [99] recently showed that activation of UPRmt correlates

with longevity both in Caenorhabditis elegans and in mice [100]. The
expression of mitochondrial ribosomal protein S5 (Mrps5) corre-
lated with longevity. Knockdown of mrps-5 expression decreases
the translation of mtDNA-encoded components that leads to an
imbalance between mtDNA and nuDNA-encoded OXPHOS com-
plex components. This imbalance acts similarly to a proteotoxic
stress for the host cell that – in turn, activates UPRmt and pro-
longs lifespan. To pharmacologically mimic the reduction of mrps-5,
Houtkooper et al. used antibiotics (doxycycline and chlorampheni-
col) that specifically targeted bacterial translation and thus also
inhibited mitochondrial translation. They have obtained satisfac-
tory results both in C. elegans and mouse hepatocyte cell cultures:
Indeed, antibiotics are able to induce mito-nuclear imbalance lead-
ing to an UPRmt and an increased of lifespan in C. elegans. Notably,
exposition of worms or cells to mitochondrial biogenesis induc-
ers, such as rapamycin and resveratrol (the well-known longevity
agent described before) or NAD+ boosters (stimulator of the sir-
tuin 1 pathway), induce UPRmt [100,101]. The next step is to better
understand the physiological role of UPRmt in mammals, although
it seems that innovative therapeutic strategies can be developed,
based on this process. In fact, given the studies performed in C. ele-
gans, it is expected that pharmacological approaches that can mimic
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UPRmt could improve lifespan and health in age-related diseases
such as AD or PD.

5. Discussion/conclusion

Mitochondria exhibit an ample range of stress responses in
order to preserve the host cell. This feature underlines the fact that
mitochondria are organelles with a high malleability. Therapeutic
agents developed to restore mitochondrial function act princi-
pally on mitochondria biogenesis and fusion/fission mechanisms.
By gathering all information concerning possible ways to repair
mitochondrial functions, it emerges that all pathways intended to
save mitochondrial functions are interconnected. Biogenesis fig-
ures seem to be closely linked to the UPRmt pathway, which is
also linked to longevity. In addition, mitophagy, which is linked to
mitochondrial dynamics (preceded by an increase in fission events),
can be triggered if the UPRmt pathway is not sufficient to help the
cell. Finally, a recent study demonstrated that UPRmt is directly
linked to mitochondrial dynamics: SIRT3 binds and activates OPA1
to regulate mitochondrial dynamics during stress [102]. The inter-
connection between all mitochondrial pathways is illustrated in
Fig. 4.

In conclusion, all therapies aimed at stimulating biogenesis can
indirectly increase longevity, most likely by exerting pressure on
the UPRmt pathway. Further work should help to better understand
whether mitophagy is important in increasing lifespan following
caloric restriction. Finally, since novel molecules have been recently
defined as novel mitophagy regulators (e.g., AMBRA1), efforts are
now required to find new therapeutic approaches to exploit or
target directly these novel mitophagic players. The same kind of
studies are also required to find new compounds that can directly
mimic UPRmt, such as the antibiotics used in nematodes (that can
create an imbalance between mtDNA and nuDNA).

Ideally, following from all the findings outlined here, the next
step would be to identify a compound that acts on one of the path-
ways described before. This in turn would enhance the three other
ways for restoring complete mitochondrial function under stresses.
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Project performed as a Principal Investigator (PI) in the laboratory directed by my 
post-doctoral mentor Prof Cecconi. Santa Lucia Foundation, Rome, Italy (2014- 
2017). 

 

My previous work demonstrated that, following AMBRA1-ActA expression, 

mitochondria are ubiquitylated prior their engulfment into the autophagosomes. Yet, since I 

discovered that AMBRA1 was able to induce mitophagy independently of the E3-ubiquitin 

ligase PARKIN, I sought to identify whether a novel E3 ubiquitin ligase could be involved in 

the mitophagy pathway mediated by AMBRA1. To do this project, I was awarded my first 

grant as a PI from the Italian Ministry of Health (Duration 3 years). These funds allowed 

me to acquire independence in the laboratory of Prof Cecconi. The grant covered my 

salary and the reagents necessary for the project and allowed me to co-supervise a PhD 

student.  

By perfoming mass spectrometry analysis, we identified the E3 ubiquitin ligase 

HUWE1 as a novel key inducing factor in AMBRA1-mediated mitophagy, a process that 

takes place independently of the main mitophagy receptors (see Di Rita et al., 2018. Nat 

Comm). Our results sheds new lights on the regulation of mitochondrial quality 
control and homoeostasis in mammalian cells.  

The same year we demonstrated that AMBRA1-mediated mitophagy suppresses 
apoptosis in two in vitro models of Parkinson Disease (see Di Rita et al., 2018. Front 

in Cellular Neurosc. ). In parallel, I reported that AMBRA1 can act as a positive mediator of 

mitochondrial mediated apoptosis. Indeed, we observed that in a proapoptotic positive 

feedback loop, the C-terminal part of AMBRA1, generated by caspase cleavage upon 

apoptosis induction, inhibits the antiapoptotic factor Bcl-2 by a direct binding through its 

BH3-like domain (see Strappazzon et al., 2016. Autophagy). Moreover a critical 

unresolved issue was how AMBRA1-mediated mitophagy was controlled in response to 

cellular stress. Therefore, I investigated the role of Bcl-2-family proteins on AMBRA1-

dependent mitophagy and showed that the anti-apoptotic factor MCL1 delays AMBRA1-

dependent mitophagy. Indeed, MCL1 overexpression is sufficient to inhibit recruitment to 

mitochondria of the E3 Ubiquitin ligase HUWE1, upon AMBRA1-mediated mitophagy 

induction. Our results demonstrated that MCL1 stability is regulated by the kinase GSK-3β 

and the E3 ubiquitin ligase HUWE1, defining the anti-apoptotic factor MCL1 as an 

upstream stress-sensitive protein, functional in AMBRA1-mediated mitophagy (see 

Strappazzon et al., 2019. Cell Death and Diff.).  Collectively, our results established 
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that AMBRA1 is at the crossroad between autophagy and cell death. A sum of these 

main researches on AMBRA1 has been published in “AMBRA1 at a Glance” and is 

illustrated in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1: AMBRA1 is at the crossroad between mitophagy and cell death (from 
AMBRA1 at a Glance, 2015 Journal of Cell Science). 
 

In addition, I participated to a study in which we used the iLID optogenetic 

bimodular system (a tool that I plan to use in one of the proposed projects, see Figure 2), 

based on the recruitment of AMBRA1 to mitochondrial outer membrane (MOM) after blue 

light irradiation, which can stimulate or switch off mitophagy when desired, in vitro and in 

vivo. We demonstrated effective mitophagy induction (I) in vitro, in HeLa cells, which don’t 

express PARKIN  (II) ex vivo, in human T lymphocytes, and (III) in vivo, in illuminated living 

Danio rerio embryos. Moreover, as a proof of concept of the potential beneficial 

contribution of our bimodular system to biomedicine, we tested whether AMBRA1-RFP-

sspB-mediated mitophagy could block apoptosis in a cellular model of oxidative stress-

induced neurotoxicity. We showed a light-dependent block of apoptosis in an in vitro 

model of oxidative stress-mediated proneural-like cell death.  
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This work is a great example of the potential application of optogenetic dimers to 
mediate, in this case, mitophagy that is not easily tuneable. While there are still 
many unanswered questions in the field of mitophagy, this optogenetic tool 
provides a necessary leap forward in understanding the basic cell biology behind 
this process. This work represents an important application that has been developed 

based on my discovery of AMBRA1-ActA-mediated mitophagy. I performed most of the 

confocal microscopy analysis presented in this work, and this illustrates the fact that I have 

the expertise required for the proposed project in order to study the temporal and spatial 

regulation of mitophagy in neurons. 

 

In total, during this period I published two articles as co-last and co-
corresponding author in Nature Communication and Frontiers in Cellular Neurosciences; 

two articles as first and co-corresponding author in Autophagy and Cell Death and 

Differentiation journals and one as second author in Nature communication. 

 

 

Figure 2: AMBRA1-RFP-sspB is relocalized to MOM upon blue light exposure. In 
resting conditions, Venus-iLID-ActA is tethered to the MOM, while AMBRA1-RFP-sspB is found in the 
cytosol. Upon blue light administration, iLID undergoes into a conformational change, which unmasks the 
ssrA peptide and permits the high-affinity binding between ssrA and sspB. Thus, the pro-autophagy 
protein AMBRA1 accumulates to the edge of the MOM where it promotes mitophagy. 
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The selective removal of undesired or damaged mitochondria by autophagy, known as

mitophagy, is crucial for cellular homoeostasis, and prevents tumour diffusion, neurode-

generation and ageing. The pro-autophagic molecule AMBRA1 (autophagy/beclin-1 reg-

ulator-1) has been defined as a novel regulator of mitophagy in both PINK1/PARKIN-

dependent and -independent systems. Here, we identified the E3 ubiquitin ligase HUWE1 as a

key inducing factor in AMBRA1-mediated mitophagy, a process that takes place indepen-

dently of the main mitophagy receptors. Furthermore, we show that mitophagy function of

AMBRA1 is post-translationally controlled, upon HUWE1 activity, by a positive phosphor-

ylation on its serine 1014. This modification is mediated by the IKKα kinase and induces

structural changes in AMBRA1, thus promoting its interaction with LC3/GABARAP (mATG8)

proteins and its mitophagic activity. Altogether, these results demonstrate that AMBRA1

regulates mitophagy through a novel pathway, in which HUWE1 and IKKα are key factors,

shedding new lights on the regulation of mitochondrial quality control and homoeostasis in

mammalian cells.
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M itophagy is an evolutionary-conserved mechanism that
allows damaged or undesired mitochondria removal by
an autophagosome–lysosome pathway1. This high-

quality clearance system is fundamental for preserving cellular
homoeostasis and for critical processes, such as inflammation and
cell death or diseases, including cancer and neurodegeneration2.
The main mitophagy pathway is driven by the stabilization of the
mitochondrial kinase PINK1, resulting in the recruitment of the
E3 ubiquitin ligase PARKIN to damaged mitochondria, and in a
ubiquitylation cascade targeting several outer mitochondrial
membrane (OMM) proteins. Indeed, ubiquitylation events are
fundamental during mitophagy, contributing to the normal
turnover of mitochondrial proteins in basal conditions3, and
promoting the recognition of UBD (ubiquitin binding domain)-
containing proteins, which allow mitochondria selective autop-
hagy4. Optineurin (OPTN) and NDP52 are the the main mito-
phagy receptors, acting as bridges between ubiquitin-tagged
mitochondria and the autophagosome-associated protein,
MAP1LC3/LC3 (microtubule-associated proteins 1A/1B light
chain 3), thus leading to mitochondria engulfment into autop-
hagosomes, upon mitochondrial membrane depolarization5,6.
More recently, PHB2 (Prohibitin-2), an inner mitochondrial
membrane protein, has also been demonstrated to be involved in
selective mitochondria removal, cooperating with PARKIN in
mammals7.

Besides the PINK1/PARKIN system, the OMM proteins NIX/
BNIP3L, Bcl2-L-13 and FUNDC1 are also fundamental to trigger
mitophagy in mammals, by interacting directly with LC3 and
regulating mitochondrial clearance. In particular, (i) NIX/BNIP3L
promotes mitochondria removal during reticulocytes
differentiation8,9; (ii) Bcl2-L-13 is the mammalian homologue of
Atg32, and it stimulates mitochondria fragmentation and there-
fore mitophagy10; and lastly, (iii) FUNDC1 allows mitochondrial
clearance upon hypoxia11. Of note, these mitophagy receptors are
post-translationally modified in order to regulate their interaction
with LC3 during mitophagy12.

We previously demonstrated that the LC3-interacting protein
AMBRA1 plays a role in the selective degradation of ubiquitylated
mitochondria, transducing both canonical PINK1/PARKIN-
dependent and -independent mitophagy13. Here, we describe
HUWE1 as the novel E3 ubiquitin ligase that collaborates with
AMBRA1 to induce mitochondrial clearance, by inducing mito-
fusin 2 (MFN2) degradation. Moreover, since AMBRA1 exhibits
(i) mitochondria localization14, (ii) a LIR (LC3-interacting
region) motif and (iii) the capacity to induce mitophagy13, we
decided to investigate whether AMBRA1 could be defined as a
receptor, and to better characterize this pathway. We thus found
that the activity of the mitophagy receptor AMBRA1 is regulated
by a phosphorylation upstream of its LIR motif, mediated by the
IKKα kinase.

Altogether, these findings highlight AMBRA1, HUWE1 and
IKKα as three novel and crucial proteins for mammalian mito-
phagy regulation, following mitochondrial membrane depolar-
ization in a PINK1/PARKIN-free context.

Results
HUWE1 is required for AMBRA1-mediated mitophagy. Since
we have previously shown that AMBRA1 regulates the dismissal
of ubiquitylated mitochondria in PINK1/PARKIN-independent
mitophagy13, we searched for a novel putative E3 ubiquitin ligase,
which could control mitochondrial protein ubiquitylation in
cooperation with AMBRA1 during the mitophagy process.

To this aim, we performed a SILAC (stable isotope labelling by
amino acids in cell culture)-based mass spectrometry (MS)
analysis in order to detect AMBRA1-interacting proteins, upon

mitophagy stimulation, in a PARKIN-free cellular system. Thus,
we immunoprecipitated Myc-AMBRA1ActA (an AMBRA1 fusion
protein targeted to the external membrane of mitochondria),
which stimulates mitophagy13 in HeLa cells grown in two
different isotope labelling media (light and heavy). The
immunoprecipitated samples of the negative control (light
medium lysate) and the experimental sample (heavy medium
lysate) were mixed and then analysed by MS analysis15.
Interestingly, this screening led us to identify a single E3
HECT-Ubiquitin ligase, HUWE1 (ARF-BP1, MULE, UREB1),
whose role in macroautophagy/mitophagy was yet undisclosed
(Fig. 1a).

In order to confirm these MS results, we performed a co-
immunoprecipitation experiment in HeLa cells expressing a
vector encoding for Myc-AMBRA1ActA. Total lysates were
immunoprecipitated with an anti-Myc antibody or an IgG
control and the immune-complexes were analysed by western
blotting. We found that AMBRA1ActA was able to co-
immunoprecipitate with HUWE1 (Fig. 1b). Since the expression
of AMBRA1ActA induces mitophagy per se13, we decided to
compare the binding between AMBRA1WT and HUWE1 in basal
versus mitophagy conditions. To this end, we over-expressed
HUWE1- and Myc-AMBRA1WT-encoding constructs in HeLa
cells, treated or not with oligomycin and antimycin (O/A) in
order to induce mitophagy. Total lysates were immunoprecipi-
tated using an anti-HUWE1 antibody or IgG control and the
immune-complexes were analysed by western blot. As shown in
Fig. 1c, AMBRA1WT preferentially binds HUWE1 following
mitophagy induction.

Given the evidence that HUWE1 is an AMBRA1-interacting
protein preferentially upon mitophagy stimulation, we then
focussed on a putative role of HUWE1 in mitophagy.

First, since HUWE1 is an E3 ubiquitin ligase mainly found in
the cytoplasm16, we checked whether it was present at the
mitochondria following mitophagy induction. By performing a
mitochondria–cytosol fractionation in HeLa cells expressing
Myc-AMBRA1ActA or an empty vector (PcDNA3), we found
that AMBRA1ActA expression enables HUWE1 localization at the
mitochondria (Fig. 1d). It is noteworthy that HUWE1 translo-
cates to the mitochondria in also AMBRA1WT-expressing cells
upon mitophagy stimulation (Fig. 1e).

Next, in order to assess the effect of HUWE1 genetic silencing
on AMBRA1ActA-induced mitophagy, we checked mitophagy
progression upon downregulation of HUWE1 via small interfer-
ing RNA (siRNA). As shown in Fig. 1f and in Supplementary
Figure 1a, the decrease of mitochondrial markers associated with
AMBRA1ActA expression13, such as COXII and COXIV, is
rescued in HUWE1-interfered cells. To confirm these data, we
performed a confocal microscopy analysis in cells co-expressing
both GFP-ShHUWE1 or GFP-ShCtr together with AMBRA1ActA,
and we measured the mitochondria amount in transfected green
fluorescent protein (GFP)-positive cells. As expected, following
AMBRA1ActA expression with GFP-ShCtr, we observed the
formation of mitochondria aggregates (mito-aggresomes) around
the nuclei, and a decrease in mitochondria staining; by contrast,
GFP-ShHUWE1 transfected cells presented a delay in both mito-
aggresomes formation and mitochondrial clearance (Supplemen-
tary Fig. 1b). In addition, since we had previously demonstrated
that AMBRA1 is able to induce mitophagy in a PINK1-
independent manner13, we analysed AMBRA1–HUWE1 effect
in mitophagy regulation also in mt-mKeima-expressing PINK1
knockout (mt-mKeima-PINK1-KO) HeLa cells5. As shown in
Supplementary Fig. 1c, besides a strong localization of mitochon-
dria into an acidic environment, following Myc-AMBRA1ActA
transfection, we also observed a reduction of acidic mt-mKeima
upon HUWE1 downregulation. These data confirm that HUWE1
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depletion impairs AMBRA1-mediated mitophagy. Finally, we also
confirmed these data with the wild-type AMBRA1, following
mitophagy induction. In fact, we transfected HeLa cells with Myc-
AMBRA1WT in combination or not with siRNA-HUWE1. Then,
we treated cells with O/A (2.5 μM and 0.8 μM, respectively, 4 h).
By western blot analysis, we observed a decrease of mitochondrial
markers, COXII and COXIV, in the mitophagy context (Fig. 1g
and Supplementary Fig. 1c).

In sum, these findings define a central role for the E3 ubiquitin
ligase HUWE1 in controlling AMBRA1-dependent mitophagy.

Upon mitophagy, AMBRA1 acts as a cofactor for HUWE1
activity. Since HUWE1 depletion results in a block of AMBRA1-
mediated mitophagy, we hypothesized that, in the meantime,
mitochondria could be less ubiquitylated in that context.
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To verify this hypothesis, we transfected HeLa cells with Ctr-
siRNA or HUWE1-siRNA in combination with a vector encoding
Myc-AMBRA1ActA. We then performed a subcellular fractiona-
tion and analysed ubiquitylation in the mitochondria lysates,
measuring the amount of total ubiquitin in these extracts,
following AMBRA1ActA transfection. As expected, we observed a
reduction of the total mitochondrial ubiquitylation in HUWE1-
interfered cells during AMBRA1ActA-induced mitophagy when
compared to control cells (Fig. 1h).

We next focalized our attention on MFN2, an OMM pro-
fusion protein, whose ubiquitylation is known to be mediated by
several E3 ubiquitin ligases, including HUWE117, and whose
degradation is known to be crucial for mitophagy induction18.
We thus tested whether HUWE1–MFN2 interaction could be
regulated by AMBRA1, upon mitophagy induction. To this aim,
we transfected HEK293T cells stably expressing Flag-HUWE1
with a vector encoding Myc-AMBRA1ActA. After treatment with
the proteasome inhibitor MG132, we immunoprecipitated cell
lysates with an anti-Flag antibody and observed that the
expression of Myc-AMBRA1ActA strongly favours the interaction
between HUWE1 and MFN2 (Fig. 1i). Accordingly, by an in vitro
ubiquitylation assay, we observed that Myc-AMBRA1ActA
expression in HEK293T-Flag-HUWE1 cell clones strongly
increases MFN2 ubiquitylation compared to control conditions
(Fig. 1j).

Last, we checked for MFN2 degradation in AMBRA1-mediated
mitophagy (18 h following Myc-AMBRA1ActA expression). By
analysing MFN2 protein levels in Myc-AMBRA1ActA transfected
cells, we observed a decrease in this OMM protein. Interestingly,
MFN2 decrease is rescued by downregulating HUWE1 or by
treating cells with MG132 (Fig. 1k and Supplementary Fig. 1d).
These data suggest that MFN2 ubiquitylation is an early event,
following Myc-AMBRA1ActA expression, controlled by HUWE1
and most likely required for AMBRA1-mediated mitophagy.

Altogether, these results indicate that AMBRA1 favours
MFN2–HUWE1 interaction, thus leading to MFN2 ubiquityla-
tion and subsequent degradation, with a final effect on mitophagy
induction. AMBRA1 can be thus considered as a novel cofactor
for HUWE1 ubiquitin ligase activity, underlining a new paradigm
for the regulation of HUWE1.

AMBRA1 is a relevant mitophagy receptor. Next, since
AMBRA1 (i) operates as a cofactor for HUWE1 activity in order
to trigger mitophagy, (ii) displays mitochondrial localization14,
(iii) exhibits a LIR motif on its sequence for LC3B binding, (iv) is
able to regulate PINK1/PARKIN-independent mitophagy and (v)
controls the PINK1/PARKIN-mediated mitophagy13, we inves-
tigated whether AMBRA1 can act as a mitophagy receptor.

To this aim, we checked for AMBRA1-mediated mitophagy
efficiency using the well-known model of stable Penta-KO cells,
unable to perform mitophagy5. Indeed, these cells are deficient for
five mitophagy receptors, i.e., OPTN, NDP52, NBR1, P62 and
TAX1BP1. In these cells, only the expression of NDP52 or OPTN
(or TAX1BP1, in a few cases) is able to rescue the mitophagy
pathway. In fact, the treatment of these cells with mitochondrial
uncouplers does not induce mitophagy (Supplementary Fig. 2a).
Thus, we transfected Penta-KO cells with a vector encoding Myc-
AMBRA1ActA. Western blot analysis, performed on extracts
obtained 24 h after transfection, showed a decrease of mitochon-
drial markers, i.e., COXII, COXIV, and also HSP60 (Supplemen-
tary Fig. 2b), underlining that AMBRA1 expression at the
mitochondria is sufficient per se to induce mitophagy in Penta-
KO cells (Fig. 2a). Furthermore, by performing a confocal
microscopy analysis, we observed that AMBRA1ActA expression
in Penta-KO cells led to mitochondria perinuclear re-localization,
typical of mitophagy induction, followed by a decrease in the
mitochondrial mass (Fig. 2b).

Given the powerful ability of AMBRA1ActA to induce
mitophagy in these cells, we also checked whether wild-type
AMBRA1 could promote mitochondria selective removal. To this
end, we transiently transfected Penta-KO cells with a vector
encoding for Myc-AMBRA1WT and treated cells with O/A for 24
h in order to induce mitophagy. By western blot analysis, we
observed a decrease in the levels of the mitochondrial markers
COXII and COXIV, thus confirming the central role of AMBRA1
in promoting mitophagy in this cell line (Fig. 2c). Of note,
following overexpression of AMBRA1WT, in the absence of any
mitophagy treatments, all mitochondrial markers showed a
marked decrease.

Also in this case, we confirmed the data by performing a
confocal microscopy analysis in which we observed the formation
of mito-aggresomes and then a decrease of mitochondria content
in cells overexpressing AMBRA1WT (Fig. 2d). Finally, in order to
ascertain that the AMBRA1-dependent mitochondrial decrease
was well associated to lysosomal degradation, we treated cells
with the lysosomal inhibitor NH4Cl (Supplementary Fig. 2c).
Indeed, an almost complete rescue of COXIV and COXII levels
by NH4Cl confirmed that a block in lysosomal degradation
restored the total amount of mitochondria within the cells.

Taken together, our findings reveal that AMBRA1 acts as a
relevant mitophagy receptor, capable to induce mitophagy in
NDP52-, OPTN-, TAX1BP1-, NBR1- and P62-deficient cells.

AMBRA1 phosphorylation regulates AMBRA1-dependent
mitophagy. A key process in the induction of selective autop-
hagy is the interaction between mitophagy receptors and Atg8
(autophagy-related protein 8) protein family members19, which

Fig. 1 HUWE1 cooperates in AMBRA1-mediated mitophagy. a Table showing the E3 ubiquitin ligase interacting with AMBRA1 upon mitophagy stimuli in
HeLa PARKIN-free cells. The ratio of heavy labelled peptides to the remaining non-labelled ones (ratio H/L) reflects is indicated. b Representative image of
AMBRA1ActA-HUWE1 co-immunoprecipitation (Co-IP); n= 3. c Representative image of AMBRA1WT-HUWE1 co-immunoprecipitation (Co-IP) upon
mitophagy stimulation (O/A); n= 3. d PcDNA3 or Myc-AMBRA1ActA transfected HeLa cells were subjected to mitochondria–cytosol purification. Samples
were blotted for the indicated antibodies; n= 3. e PcDNA3 or Myc-AMBRA1WT transfected HeLa cells were treated with O/A for 30min and subjected to
mitochondria–cytosol purification; n= 3. f HeLa cells transfected with PcDNA3 or Myc-AMBRA1ActA vectors were transfected with siRNA-Ctr or siRNA-
HUWE1 constructs and then immunoblotted for the indicated proteins; n= 3. g Following O/A treatment, PcDNA3- or Myc-AMBRA1WT-expressing HeLa
cells transfected with siRNA-Ctr or siRNA-HUWE1 were immunoblotted for the indicated antibodies; n= 3. h PcDNA3, Myc-AMBRA1ActA and Myc-
AMBRA1ActA transfected cells interfered for HUWE1 were blotted for the indicated antibodies. The graph shows the total ubiquitin amount in mitochondria
fractionation sample (%); n= 3. i HEK293T stably expressing Flag-HUWE1, transfected with a vector coding for Myc-AMBRA1ActA and treated with
MG132 (10 μM, 8 h) were co-immunoprecipitated and immunoblotted for the indicated proteins; n= 3. j In vitro ubiquitylation assay of cells in i. Protein
samples were resolved by SDS–PAGE and immunoblotted for Myc, MFN2 and HUWE1; n= 2. k HeLa cells transfected with Myc-AMBRA1ActA (18 h) and
interfered for HUWE1 (siRNA-HUWE1) were analysed by western blot; n= 3. The quantification results are the mean of three independent experiments
(±S.D.). *P < 0.05; **P < 0.01. Statistical analysis was performed using one-way ANOVA (f, g, k) and Student's t-test (d, e, h). Mr(K) = relative molecular
mass expressed in kilodalton
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Fig. 2 AMBRA1 expression rescues mitophagy induction in Penta-KO cells. a Penta-KO cells transfected with a vector encoding for Myc-AMBRA1ActA or
an empty vector (PcDNA3) for 24 h were immunoblotted for the indicated antibodies; n= 3. b Myc-AMBRA1ActA (red) or Mito-DsRED (red) transfected
Penta-KO cells were fixed after 24 h. Scale bar, 10 μm. The graph shows the mito content (%) in single transfected cells (±S.D.); n= 4. Mito-DsRED= 12
individual fields; Myc-AMBRA1ActA= 12 individual fields. c Penta-KO cells were transfected with vectors encoding Myc-AMBRA1WT or PcDNA3 and
treated with O/A (10 μM and 4 μM, respectively) for 24 h. Mitochondrial markers levels, COXII and COXIV, were evaluated by western blot; n= 3. d Cells
transfected with Mito-DsRED or with Myc-AMBRA1WT were immunostained with an anti-Myc (green) and anti-TOM20 (red) antibodies. Scale bar, 10 μm;
n= 3. Mito-DsRED= 9 individual fields; Myc-AMBRA1WT= 9 individual fields; Myc-AMBRA1WT+O/A= 9 individual fields. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001. The quantification results are the mean of three independent experiments (±S.D.) if not otherwise stated. Statistical analysis was
performed using Student’s t-test (a, b) or one-way ANOVA (c, d). Mr(K) = relative molecular mass expressed in kilodalton
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are LC3 and GABARAP proteins in mammals (mATG8). Since
the phosphorylation status of a serine residue (Ser) flanking the
LIR motifs of known mitophagy receptors, such as FUNDC111,
BNIP320, NIX/BNIP3L9,21, Bcl2-L-1310 and OPTN22, controls
their binding with LC3, we investigated whether AMBRA1 could
be post-translationally modified in a serine site in proximity of its
LIR motif13.

First, through an in silico analysis of the AMBRA1 sequence,
we identified serine 1014 (S1014) as a putative phosphorylation
site close to the AMBRA1-LIR motif (Fig. 3a). Second, in order to
demonstrate whether the phosphorylation on S1014 was able to
influence AMBRA1–LC3B interaction in cells, we generated two
AMBRA1 mutants, a phospho-dead mutant (AMBRA1S1014A)
and a phospho-mimetic mutant (AMBRA1S1014D). By
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performing co-immunoprecipitation experiments, we analysed
AMBRA1–LC3B interaction in basal conditions and upon
mitophagy stimulation (O/A treatment), obtained by overexpres-
sing Myc-AMBRA1WT and AMBRA1S1014A or AMBRA1S1014D
in HeLa cells. First, we confirmed that AMBRA1 interacts mostly
with LC3B following mitophagy stimuli13. Moreover, we observed
that alanine substitution at residue 1014 reduced the binding
between AMBRA1 and LC3B, following O/A treatment (Fig. 3b).
By contrast, the AMBRA1S1014D enhanced the ability of
AMBRA1 to interact with LC3B during mitophagy.

These results highlight that the phosphorylation status of
AMBRA1 on S1014 influences the interaction between AMBRA1
and LC3B during mitophagy.

Next, in order to ascertain whether S1014 is relevant in
AMBRA1-induced mitophagy, we performed functional experi-
ments to evaluate the mitophagy activity of AMBRA1WT

compared with its mutants on S1014. To this aim, we transfected
HeLa cells with the empty vector PcDNA3 as a control, and
vectors encoding Myc-AMBRA1WT or Myc-AMBRA1S1014A or
Myc-AMBRA1S1014D and checked, by western blot analysis, the
levels of mitochondrial proteins COXII and COXIV.

Interestingly, upon mitophagy stimulation (by O/A treatment),
HeLa cells transfected with AMBRA1WT showed a decrease in
COXII and COXIV levels, while cells expressing the
AMBRA1S1014A mutant showed a lower decrease in mitochon-
drial marker levels compared with AMBRA1WT or
AMBRA1S1014D (Fig. 3c). Of note, the AMBRA1S1014D mutant
significantly increased the mitophagy ability of AMBRA1 when
compared with the AMBRA1WT form (Fig. 3c). Also, we analysed
mitochondrial clearance by confocal immunofluorescence, look-
ing at TOM20 levels, in HeLa cells expressing GFP, Myc-
AMBRA1WT, Myc-AMBRA1S1014A or Myc-AMBRA1S1014D.
Indeed, we observed that the phospho-mimicking mutation
(Myc-AMBRA1S1014D) induced mito-aggresome formation and a
clear decrease of mitochondria amount to a larger extent than
AMBRA1WT (Fig. 3d). Moreover, we also validated these data
using HeLa cells expressing the mito-mKeima vector5. In analogy
with our biochemistry and immunofluorescence analysis, mito-
chondria of Myc-AMBRA1S1014D-expressing cells were predomi-
nantly found in an acidic environment, suggesting ongoing
mitophagy. By contrast, Myc-AMBRA1S1014A transfected cells, in
which we previously observed a delay in mitophagy, were mostly
present in a neutral environment (Supplementary Fig. 3a).

Since we demonstrated that phosphorylation of AMBRA1 on
S1014 was a crucial event in order to regulate AMBRA1-mediated
mitophagy, we next decided to check whether endogenous
AMBRA1 was also subjected to such modification. We thus
generated, through rabbit immunization, an anti-AMBRA1
serum that specifically recognized the phosphorylation at S1014
(anti-Phospho(P)-S1014-AMBRA1 serum). We tested its effi-
ciency by comparing the level of phospho-S1014 in basal versus
mitophagy (carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone (FCCP), O/A) or autophagy conditions (Earle’s
balanced salt solution (EBSS)). As shown in the graph (Fig. 3e),
we observed a significant increase in the phosphorylation signal
following FCCP and O/A treatments, indicating that phosphor-
ylation of AMBRA1 on S1014 was occurring specifically upon
mitochondrial membrane depolarization during mitophagy
induction. In addition, we proved that the anti-P-S1014-
AMBRA1 antibody was able to specifically recognize AMBRA1
by analysing endogenous AMBRA1 levels in siRNA-Ctr- or
AMBRA1-interfered cells by siRNA-AMBRA1 (Supplementary
Fig. 3b). We also confirmed that this antibody was able to better
recognize over-expressed AMBRA1WT if compared to the
phospho-dead AMBRA1S1014A form (Supplementary Fig. 3c).

Taken together, these data indicate that the phosphorylation of
S1014 on AMBRA1 regulates the AMBRA1–LC3B interaction
and its mitophagy activity. We have also generated an anti-P-
S1014-AMBRA1 antibody that recognized this AMBRA1
dynamic post-translational modification.

S1014-AMBRA1 phosphorylation increases the binding with
mATG8s. In order to characterize the binding affinity between
AMBRA1-LIR and LC3/GABARAP proteins, and to confirm that
the phosphorylation of S1014 in AMBRA1 increases this affinity,
we performed isothermal titration calorimetry (ITC) experiments
in which synthetic peptides spanning the AMBRA1-LIR at var-
ious phosphorylation states (P0: steady state and P1: phosphor-
ylation state) were titrated into all six mATG8 proteins, including
LC3A, LC3B, LC3C, GABARAP, GABARAP-L1 and GABARAP-
L2 (Supplementary Fig. 4a-c, and Supplementary Note 1). The
ITC experiments showed that the unmodified AMBRA1-LIR (P0)
binds to LC3B with very low affinity (Fig. 4a left panel). KD values
for this interaction were in the range of >100 μM, a value ~100
higher than the canonical p62-LIR, and comparable to the
unphosphorylated NIX- and OPTN-LIR affinities13,22,23. How-
ever, LC3B affinity to AMBRA1-LIR unambiguously increased
upon S1014 phosphorylation, resulting in KD of 53 μM (Fig. 4a,
right panel). Moreover, the nuclear magnetic resonance (NMR)
titration experiments indicated a very similar effect of AMBRA1-
LIR phosphorylation on its affinity to LC3B (Fig. 4b, c). Inter-
estingly, although ITC experiments showed that the unmodified
AMBRA1-LIR (P0) bound all 6 mATG8 proteins with low affinity
(Supplementary Fig, 4a, upper plots), it exhibited some preference
to GABARAP-subfamily proteins. In fact, strongest interaction
appeared to the GABARAP protein, with KD of ~40 μM, while for
the LC3 proteins and for GABARAP-L2 KD values could be only
estimated. Of note, the binding enthalpy for all mATG8 proteins
is small, defining the entropy as the main driving force of the
interactions. However, both phosphorylation of S1014 (P1, Sup-
plementary Fig. 4b) and introduction of phospho-mimicking
aspartate to this position (PM, Supplementary Fig. 4c) increased
affinity of AMBRA1-LIR interaction with mATG8 analogues (KD
values decreased ~2–5 times). In particular, phosphorylation of

Fig. 3 S1014-AMBRA1 phosphorylation is crucial for AMBRA1–LC3 interaction. a Sequence alignment of AMBRA1–S1014 site, flanking its LIR motif, in
comparison with the S1014A (phospho-dead) and S1014D (phospho-mimetic) generated mutants. b HeLa transfected with Myc-AMBRA1WT, Myc-
AMBRA1S1014A or Myc-AMBRA1S1014D were treated or not with O/A (2.5 μM, 0.8 μM, 1 h) and subjected to co-immunoprecipitation (Co-IP). The graph
shows the ratio between Co-IP LC3II/IP-AMBRA1 upon mitophagy induction; n= 3. Statistical analysis was performed using Student’s t-test versus the
wild-type form of AMBRA1. c PcDNA3, Myc-AMBRA1WT, Myc-AMBRA1S1014A or Myc-AMBRA1S1014D transfected HeLa cells were treated with O/A (2.5
μM, 0.8 μM, 4 h) and blotted for COXII, COXIV, Myc and ACTIN; n= 3. d Cells transfected with a vector encoding for GFP, Myc-AMBRA1WT, or Myc-
AMBRA1S1014A or Myc-AMBRA1S1014D were treated with O/A as indicated above and stained with anti-Myc and anti-TOM20 (red staining) antibodies.
Scale bar, 10 μm; n= 3. Myc-AMBRA1WT= 9 individual fields; Myc-AMBRA1S1014A= 9 individual fields; Myc-AMBRA1S1014D= 9 individual fields.
e Untransfected HeLa cells were treated with mitophagy inducers, such as FCCP (10 μM) and O/A (2.5 μM and 0.8 μM) or with the starvation medium
EBSS in order to induce autophagy for 4 h; n= 3. Data represent the mean of three different samples (±S.D.) and are representative of experimental
triplicate. *P < 0.05; **P < 0.01; ***P < 0.001. Statistical analysis was performed using Student’s t-test (b) or one-way ANOVA (c, d, e). Mr(K) = relative
molecular mass expressed in kilodalton
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Fig. 4 S1014-AMBRA1 phosphorylation allows AMBRA1–LC3B binding. a ITC titrations of unmodified AMBRA1-LIR peptide (P0) compared with those of
S1014-phosphorylated AMBRA1-LIR peptide (P1) into LC3B protein. The measurements were performed at 35 °C. Measured/estimated KD values are
indicated for each interaction. b Representative sections of HSQC spectra for 15N-labelled LC3B upon titration with P0 and P1. Both plots show fingerprint
regions of the LC3B spectra (around HN resonance of K51). Molar ratios of protein/peptide are rainbow coloured (1:0, 1:0.125, 1:0.25, 1:0.5, 1:1, 1:2, 1:4 and
1:8; from red to violet) for each titration step. Arrows indicate the CSP for K51 and V58 HN backbone resonances. c KD values calculated for the LC3B
residue I34 upon titration with P0 and P1. Original CSP values are shown as black squares and the resulting fit is given as a red line in each plot. The original
HSQC areas around I34 HN resonance are shown as a box under fitted curves. d CSP values (Δδ) at the last titration stages for LC3B protein are plotted
against residues numbers. The orange dashed line indicates the standard deviations (σ) over all residues within each dataset, and the red dashed line
indicates double σ values. The CSP values mapped on the LC3B protein structure (ribbon diagrams, PDB ID 1UGM) are shown in the upper right corner.
Residues with small (Δδ < σ), intermediate (σ <Δδ < 2σ) or strong (2σ <Δδ) CSPs are marked in grey, yellow and red, respectively. e The root mean square
fluctuation (RMSF) per residue of AMBRA1 decreases after S1014 phosphorylation (blue, green lines) compared to wt (magenta, red lines) and control P62
(black line) and is persistent with CHARMM22* (black, green and magenta lines) and CHARMM27 (blue and red lines) force fields. Shaded area
corresponds to 1 σ. f Superimposition of highly populated (>20%) electrostatic interactions (red bars, thickness indicates occurrence) over the LC3B/
AMBRA1-LIR structure. Interactions identified between residues of S1014-phosphorylated AMBRA1-LIR (right panel) and LC3B are identified by spheres
and reproduced on the wt (left panel). Similar patterns were seen for simulations using CHARMM22* (shown here) and CHARMM27 force fields

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05722-3

8 NATURE COMMUNICATIONS | �(2018)�9:3755� | DOI: 10.1038/s41467-018-05722-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


S1014 (P1, Supplementary Fig. 4b, low panel) enhanced the
binding with the GABARAP protein and therefore the KD shifted
down to 21 μM, as determined by ITC. Based on chemical shift
perturbations (CSP), we precisely calculated KD values for LC3B
interaction with unphosphorylated (P0) and phosphorylated (P1)
AMBRA1-LIR peptides. We also mapped the CSP on the LC3B
sequence and three-dimensional structure (Fig. 4d). Comparison
of the mapped AMBRA1-LIR CSP pattern to previously pub-
lished mappings indicated that the AMBRA1-LIR interacts with
LC3B in a typical LIR mode and phosphorylation on S1014 close
to the LIR motif enhances these interactions.

In order to understand the structural impact of S1014-
AMBRA1 phosphorylation on the LC3B binding, we performed
multi-replicate molecular dynamics (MD) simulations, evaluating
conformations of the steady-state structure of AMBRA1 when
compared to the phosphorylated structure. In this case, we used
the P62-LIR/LC3B experimental structure as a template for
modelling. As shown in the plot of Fig. 4e, in analogy to the
canonical complex P62-LC3B, the root mean square fluctuation
(RMSF), an index of structural flexibility of AMBRA1–LC3B
interaction, showed a decrease in flexibility, upon phosphoryla-
tion of S1014 (blue and green lines; Fig. 4e). Interestingly, the
phospho-variant was characterized by a flexibility profile
comparable to the canonical p62-LIR (black line; Fig. 4e),
suggesting that this post-translational modification is needed to
compensate for the lower binding affinity of the unphosphory-
lated AMBRA1-LIR, with respect to other known LIR domains.
Moreover, we observed that the stabilization induced by the
phospho-S1014 was likely due to an increase in electrostatic
interactions promoted by this residue (locally and long-range)
(Fig. 4f).

Taken together, these results give a proof of concept that
phosphorylation of S1014 is fundamental to stabilize the
conformation of AMBRA1-LIR in the binding pocket of LC3B,
thus promoting its interaction with LC3B (and most likely with
all mATG8 proteins) and its mitophagy activity.

IKKα kinase phosphorylates AMBRA1 at S1014 during mito-
phagy. In order to define which kinase could regulate AMBRA1
phosphorylation at S1014 during mitophagy, we performed a
bioinformatic analysis by using the Group-based Prediction
System (GPS) software24. One of the candidates with the highest
score was the IKKα kinase (also termed CHUK), a
serine–threonine kinase belonging to the IKK family that includes
IKKα, IKKβ, IKKγ, IKKε and TBK1 proteins25. The predicted
IKKα consensus motif26 was localized upstream of the LIR motif
of AMBRA1 (Fig. 5a), suggesting a potential role of IKKα in
AMBRA1-mediated mitophagy. To prove this biochemically, we
first checked for a putative binding between AMBRA1 and the
IKKα kinase. To this end, we over-expressed, in HeLa cells, the
kinase-dead mutant of IKKα (HA-IKKαK44M)27 in order to avoid
a kiss and run action between the wild-type kinase and AMBRA1,
and then we immunoprecipitated the IKKα mutant with an anti-
HA antibody and, finally, we checked for AMBRA1–IKKα com-
plex by western blot analysis. As shown in Fig. 5b, we found a
binding between the two proteins, suggesting that AMBRA1
could be a substrate for IKKα. To test this hypothesis, we decided
to investigate the effect of the well-known IKKα-specific and
irreversible inhibitor BAY-117082 on AMBRA1 phosphorylation
at S1014 during mitophagy. As shown in Fig. 5c, we observed a
clear reduction of AMBRA1 phosphorylation on S1014, when
cells were treated with BAY-117082 compared to cells treated
with the vehicle (dimethyl sulfoxide). These results suggested that
the IKKα kinase was responsible for the phosphorylation on
S1014 of AMBRA1 following mitophagy induction. To strengthen

these data, we decided to test the effect of the kinase-dead form of
IKKα (IKKαK44M), which acts as a dominant negative mutant27,
on AMBRA1 phosphorylation at S1014. To this end, we over-
expressed vectors encoding Flag-IKKαWT or HA-IKKαK44M in
HeLa cells, and we induced mitophagy by using O/A. As shown
in Fig. 5d, the expression of the kinase-dead version of IKKα was
sufficient to abolish AMBRA1 phosphorylation at S1014 follow-
ing O/A treatment, similarly to BAY-117082 (see Fig. 5c). Con-
sistent with these results, we validated the IKKα-mediated
phosphorylation on AMBRA1 at S1014 by an in vitro kinase
assay, comparing the activity of IKKαWT to its kinase-dead
mutant. To this end, we transfected HeLa cells with a vector
encoding Myc-AMBRA1WT, Flag-IKKαWT or HA-IKKαK44M and
immunoprecipitated individually these three proteins from the
mitochondrial fraction. Then, we combined the immunopreci-
pitated kinases (IP-IKKαWT or IP-IKKαK44M) with the immu-
noprecipitated substrate (IP-AMBRA1). The western blot analysis
showed that the phosphorylation signal at AMBRA1–S1014 was
present only in the IP-IKKα fraction (Fig. 5e). Subsequently, we
also performed an in vitro kinase assay with human recombinant
AMBRA1 as a substrate in order to formally prove a direct effect
of the IKKα kinase on its novel substrate. As shown in Fig. 5f, the
phosphorylated form of AMBRA1 at S1014 was detected when
mixed with the IP-IKKα, but was not appreciated in the kinase-
dead IP-IKKαK44M sample. Despite TBK1 and IKKα kinases
shared a similar structure, we did not observe any effects of the
TBK1 kinase on S1014 phosphorylation of AMBRA1 (Supple-
mentary Fig. 5a).

These results prove that IKKα is the kinase responsible for
AMBRA1 phosphorylation at S1014 upon mitophagy induction,
and thus it represents a novel upstream factor accountable for
mitophagy activation.

IKKα inhibition impairs AMBRA1-mediated mitophagy. In
order to verify whether the abolishment of IKKα kinase activity
could inhibit AMBRA1-mediated mitophagy, we tested the effect
of IKKα inhibition on AMBRA1-mediated mitophagy. To this
end, we checked for mitophagy induction in HeLa cells over-
expressing AMBRA1ActA, and treated or not with the IKKα
inhibitor (BAY-117082) by detecting COXII and COXIV levels by
western blot analysis. We observed that BAY-117082 treatment
was able to rescue mitochondrial clearance following
AMBRA1ActA overexpression (Fig. 5g and Supplementary
Fig. 5b).

Of the highest importance, the IKKα inhibitor also impacted
AMBRA1-mediated mitophagy in Myc-AMBRA1WT transiently
transfected HeLa cells, in which we induced mitophagy by O/A.
As shown in Fig. 5h and Supplementary Figure 5c, by analysing
the mitochondrial clearance by western blotting, we also observed
in this case a rescue of the mitochondrial markers COXII and
COXIV upon BAY-117082 treatment.

To validate these data, we co-transfected HeLa cells with a
vector encoding Myc-AMBRA1ActA in combination with HA-
IKKαK44M kinase-dead mutant. Again, by blocking IKKα activity,
by using the dominant negative form of the kinase, we induced
AMBRA1ActA-mediated mitophagy inhibition (Fig. 5i and
Supplementary Fig. 5d). As expected, AMBRA1WT-induced
mitophagy was also reduced in HA-IKKαK44M transfected cells,
confirming that inhibition of IKKα also impaired AMBRA1WT-
mediated mitophagy (Fig. 5j and Supplementary Fig. 5e). More-
over, as a control, we checked whether the nuclear factor (NF)-κB
pathway was involved in this regulation by looking at p65 nuclear
translocation upon mitophagy stimulation. As shown in Supple-
mentary Figure 5f, no evident p65 translocation to the nucleus
was observed upon O/A treatment compared to tumour necrosis
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factorα treatment, indicating that this inflammation pathway was
not activated during mitophagy.

Altogether, these results point to IKKα as an essential factor in
AMBRA1-mediated mitophagy, regulating AMBRA1 phosphor-
ylation at S1014, and highlight a novel and alternative role (rather
than in inflammation) of IKKα in mitophagy.

HUWE1 controls the S1014 phosphorylation of AMBRA1. In
analogy with other mitophagy receptors, the phosphorylation of
AMBRA1 at the S1014 site, flanking its LIR motif, is a crucial
event for the engulfment of ubiquitin-tagged mitochondria into
autophagosomes. Since we demonstrated that HUWE1 down-
regulation results in a block of AMBRA1-mediated mitophagy,
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we hypothesized that HUWE1 activity could influence AMBRA1
phosphorylation at S1014 upon mitophagy induction. Thus, we
transfected HeLa cells with a siRNA-Ctr or siRNA-HUWE1 or
with a vector encoding HUWE1, and then treated cells with O/A
(2.5 μM, 0.8 μM, 1 h).

Interestingly, we observed that the downregulation of HUWE1
induced a significant reduction in AMBRA1–S1014 phosphoryla-
tion upon mitophagy induction. By contrast, HUWE1 over-
expression resulted in increased phosphorylation of AMBRA1 at
the same site (Fig. 6a). In analogy with this result, we observed
that HUWE1 depletion produces a reduction in AMBRA1–LC3B
binding upon mitophagy stimulation (Fig. 6b).

Taken together, these findings clearly define an epistatic role of
HUWE1 in IKKα- and AMBRA1-mediated mitophagy.

AMBRA1 regulates mitochondrial clearance during ischaemia.
Following the evidence on AMBRA1-mediated mitophagy in relay
with HUWE1 and IKKα, we checked the physiopathological rele-
vance of this functional interplay in models of ischaemia. Indeed,
there is general consensus that mitophagy can be triggered in similar
conditions as it happens via receptors. For instance, NIX/BNIP3L
mediates mitochondrial removal during cerebral28 and cardiac29
ischaemia/reperfusion (I/R) injury; also, FUNDC1 is a well-known
regulator of mitophagy under hypoxia11, and its implications in
ischaemia have been recently elucidated30,31. Of note, the intrami-
tochondrial protein ATPIF1, during ischaemia-preconditioning
context, has been reported to regulate selective degradation of
potentially toxic mitochondria (i.e., those generating high doses of
free radicals) by collapsing their membrane potential (ΔΨm)32,33.
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Fig. 6 HUWE1 is crucial for AMBRA1–S1014 phosphorylation. a HeLa cells were transfected with an empty vector (PcDNA3) in combination with a siRNA-
Ctr or a siRNA-HUWE1 or a plasmid encoding for HUWE1. Cells were treated with O/A (2.5 μM, 0.8 μM, 1 h) and total lysates were blotted for the
indicated antibodies; n= 3. b HeLa cells were transfected with siRNA-Ctr or siRNa-HUWE1 and treated with O/A (2.5 μM, 0.8 μM, 1 h). Mitochondrial
fractions were immunoprecipitated using anti-AMBRA1 antibody; n= 3. Data represent the mean of three different samples (±S.D.) and are representative
of experimental triplicate. *P < 0.05. Statistical analysis was performed using one-way anOVA (a) or Student’s t-test (b). Mr(K) = relative molecular mass
expressed in kilodalton

Fig. 5 IKKα controls AMBRA1 phosphorylation at S1014 during mitophagy. a Sequence alignment of the consensus sequence of IKKα-phosphorylation on
IκBα, TAX1BP1 and AMBRA1. b HA-IKKαK44M transfected HeLa cells were subjected to Co-IP and blotted for the indicated antibodies; n= 3.
c Untransfected HeLa cells were treated with O/A (2.5 μM, 0.8 μM, 1 h) and with the IKKα irreversible inhibitor BAY-117082 (2 μM, 1 h); n= 3.
d Representative image of HeLa cells transfected with PcDNA3, Flag-IKKαWT or the kinase-dead HA-IKKαK44M, treated with O/A and blotted for the
indicated antibodies; n= 3. e In vitro kinase assay of immunoprecipitated-Flag-IKKαWT- or HA-IKKαK44M-expressing HeLa cells in which the substrate
(Myc-AMBRA1WT) was transcribed/translated in vitro. Samples were immunoblotted for the indicated proteins; n= 2. f In vitro kinase assay in which the
immunoprecipitated fraction of IKKαWT or IKKαK44M were mixed to recombinant produced AMBRA1; n= 2. g HeLa cells transfected with Myc-
AMBRA1ActA or PcDNA3 (24 h) and treated with BAY-117082 inhibitor were blotted for the indicated antibodies; n= 3. h HeLa cells transfected with Myc-
AMBRA1WT or PcDNA3 and treated with O/A (2.5 μM, 0.8 μM, 5 h) and BAY-117082 inhibitor (2 μM, 5 h) were immunoblotted for the indicated proteins;
n= 3. i HeLa cells transfected with PcDNA3 or HA-IKKαK44M constructs in combination with Myc-AMBRA1ActA were analysed by western blot for the
indicated antibodies; n= 3. j PcDNA3+Myc-AMBRA1WT or Myc-AMBRA1WT+HA-IKKαK44M co-transfected HeLa cells treated with O/A were subjected
to immunoblotting for COXII, COXIV, HA, Myc and ACTIN antibodies; n= 3. Data represent the mean of three different samples (±S.D.) and are
representative of experimental triplicate. *P < 0.05. Statistical analysis was performed using one-way ANOVA (c, g, h, I, j). Mr(K) = relative molecular
mass expressed in kilodalton
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Ischaemia and its prodromal phases are characterized by
detrimental oxidative stress, which we showed to be counteracted
by AMBRA1-induced mitophagy34; this evidence prompted us to
investigate whether AMBRA1 itself could drive mitophagy during
I/R injury.

We thus tested the degree of AMBRA1 phosphorylation in SH-
SY5Y cells exposed to an in vitro model of ischaemia mimicked
by alternative time periods of oxygen-glucose deprivation/re-
oxygenation (OGD/RX)33. Total lysates were then subjected to
western blot analysis of P-S1014-AMBRA1, recording that
AMBRA1 is neatly phosphorylated between 30 min and 1 h of
OGD/RX treatment (Fig. 7a). Nevertheless, the role of endogen-
ous AMBRA1 in this physiopathological activation of mitophagy
was further corroborated by downregulating AMBRA1 in SH-

SY5Y cells exposed to the same OGD/RX protocols. In Fig. 7b,
the decrease of COXII is utterly rescued when AMBRA1 is
removed. Subsequently, we checked whether HUWE1 and IKKα
also actively took part to AMBRA1-mediated mitophagy upon
OGD/RX. In Myc-AMBRA1WT-expressing SH-SY5Y cells,
HUWE1 expression was repressed via siRNA; this primed a
significant rescue of COXII during OGD/RX (Fig. 7c). In another
experiment, we also abrogated IKKα activity by overexpressing
the dominant negative kinase IKKαK44M in SH-SY5Y cells
transfected with Myc-AMBRA1WT. Indeed, 3 h of exposure to
OGD/RX impaired the clearance of mitochondria (Fig. 7d). In
sum, these data lead us to conclude that AMBRA1, together with
HUWE1 and IKKα, may well represent a novel regulator of
ischaemia-induced mitophagy, thus highlighting the
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Fig. 7 AMBRA1 induce mitophagy in an in vitro model of ischaemia. a Lysates of SH-SY5Y cells exposed to different time points of OGD/RX (0min,
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physiopathological relevance of this pathway in mitochondria
quality control.

Discussion
In the present study, we demonstrated that the mitophagy
receptor AMBRA1 acts at two critical steps during mitochondrial
membrane depolarization-induced mitophagy. First, we identified
the E3 ubiquitin ligase HUWE1 as an important co-operator of
AMBRA1 in order to induce mitophagy, following mitochondrial
membrane depolarization. In particular, we demonstrated that
AMBRA1ActA strongly favours the interaction between HUWE1
and MFN2, thus acting as a cofactor for HUWE1 E3 ubiquitin
ligase activity, and leading subsequently to MFN2 ubiquitylation
and then to its degradation. The data highlight a novel important
paradigm for HUWE1 E3 ubiquitin ligase activity regulation and
open a wide range of studies to understand whether AMBRA1
may control HUWE1 activity in other contexts. Of note, HUWE1
depletion abolishes both MFN2 degradation and AMBRA1-
mediated mitophagy in HeLa cells. Also, it has been established
that MFN2 degradation is an important event for mitophagy
induction35. In line with this evidence, we showed that MFN2 is
degraded in the early steps of AMBRA1-mediated mitophagy (18
h post transfection of Myc-AMBRA1ActA). Moreover, HUWE1
depletion induces a clear reduction of total mitochondria ubi-
quitylation following AMBRA1ActA expression. Since we found
that MFN2 degradation correlates with AMBRA1-mediated
mitophagy induction, it will be necessary to better understand
in the future whether or not this event is a critical step for
AMBRA1-mediated mitophagy. Also, although MNF2 is a
favourite substrate of HUWE1, it will be important to investigate
whether HUWE1 could ubiquitylate other mitochondrial sub-
strates in order to control mitophagy induction.

We recently demonstrated that AMBRA1 is a BH3 (BCL2-
homology domain 3)-like protein, containing a BH3 domain
necessary for its interaction with BCL2 family proteins36,37.
Interestingly, HUWE1 has been defined as a unique BH3-
containing E3 ubiquitin ligase38; it would be interesting to
characterize the binding between AMBRA1 and HUWE1 by
checking, in particular, whether a BH3 mechanism is involved in
this context. Of note, both HUWE1 and AMBRA1 can interact
with the anti-apoptotic factor MCL1 (induced myeloid leukaemia
cell differentiation protein Mcl-1)36,38. In this scenario, it could
also be interesting to define the relationship among
AMBRA1–HUWE1-dependent mitophagy, mitochondrial
dynamics and apoptosis.

The HUWE1–AMBRA1 axis in mitophagy defines a new
pathway for damaged mitochondrial removal related to a novel
E3 ligase, yet unwound in this field, but since AMBRA1 and
HUWE1 are two large multi-domain proteins, they may coop-
erate in several processes, such as cancer, apoptosis and cell
proliferation. In fact, HUWE1 has been described as a tumour
suppressor gene controlling the proto-oncogene c-Myc regula-
tion. HUWE1 participates to c-Myc degradation, leading to a
reduction in tumour diffusion39. It is opportune to underline that
AMBRA1 also controls c-Myc expression, cooperating in the
PP2A-mediated dephosphorylation of c-Myc40. It could thus be
interesting to analyse the correlation between AMBRA1–HUWE1
and c-Myc regulation upon mitophagy stimulation. As previously
demonstrated, mitochondria are fundamental in cellular homo-
eostasis and the HUWE1–AMBRA1 axis can represent a focal
point of interconnection between healthy and tumour cells.

In addition, it is noteworthy that MFN2 degradation is also
mediated by PARKIN activity41. Since we demonstrated that
AMBRA1-dependent mitophagy is not controlled by the PINK1/
PARKIN pathway, we propose here an alternative system that

regulates mitophagy. The removal and proteolysis of OMM
proteins appears to be necessary for mitophagy42. Since the
PINK1/PARKIN pathway is mutated in one of the most diffuse
neurodegenerative disturb, Parkinson’s Disease43,44,
AMBRA1–HUWE1-dependent mitophagy could offer a novel
target therapy to counteract this disease as it may preserve cellular
vitality. The mitophagy programme is a highly intricate system
comprising different characters. In fact, PINK1-related mito-
phagy receptors present UBDs in their sequences that allow the
interaction with Ser65-phosphoUb-containing mitochondria5,45.
By contrast, mitochondrial proteins, such as NIX, FUNDC1 and
Bcl2-L-13, lacking an UBD, can anyway promote mitophagy of
ubiquitylated mitochondria. In our current work, we added a
piece to this heterogeneous puzzle, describing AMBRA1 as a new
UBD-free mitophagy receptor, which acts following mitochon-
drial membrane depolarization. Indeed, we revealed that the
expression of AMBRA1 is sufficient to restore mitochondrial
clearance in cells depleted for PINK1/PARKIN-related mitophagy
receptors, such as NDP52, OPTN, TAX1BP1, P62 and NBR1. In
analogy with mitophagy receptors Bcl2-L-13, FUNDC1 and NIX/
BNIP3L, we demonstrated that AMBRA1 is also able to stimulate
mitochondrial clearance in the absence of any PINK1 phospho-
ubiquitin signals. Indeed, we previously proved that AMBRA1
was able to induce mitophagy in PINK1−/− MEFs cells13.

Moreover, we have proved that AMBRA1-mediated mitophagy
activity is tightly dependent on its phosphorylation state. In
particular, following mitophagy induction, the phosphorylation
on S1014 increases the AMBRA1–LC3B binding thus promoting
an enhancement in AMBRA1-mediated mitophagy. Moreover,
we have revealed that the HUWE1 ubiquitylation signal is fun-
damental not only in tagging mitochondria for mitophagy, but
also in activating AMBRA1 for mitophagy. In fact, we observed
that downregulation of HUWE1 results in a reduction of
AMBRA1-activated phosphorylation state, necessary for its
interaction with the autophagosome marker LC3B. We can
speculate that a fine dual relationship occurs between AMBRA1
and HUWE1: the former is necessary for HUWE1 recruitment to
the mitochondria; the latter, once at the mitochondria, ubiqui-
tylates OMM protein(s), thus inducing mitophagy and producing
a signal for AMBRA1–S1014 phosphorylation, flanking its LIR
motif. This event causes in turn a structural rearrangement
necessary to make the AMBRA1-LIR motif more accessible to
LC3B. In particular, we detected that the negative charge on
S1014 of AMBRA1 produces an increase in electrostatic inter-
actions in the proximity of the tryptophan site (W1020) on the
AMBRA1-LIR motif. As shown in Supplementary Fig. 4, the
importance of electrostatic interactions involving side chains of
mATG8 proteins is confirmed by the NMR titration data. By
performing ITC and NMR experiments, we observed that the
phosphorylation on S1014 is important to increase the affinity
between AMBRA1-LIR and mATG8 proteins (Supplementary
Fig. 4) and this result led us to identify GABARAP proteins as
more specific interacting proteins of AMBRA1. Of note, the
S1014 site is not directly located prior to the core LIR aromatic
residue W1020 of AMBRA1. Therefore, the increase of
AMBRA1–mATG8 binding by S1014 phosphorylation is a quite
unexpected event. For example, the OPTN phosphorylation on
S170, flanking its LIR motif, shows a small increase in affinity to
LC3B24. Based on this, we cannot exclude that other factors (such
as additional residues or structural elements in AMBRA1, or
AMBRA1 additional post-translational modifications) could also
affect the interactions between full-length AMBRA1 and mATG8
proteins. Moreover, since GABARAPs seem to be more involved
in the PINK1/PARKIN-dependent mitophagy pathway than
LC3s46, it will be very interesting to investigate, in the future,
whether AMBRA1 requires a preferentially binding to
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GABARAPs or to LC3s in mitophagy, depending on a particular
context (PINK1/PARKIN dependent or independent) or on other
processes (i.e., macroautophagy or different selective forms of
autophagy).

Our results clearly define the importance of post-translational
modifications on the phosphorylated site, in proximity of the
identified LIR motif of AMBRA1. Several reports demonstrated
the central role of kinase-mediated phosphorylation in cargo
receptor-mediated autophagy11,47. We here demonstrated a novel
role of IKKα, independently of its role in NF-κB pathway in
mitophagy. Interestingly, Criollo et al.48 proved that the IKK
complex was able to promote macroautophagy activation in an
NF-κB-independent manner.

Although the IKK family is composed of several members,
including IKKα, IKKβ, IKKγ, TBK1 and IKKε, the structure of
these factors is very similar25. Interestingly, one of these proteins,
TBK1, plays a pivotal role in controlling selective autophagy, such
as xenophagy and mitophagy6,23,47,49. Here, we demonstrated
that, in analogy with TBK1, which is mainly described to be
involved in the phosphorylation of the mitophagy receptor OPTN
upstream of its LIR motif in xenophagy23 and in mitophagy5,
IKKα is able to phosphorylate the mitophagy receptor AMBRA1
flanking its LC3-interacting region during mitochondrial clear-
ance. It seems that such mechanisms are evolutionary conserved
and we hypothesize that similar to OPTN, AMBRA1 could also
be involved in other selective autophagy processes (i.e.,
xenophagy).

It is noteworthy that IKKα is also fundamental in mitochon-
drial dynamics regulation by favouring OPA1 activation and
therefore mitochondrial fusion50. Moreover, Bakkar et al.51
demonstrated that IKKα regulates mitochondrial biogenesis in
muscle tissue. These data underline the complexity of IKKα
function, which seems to be highly related to inflammation,
mitochondria dynamics and mitophagy.

In sum, we prove that previously unravelled mitophagy-
involved proteins, HUWE1 E3 ubiquitin ligase and IKKα kinase,
play pivotal roles in AMBRA1-mediated mitophagy. HUWE1 is
crucial to trigger AMBRA1-mediated mitophagy by favouring
MFN2 degradation. This event is necessary for AMBRA1 phos-
phorylation on its S1014-mediated by IKKα. This kinase, in turn,

regulates the engulfment of damaged mitochondria into autop-
hagosomes by phosphorylating AMBRA1–S1014, thus enabling
AMBRA1–mATG8 interactions. Since either HUWE1 or IKKα
depletion inhibit mitophagy mediated by AMBRA1, we propose
that these two proteins strongly contribute to two different steps
in the AMBRA1-mediated mitophagy control (Fig. 8).

Finally, we demonstrated that AMBRA1, in a model of
ischaemia/re-oxygenation, regulates mitophagy together with
HUWE1 and IKKα, thus implying that AMBRA1-mediated
mitophagy plays a protective role in response to hypoxia. In the
same line, it would also be interesting to test whether Ambra1
heterozygous mice fail to show protection against ischaemic stress.

In sum, this work highlights this novel and alternative mito-
phagy pathway as a new target in developing therapy to coun-
teract diseases characterized by malfunctioning mitochondria
such as neurodegeneration, hypoxic-ischaemic encephalopathy
and cancer.

Methods
Antibodies. Antibodies used for western blot or immunofluorescence analysis are
listed in the Supplementary Table 1 with the appropriated dilutions.

Cell cultures and transfection. Cells were cultured in Dulbecco's modified Eagle's
medium (DMEM; GIBCO 41966-029) supplemented with 10% foetal bovine serum
(FBS; Thermo Fisher Scientific, 10270-106) and 1% penicillin–streptomycin solu-
tion (Lonza, 17-602 E) at 37 °C under 5% CO2. HeLa and SH-SY5Y cells were
purchased from Sigma-Aldrich (93021013 and 9403304, respectively). Penta-
knockout HeLa cells (Penta-KO) and mt-mKeima expressing wild-type or PINK1
knockout HeLa cells (mt-mKeima HeLa; mt-mKeima PINK1-KO) were a gift of R.
Youle5. HEK293T-HUWE1 cells were donated by T. Mak.

Transient transfections of expression plasmids into HeLa, Penta-KO,
HEK293T-HUWE1 and SH-SY5Y cells were performed using TurboFect or
Lipofectamine 2000 according to the supplier’s instructions (Thermo Fisher
Scientific, R0532; Invitrogene, 11668019).

Plasmids and cloning. All the transfected constructs presented in this article are
described in Supplementary Table 2.

Mutations listed in the Supplementary Table 3 were generated using the
QuickChange site-directed mutagenesis kit (Stratagene, 200519) and all plasmids
generated in this study were verified by DNA sequencing (Eurofins).

SiRNA-mediated knockdown. RNA-interference was performed using Lipo-
fectamine 2000. A list of siRNA constructs is described in Supplementary Table 4.
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Fig. 8 AMBRA1 regulates mitophagy at two critical steps. Upon mitophagy stimulation, AMBRA1 mediates the HUWE1 E3 ubiquitin ligase translocation
from cytosol to mitochondria (light blue). AMBRA1 acts as a cofactor for HUWE1 E3 ubiquitin ligase activity, favouring its binding to its substrate MFN2
(and maybe other OMM substrates) and targeting it to the proteasome. This event is crucial and required for AMBRA1-induced mitophagy. In a second
step, in analogy with other mitophagy receptors, AMBRA1 is phosphorylated at S1014, flanking its LIR motif, in order to be able to interact with mATG8s.
The final outcome is the engulfment of damaged mitochondria (dark blue) into autophagosomes. This post-translational modification is controlled by IKKα
kinase upon mitophagy stimulation. Reproduced from ref.71 with permission from Elsevier
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Cell treatment. After 6 h of transfection or 24 h after cell seeding, cells were
treated as described below. Penta-KO were treated with the combined treatment O/
A (10 μM oligomycin (Calbiochem)/4 μM antimycin A (Sigma)), supplemented
with 20 μM QVD (Sigma-Aldrich, SML0063) in fresh growth medium for 24 h, as
in ref. 5. HeLa cells were treated either with the combined treatment O/A (2.5 and
0.8 μM) or FCCP 10 μM (Sigma-Aldrich, C2920) or EBSS (Thermo Fisher Scien-
tific, 24010043) for the indicated time. In order to block IKKα activity, cells were
treated with the irreversible inhibitor BAY-117082 at 1 or 2 μM, for the indicated
time. Autophagosome–lysosome fusion was blocked with NH4Cl 40 mM (Sigma-
Aldrich, O9718).

Western blot analysis. Cells were rinsed in phosphate-buffered saline (PBS) on
ice and lysed in RIPA buffer supplemented with a protease inhibitor cocktail
(Sigma-Aldrich, P8340), Na4VO3 0.1 mM (Sigma-Aldrich, S6508), NaF 1 mM
(Sigma-Aldrich, S7920) and β-Glycerophosphate 5 mM (Sigma-Aldrich, G6376).

Cell extracts were centrifuged at 15,000 × g for 10 min at 4 °C. Protein
concentrations were determined with the Bio-Rad Protein Assay Kit (Bio-Rad,
5000001). Cell extracts or immunoprecipitates were separated by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS–PAGE). Polyvinylidene
difluoride (PVDF; Merck-Millipore, IPVH00010) or Nitrocellulose (GE Healthcare,
10600002) membranes were incubated with primary antibodies followed by
horseradish peroxidase-conjugate secondary antibodies (Bio-Rad, 1706515 and
1721011) and visualized with ECL (Merck-Millipore WBKLS0500). Uncropped
scans of the most important blots are reported in the Supplementary Information,
as Supplementary Figure 6.

Co-immunoprecipitation (Co-IP). After cell lysis, equal amounts of protein were
incubated with primary antibodies with end-over-end rotation for 24 h. Then, 30 µl
of protein A agarose beads (Roche, 11719408001) were added for 60 min. The
beads were collected by centrifugation and washed 3 times with the RIPA buffer.
Immunocomplexes were eluted with 30 µl of SDS sample buffer and heated at 95 °C
for 10 min.

Immunofluorescence analysis. Cells were washed in PBS and fixed with 4%
paraformaldehyde in PBS for 10 min. After permeabilization with 0.4% Triton X-
100 (Sigma-Aldrich, X-100) in PBS for 5 min, cells were incubated overnight at 4 °
C with primary antibodies and 2% normal goat serum (Sigma-Aldrich, G9023).
Cells were then washed with PBS (GIBCO, BE17-512F) and incubated for 1 h with
labelled anti-mouse (Thermo Fisher Scientific, A11017-A21425) or anti-rabbit
(Thermo Fisher Scientific, A11070-A21430-A31573) secondary antibodies. Nuclei
were stained with 1 μg/ml DAPI (4′,6-diamidino-2-phenylindole) and examined
under a Zeiss LSM 700 100× oil-immersion objective (CLSM700; Jena, Germany).
We used ImageJ software for image analysis. We calculated the mito content as
percentage of cytosolic area occupied by mitochondria with Mitophagy macro52.
For Supplementary Figure 1b, the quantification as mito-aggresome-positive
transfected cells (%) was performed by a blind approach (the information on
plasmid transfection was masked), counting the mitochondria with round and
clumped shape. All acquisitions were performed in non-saturated single z-confocal
planes.

Nuclei–mitochondria–cytosol purification. Cells, rinsed in ice-cold PBS and
centrifuged at 800 × g for 10 min, were resuspended in homogenization buffer (HB:
0.25M sucrose (Sigma-Aldrich, S0389), 10 mM HEPES pH 7 (Sigma-Aldrich,
H4034), EDTA (Sigma-Aldrich, ED-100)) with protease and phosphatase inhibi-
tors cocktail. Nuclei, mitochondria and cytosol purifications proceed by standard
differential centrifugations. After homogenization of the solution with 30–70 pulses
(one pulse corresponds to approximately 1 s), cells were collected at 600 × g at 4 °C
for 10 min. The pellet containing the nuclear fraction was suspended in RIPA
buffer, instead the supernatant was subjected to a further centrifugation at
11,000 × g for 15 min at 4 °C. The mitochondrial pellet fraction was suspended in
RIPA buffer. The supernatant fraction corresponded to soluble cytosolic proteins.

In vitro IP-kinase assay. HeLa cells were transiently transfected with a vector
encoding for Myc-AMBRA1WT or Flag-IKKαWT or HA-IKKαK44M. After 24 h,
equal amounts of proteins (500 µg) were immunoprecipitated using anti-Myc, anti-
Flag and anti-HA antibodies, respectively, overnight. Protein A Agarose beads (30
µl of 50% slurry) (Roche, 11719408001) were added to the samples at 4 °C with
end-over-end rotation for 1 h. The immunoprecipitates were collected by cen-
trifugation and washed 3 times with RIPA buffer. Pellets were washed for 3 min
with 500 µl 1× Kinase Buffer (KB: 20 mM Hepes pH 7.4, 10 mM MgCl2, 25 mM
Glycerophosphate, 0.1 Na4VO3, 4 mM NaF, 1 mM DTT (Sigma-Aldrich, GE17-
1318-01)). The IP-Flag- IKKαWT or IP-HA-IKKαK44M final pellets were resus-
pended in 50 µl of 1× Kinase Buffer, while IP-Myc-AMBRA1 was suspended in 50
µl of RIPA buffer. In order to test kinase activity with a non-radioactive method, 1
µl of 10 mM adenosine triphosphate (ATP) and 20 µl of IP-Myc-AMBRA1 sub-
strate were added to the IP kinases for 30 min at 30 °C. The reaction was stopped
by adding 30 µl of 4× SDS Sample Buffer and denaturizing at 95 °C for 5 min. For

the kinase assay with recombinant AMBRA1, the wild-type AMBRA1 protein was
transcribed and translated in vitro with standard procedures (Promega, L1170
TnT® Quick Coupled Transcription/ Translation Systems). At the end of IKKαWT

or IKKαK44M immunoprecipitation (as described above), 1 µl of 10 mM ATP and 2
µl of kinase substrate was added to the IP-kinases for 30 min at 30 °C. The reaction
was stopped by adding 30 µl of SDS Sample Buffer and denaturizing at 95 °C for 5
min. For both of these kinase assays, samples were analysed by western blot.

Isothermal titration microcalorimetry. The ITC experiments were performed at
25 °C and 35 °C using a MicroCal VP-ITC microcalorimeter (Malvern Instruments
Ltd, UK). The peptides at concentrations of 0.35 mM were titrated into 0.015 mM
LC3 and GABARAP proteins in 21 steps. The ITC data were analysed with the
ITC-Origin 7.0 software with a one-site binding model. The protein and peptide
concentrations were calculated from the UV absorption at 280 nm through a
Nanodrop spectrophotometer (Thermo Fisher Scientific, DE, USA).

NMR spectroscopy. All NMR experiments were performed at 298 K on Bruker
Avance spectrometer operating at a proton frequencies of 600MHz. Titration
experiments were performed with 0.17 mM 15N-labelled LC3B and GABARAP
protein samples to which the non-labelled AMBRA1-LIR peptides were added
stepwise until 8 times excess to LC3B protein, or 4 times excess to the GABARAP
protein. Chemical shift perturbations (CSP) analysis was done according to the
most recent review53. CSP values were calculated for each individual backbone
proton using the formula: Δδ= [ΔδH2+ (ΔδN/5)2]1/2. The dissociation constants,
KD, were calculated by a least squares fit to the titration data under the assumptions
of a fast exchange regime and a one binding site mode of the protein interaction.
The obtained CSP values were mapped on LC3B (PDB ID 1UGM54) and
GABARAP (PDB ID 1GNU55) structures.

ITC and NMR sample preparation. For ITC and NMR experiments, the unla-
belled or 15N-labelled LC3 and GABARAP proteins were obtained based on the
protocols described elsewhere56,57. AMBRA1-LIR-containing peptides with dif-
ferent states of S1014 phosphorylation (unphosphorylated, P0: EALNSG-
VEYYWDQLNET; D-phosphomimicked, PM: EALNDGVEYYWDQLNET; and
S1014 phosphorylated, P1: EALN{pS}GVEYYWDQLNET) were purchased from
GenScript Inc. (NJ, USA). Before experiments, all proteins and peptides were
equilibrated with a buffer containing 50 mM Na2HPO4, 100 mM NaCl, pH 7.0; and
supplemented with 5 mM protease inhibitor cocktail.

AMBRA1–LC3B modelling. We used Modeller version 9.1558 to generate struc-
tural models of the AMBRA1-LIR motif (L1013NSGVEYYWDQLNET1026) in
complex with LC3B to use as starting structures for the all-atom MD simulations.
For the modelling, we used the X-ray structure of p62-LIR motif in complex with
LC3B (PDB entry 2ZJD)59 as a template. We generated 1000 binding poses with
Modeller and we then carried out structural clustering with the linkage algorithm
based on the root mean square deviation (RMSD) of all the atoms of Ambra1-LIR
peptide. We selected the average structures from each of the four more populated
clusters (i.e., the conformer with the lowest RMSD to the other ones in the same
cluster) and we used each of them as a starting structure for all-atom explicit
solvent molecular simulations using multiple replicates. For the phosphorylated
variant of Ambra1-LIR, we generated a second set of models by in silico phos-
phorylation (S2P; phosphoserine with a −2 charge) on position S1014 in each of
the four models previously selected using the web interface of Vienna-PTM60. We
treated in our simulation the phosphoserine S1014 using the −2 state. Indeed, the
pKa values of single protonated/un-protonated transition of phosphoserine suggest
that both states are present at neutral pH, but the −2 state is predominant61.

We carried out 250-ns all-atom MD simulations in explicit solvent for each of
the selected four models in both unphosphorylated and phosphorylated states, as
well as a simulation of the known LC3B-p62 complex as a reference. The MD
simulations were performed with Gromacs version 5.162 with the protein force
fields Charmm22/CMAP63 and Charmm22*64 in conjunction with the TIPS3P
water model. Parameters for S2P were merged from ref. 65. All systems were
solvated in dodecahedral boxes with a minimum distance between protein and box
edge of 1.8 nm and charged ions were added to set a concentration of 0.15M NaCl.
The productive MD simulations were carried out at 298 K with simulation
parameters and equilibration protocol66. The first 50 ns of each MD simulation
required for equilibration of the system was discarded from downstream analyses.

For each trajectory we calculated, as a measure of protein flexibility, the average
RMSF for each Cα atom in the Ambra1-LIR or the p62-LIR peptides averaging the
RMSF over 10-ns time windows and estimating the associated standard deviations.

The four independent replicates of each system were merged into a
concatenated trajectory for the analyses of electrostatic interactions.

We estimated intra- and inter-molecular electrostatic interactions, as
implemented in the PyInteraph suite of tools67. The interactions are defined as
distances between the charged groups in the residue side chains of arginine, lysine,
aspartate, glutamate and the phosphoserine. We employed a 5 Å cutoff in the
analyses. To filter out interactions with low occurrence in the simulations, we
included in the final networks only those interactions which are present in at least
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20% of the simulation frames, as previously tested in other cases of study67. All the
electrostatic interactions identified for each of the MD ensembles were visualized
using the PyMOL plugin xPyder68.

Mass spectrometry analysis of AMBRA1-interacting proteins. SILAC-based
strategy is used for comparative and quantitative AMBRA1-interacting proteins
analysis in HeLa cells in mitophagy condition. Cells were growth in SILAC DMEM
(Silantes, 280001200), supplemented with FBS 10%, 1% penicillin–streptomycin
solution, L-glutamine, L-arginine and L-lysine, according to the supplier’s instruc-
tions. Accordingly, we obtained two different isotope amino-acid labelling media:
Light Medium K0/R0 and SILAC Heavy medium (K6/R10). Cells were growth in
these media for 2 weeks.

In order to analyse AMBRA1 interactors during mitophagy, Light and Heavy
cells were transfected with a vector encoding for Myc-AMBRA1ActA for 24 h. Equal
amounts of harvested Light and Heavy lysates were immunoprecipitated with an
anti-Myc antibody, as previously described in the immunoprecipitation protocol.
Immunoprecipitated heavy proteins were then mixed 1:1 with light proteins and
subjected to SDS–PAGE followed by band excision and trypsin-peptide digestion
in order to allow LC-ESI-MS/MS (liquid chromatography-electrospray ionization-
tandem mass spectrometry) analysis15.

In vitro ubiquitylation assay. HEK293T cells stably expressing Flag-HUWE1 were
lysed with Triton Buffer (50 mM Tris-Hcl pH 7.5, 250 mM NaCl, 50 mM NaF,
1 mM EDTA 1 pH 8, 0,1% Triton), supplemented with proteases and phosphatases
inhibitors. Then, 3–5 mg of whole cell lysates were precleared with protein A/G-
Sepharose beads (GE Healthcare) for 3 h and then incubated overnight at 4 °C with
5 mg of anti-Flag antibody (Sigma-Aldrich, F3165) per sample. Finally, the
immunocomplexes have been absorbed on protein A/G-Sepharose beads, washed
six times in Triton lysis buffer and used for in vitro ubiquitylation assay or eluted
by boiling in SDS loading buffer.

In vitro ubiquitylation assay was carried out using HUWE1 complex
immunopurified from HEK293T cells stably expressing Flag-HUWE1 using the
method described above. The beads containing the HUWE1 immunocomplexes
were washed twice with equilibration buffer (25 mM Tris-Hcl pH 7.5, 50 mM NaCl,
1 mM EDTA, 0.01% Triton and 10% glycerol) and then added to the following
reaction: 40 ng of E1, 0.5 μg of UbcH3, 0.5 μg of UbcH5, 0.3 μg of UbcH7, 1 μg of
ubiquitin in the ubiquitylation buffer (2.5 mM Tris·HCl, 0.7 mM dithiothreitol
(DTT), 4 mM ATP, 10 mM MgCl2, 0.1 mM ubiquitin aldehyde) in a final volume
of 30 μl. The assays have been carried out for 90 min at 30 °C, then the
immunocomplexes were eluted by boiling in SDS loading buffer, loaded on
SDS–PAGE, blotted onto PVDF membranes (Millipore) and then blocked with
PBS-T (phosphate-buffered saline and 0.1% Tween-20) containing 5% non-fat dry
milk for 1 h at room temperature (RT). The incubation with primary antibodies
was performed for 2 h at RT, followed by appropriate horseradish peroxidase-
conjugated secondary antibodies for 1 h at RT. After extensive washing, detection
was performed with the ECL Western Blot Chemiluminescence Reagent (Perkin
Elmer).

In vitro protocols of ischaemia. Preconditioning and ischaemia condition were
recreated by exposing cells to 30 min and 3 h, respectively, of OGD69. In addition,
cells were exposed to 1 h of OGD. Initially, OGD was performed in a medium
previously satured with 95% N2 and 5% CO2 for 20 min and containing NaCl
116 mM, KCl 5.4 mM, MgSO4 0.8 mM, NaHCO3 26.2 mM, NaH2PO4 1 mM, CaCl2
1.8 mM, glycine 0.001 mM and 0.001 w/v phenol red33,70. Then, hypoxic condi-
tions were maintained using a hypoxia chamber at 37 °C, 5% CO2 and 95% N2. At
the end of OGD, the cells were incubated for 24 h in normoxic conditions using
DMEM containing normal levels of O2 in a CO2 incubator at 37 °C RX) followed
by lysis for western blot analysis. Whole cell lysate were prepared in RIPA buffer
(50 mM Tris-HCl, 150 mM NaCl, 1% (v/v) Triton X-100, pH 8.0) containing
protease and the phosphatase inhibitors.

mt-mKeima mitophagy assay. Wild-type and PINK1-KO HeLa cells stably
expressing mitochondrial-targeted mKeima (mt-mKeima,7) were co-transfected
with PcDNA3+GFP, Myc-AMBRA1WT+GFP, Myc-AMBRA1S1014A+GFP, Myc-
AMBRA1S1014D+GFP, PcDNA3+GFP-ShCtr, Myc-Ambra1ActA+GFP-ShCtr or
myc-Ambra1ActA+GFP-ShHUWE1, and treated as indicated in the text. GFP was
used as a reporter for co-transfected cells. Live cells were photographed at 37 °C/5%
CO2 through the live cell imaging microscope UltraView Vox (Perkin Elmer). mt-
mKeima was excited both at 405 nm (neutral, pseudo-coloured in green) and
561 nm (acidic, red) and detected through the same emission filter (615 nm, W70),
while GFP was captured with standard procedures (488 nm excitation, 525 nm
W50 emission filter, pseudo-coloured in cyan). A total of 100 randomized fields per
condition were detected in each experiment with a 100× objective. Randomization
was performed through an automated function of the miscroscope. mt-mKeima
fluorescence intensity was quantified in single GFP-positive cells with the inte-
grated function of the microscope software Volocity (Perkin Elmer). Fields with no
GFP-positive cells were excluded from the analysis.

Statistical analysis. All statistical calculations were performed and graphed using
GraphPad Prism 6. Comparisons between two groups were analysed using Stu-
dent’s t-test assuming a two-tailed distribution. Three or more group comparisons
were performed with one-way analysis of variance (ANOVA) and Tukey’s post-test
with a confidence interval of 95%. Significance is defined as *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. No statistical methods were used to predetermine
sample size.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Therapeutic strategies are needed to protect dopaminergic neurons in Parkinson’s
disease (PD) patients. Oxidative stress caused by dopamine may play an important
role in PD pathogenesis. Selective autophagy of mitochondria (mitophagy), mainly
regulated by PINK1 and PARKIN, plays an important role in the maintenance of cell
homeostasis. Mutations in those genes cause accumulation of damaged mitochondria,
leading to nigral degeneration and early-onset PD. AMBRA1ActA is a fusion protein
specifically expressed at the mitochondria, and whose expression has been shown to
induce a powerful mitophagy in mammalian cells. Most importantly, the pro-autophagy
factor AMBRA1 is sufficient to restore mitophagy in fibroblasts of PD patients
carrying PINK1 and PARKIN mutations. In this study, we investigated the potential
neuroprotective effect of AMBRA1-induced mitophagy against 6-hydroxydopamine
(6-OHDA)- and rotenone-induced cell death in human neuroblastoma SH-SY5Y
cells. We demonstrated that AMBRA1ActA overexpression was sufficient to induce
mitochondrial clearance in SH-SY5Y cells. We found that apoptosis induced by 6-OHDA
and rotenone was reversed by AMBRA1-induced mitophagy. Finally, transfection of
SH-SY5Y cells with a vector encoding AMBRA1ActA significantly reduced 6-OHDA and
rotenone-induced generation of reactive oxygen species (ROS). Altogether, our results
indicate that AMBRA1ActA is able to induce mitophagy in SH-SY5Y cells in order to
suppress oxidative stress and apoptosis induced by both 6-OHDA and rotenone.
These results strongly suggest that AMBRA1 may have promising neuroprotective
properties with an important role in limiting ROS-induced dopaminergic cell death, and
the utmost potential to prevent PD or other neurodegenerative diseases associated with
mitochondrial oxidative stress.
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INTRODUCTION

Parkinson’s disease (PD) is a chronic and severe
neurodegenerative disorder characterized by a progressive and
selective death of dopaminergic neurons in the substantia nigra.
The cellular loss (among 50%–70%) in the ventral area of the
substantia nigra pars compacta is the main pathological hallmark
of PD. Although Parkinsonism is usually a sporadic disease,
there is also a familial component related to a growing number of
single gene mutations. Among these, mutations in mitochondrial
genes encoding PINK1, PARKIN and DJ-1 proteins promote
autosomal recessive PD. Although the exact causes defining
PD are largely unknown, mitochondrial oxidative stress and
accumulated dysfunctional mitochondria are critical factors in
the disease onset. The clearance of dysfunctional mitochondria
can be regulated by a selective form of autophagy, known as
mitophagy (Lemasters, 2005). Mitophagy is a self-degradative
process that allows the elimination of ubiquitin-targeted
mitochondria through lysosomal digestion. Both PINK1 and
PARKIN are key factors in mitophagy induction: PINK1 is a
Ser-Thr kinase that mediates the phospho-ubiquitin signal, thus
recruiting the E3 ubiquitin ligase PARKIN at the mitochondria.
Once at the mitochondria, PARKIN amplifies the ubiquitin
signal on the mitochondrial surface, this leading to their
recruitment into the autophagosome (Lazarou et al., 2015). We
have previously demonstrated that a mitochondria-targeted
fusion protein, AMBRA1ActA, is a novel powerful inducer
of mitophagy in mammalian cells (Strappazzon et al., 2015).
Most importantly, we demonstrated that AMBRA1 restores
mitophagy in mouse embryonic fibroblasts from PINK1�/�

mice, but also in fibroblasts from PD patients, in which
PINK1 and PARKIN were mutated; altogether, these findings
highlighted AMBRA1 as an alternative mediator of mitophagy
to maintain mitochondrial homeostasis in PINK1-PARKIN-
related PD (Strappazzon et al., 2015). In the PD context,
oxidative stress is widely considered to be a key factor in both
familial and sporadic forms of the disease (Sanders et al.,
2014). It results from an imbalance of pro-oxidants/anti-
oxidants homeostasis that leads to an abnormal production
of reactive oxygen species (ROS), whose overproduction
generates damage of both neurons and astrocytes (Lin and Beal,
2006).

In this study, we investigated the effect of AMBRA1ActA
protein in two oxidative stress models, evoked by disruption
of the mitochondrial activity induced by: (1) blockade of
mitochondrial complexes I and IV by using the pro-oxidant
derivate of dopamine, 6-hydroxydopamine (6-OHDA; Glinka
et al., 1997); or (2) blockade of mitochondrial complex I by using
rotenone, a pesticide that has been associated with increased risk
for PD (Li et al., 2003; Chin-Chan et al., 2015) in dopaminergic
neural SH-SY5Y cells (Van Humbeeck et al., 2011). We further
show that AMBRA1ActA expression is sufficient to induce
mitophagy also in SH-SY5Y cells. Moreover, the induction of
mitophagy preserved cells from apoptosis induced by 6-OHDA
and rotenone. Indeed, we observed an increase of cell viability
in cells positive for AMBRAActA, associated with a reduction of
PARP-1 cleavage (caspase-3 substrate) and a number of pyknotic

nuclei. Finally, transfection of SH-SY5Y cells with a vector
encoding AMBRA1ActA significantly reduced 6-OHDA- and
rotenone-induced generation of ROS. Our results thus indicate
that AMBRA1ActA is able to induce mitophagy in SH-SY5Y
cells to suppress oxidative stress and apoptosis induced by
6-OHDA and rotenone. This evidence proves that AMBRA1ActA
may represent a novel molecular tool that could be used to
induce mitophagy, in order to prevent accumulation of damaged
mitochondria and neurodegeneration in PD.

MATERIALS AND METHODS

Cell Culture
Human neuroblastoma SH-SY5Y cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, GIBCO)
supplemented with 10% FBS (GIBCO), at 37�C in a humidified
atmosphere of 5% CO2.

Reagents
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) was purchased from
Promega. 6-hydroxydopamine (6-OHDA), rotenone, the
lysosome inhibitor NH4Cl and the Carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP) were purchased
from Sigma Aldrich.

Transient Transfection and Plasmids
Human neuroblastoma SH-SY5Y cells were transfected using
TransIT-X2r Dynamic Delivery System (MIR 6003, Mirus)
according to the standard protocol. The Myc-AMBRA1ActA
plasmid was cloned as described in Strappazzon et al. (2015). The
Mito-DsRED construct encodes for human Cox8Amitochondria
signal peptide which is fused with wild-type-DsRED in
PcDNA3 vector (Invitrogen). The Mito-DsRED-AMBRA1ActA
is a bidirectional vector encoding for both Mito-DsRED and
AMBRA1ActA. For small interfering RNA (siRNA)-mediated
knockdown of AMBRA1, siRNA against AMBRA1 or siRNA-Ctr
(Invitrogene, were transiently transfected using Lipofectamine
2000, according to themanufacturer’s protocol. ShRNAPARKIN
or shRNA Control were transfected in SH-SY5Ycells using
Turbofect Transfection reagent (Thermo Fisher Scientific,
R0531), according to the standard instructions.

Antibodies
We use the following antibodies: anti-Myc (Santa Cruz
Biotechnology, 9E10), anti-ACTIN (Sigma-Aldrich, A2228),
anti-PARP (Cell Signaling, 9542), anti-MnSOD (Enzo Life
Sciences, 110F), anti-TOM20 (Santa Cruz Biotechnology,
sc-FL145) and anti-HSP60 (Santa Cruz Biotechnology,
sc-13966).

Immunoblotting Analysis
SH-SY5Y cells were lysed in RIPA buffer (50 mM Tris HCl
pH 7.4, 1% Triton X-100, 0.5% NP40, 150 mM NaCl, 10%
Glycerol, 2.5% Sodium Deoxycholate) plus protease inhibitor
cocktail (Sigma Aldrich, S7920) and analyzed by SDS/PAGE and
Western blot according to standard protocols.
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Immunofluorescence Analysis
SH-SY5Y cells were fixed in 4% of paraformaldehyde and
permeabilized with 0.4% Triton X-100. Fixed cells were blocked
in 2% normal goat serum (Sigma-Aldrich, G9023) in PBS and
incubated with primary antibody over night. Cells were then
washed with PBS 3 ⇥ 5 min and incubated with secondary
antibody for 1 h. After 3 ⇥ 5 min of PBS washing, coverslips
were mounted on glass slides and finally analyzed by confocal
microscopy analysis under Zeiss LSM 700 100⇥ oil- immersion
objective (CLSM700; Jena, Germany), Zoe Fluorescence cell
imager (Biorad, 1450031) or Ultraview Vox (Perkin Elmer).

Confocal Image Analysis
The TOM20 and HSP60 intensities and the area occupied by
the signal per cell, in conditions indicated in the text, were
calculated through the NIH ImageJ software in 10 different fields
of three independent experiments. Colocalization measurements
were made through the JACOP plugin (Bolte and Cordelières,
2006) of the NIH ImageJ software. M1 manders colocalization
coefficients (MCC) of mitochondria overlapping LC3, p62 and
Ubiquitin were calculated on single cells in 10 different fields
of three independent experiments upon overexpression of either
Mito-DsRED or Mito-DsRED -AMBRA1ActA to highlight wild
typemitochondria andmitoaggresomes, respectively. Thresholds
were not set by the operator, but automatically calculated by
the software to avoid biased data. All microscope quantifications
shown in the article were performed by a blind approach.

Determination of Cell Viability
Cell vitality was estimated by the MTS assay or by counting
the number of condensed or fragmented nuclei (DAPI staining).
For the MTS assay, the cytotoxicity of 6-OHDA or rotenone on
SH-SY5Y cells was determined using the CellTiter96 Aqueous
One Solution Assay (Promega, Madison, WI, USA). Indeed,
SH-SY5Y cells were transfected using TransIT-X2r Dynamic
Delivery System (MIR 6003, Mirus). Six hours after transfection,
cells were split into 96-well dishes and treated with 6-OHDA
(100 µM) or rotenone (10 µM). After 18 h, the CellTiter
96 AQueous One Solution Reagent was added to each well.
The plate was then read at 490 nm in a Victor3 plate reader
at 37�C (PerkinElmer Life and Analytical Sciences, Shelton,
CT, USA). For pyknotic nuclei counting, Mito-DsRED or
Mito-DsRED-AMBRA1ActA transfected cells were fixed in 4%
paraformaldehyde (Merck Millipore, 104005) in PBS (GIBCO,
BE17-512F) for 10 min at 37�C and stained with DAPI (Sigma
Aldrich, D9542) in PBS for 15 min at room temperature. Cells
were washed three times with PBS, then mounted and observed
under Zoe microscope. For each condition, random images were
captured and cell viability was then scored on the basis of
nuclear morphology: cells containing condensed or fragmented
nuclei were counted as dying or dead cells. All microscope
quantifications shown in the article were performed by a blind
approach.

Protein Oxidation Assay
SH-SY5Y cells were transfected and treated with 6-OHDA or
rotenone, as described above. The DPN-derivatized proteins

containing carbonyl groups were evaluated by using the OxyBlot
Protein Oxidation Detection Kit (Millipore S7150), according to
the standard protocol.

Measure of D%m and Superoxide
Production
Cells were transfected with the bicistronic vector Tween-GFP-
AMBRA1ActA or Twen-GFP alone and subsequently treated or
not with 100 µM 6-OHDA and 10 µM rotenone 6 h post
transfection. After 18 h of treatment, cells were incubated with
5 nM Tetramethylrhodamine methyl ester (TMRM, Molecular
Probes) in 10% FBS+DMEM for 30 min at 37�C or with 5 µM
MitoSOX Red reagent (Molecular Probes) in 10% FBS+DMEM
for 10 min at 37�C in a 5% CO2 incubator. Finally, cells were
analyzed through the flow cytometer BD Accuri C6. TMRM and
MitoSOX Red fluorescence intensities were measured in GFP
positive cells and read in the FL3 channel upon stimulation at
488 nm.

Statistical Analysis
All statistical analysis were performed and graphed using
GraphPad Prism 6. Comparisons between two groups were
analyzed using Student’s T-test. Three or more groups
comparisons were performed with one-way ANOVA.
Significance is defined as ⇤P < 0.05.

RESULTS

High Levels of Mitochondria-Targeted
AMBRA1 (AMBRA1ActA) in Human
Neuroblastoma SH-SY5Y Cells Induce
Perinuclear Distribution of Mitochondria,
Accompanied by Mitochondria Clearance
To manipulate the dosage of the AMBRA1 mitochondrial
pool in order to induce massive mitophagy, we previously
generated a fusion construct encoding Myc-AMBRA1 and a
sequence from the Listeria monocytogenes Actin assembly-
inducing protein (ActA), that can target the molecule to the
outer mitochondrial membrane (Strappazzon et al., 2015).
In this case, we wanted to check for the localization of
the AMBRA1ActA protein and for a putative mitochondrial
clearance in SH-SY5Y cells. To this end, we performed a
confocal microscopy analysis in SH-SY5Y cells transfected with
a vector encoding PcDNA3 as a control or Myc-AMBRA1ActA.
We then fixed cells and stained their mitochondria network
by using an antibody directed against TOM20. We found
that AMBRA1ActA surrounds aggregated mitochondria. Most
importantly, we observed that AMBRA1ActA overexpression
induces per se a strong relocalization of the mitochondrial
network around the perinuclear envelope, thus leading to the
formation of structures similar to those previously described as
‘‘mito-aggresomes’’ (Lee et al., 2010; Figure 1A). The reduction
of both the area of mitochondria and the TOM20 signal intensity
in AMBRA1ActA-transfected cells confirmed that AMBRA1ActA
stimulates massive mitophagy also in SH-SY5Y cells. Moreover,
in order to ascertain that mito-aggresome structures were
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FIGURE 1 | AMBRA1ActA induces mitophagy in SH-SY5Y cell line. (A) SH-SY5Y cells transfected with PcDNA3 or Myc-AMBRA1ActA were immunostained with
anti-Myc (green) and anti-TOM20 (red) antibodies. Scale bar, 10 µm. The upper and lower panels on the right are two magnifications (4⇥) of the mitochondria in
transfected cells. The graphs show the estimated area occupied by mitochondria per cell and the TOM20 fluorescence intensity per cell (± S.D). n = 3 independent
experiments. Statistical analysis was performed using Student’s T-test. ⇤⇤⇤⇤P < 0.0001. (B) SH-SY5Y cells were transfected with vectors encoding Mito-DsRED or
Mito-DsRED-AMBRA1ActA in order to mark wild type mitochondria and mitoaggresomes, respectively. Subsequently, cells were fixed and immunostained for the
autophagosome marker LC3 (blue), the mitophagy receptor p62 (green) and counterstained with DAPI (blue). The graphs summarize the quantification in single cells
of the manders colocalization coefficient (MCC) of mitochondria on the LC3 signal (left) or p62 signal (right). The upper and lower panels on the right are two
magnifications (4⇥) of the mitochondria in transfected cells. Ten random fields of three independent experiments were considered. Data are presented as
Mean ± S.D. Statistical test: student T-test. Scale bar: 5 µm. ⇤⇤P < 0.01; n.s. not statistically significant. (C) SH-SY5Y cells transfected as described in (B), were
immunostained for Ubiquitin (green) and counterstained with DAPI (blue). The graph shows the quantification in single cells of the MCC of mitochondria on the Ub
signal. The upper and lower panels on the right are two magnifications (4⇥) of the mitochondria in transfected cells. Ten random fields of three independent
experiments were considered. Data are presented as Mean ± S.D. Statistical test: student T-test. Scale bar: 5 µm. ⇤⇤⇤P < 0.001. (D) PcDNA3 or Myc-AMBRA1ActA

transfected cells, treated with the lysosome inhibitor NH4Cl, were analyzed by western blotting analysis for the indicated antibody. The graph shows the
MnSOD/ACTIN ratio. Statistical analysis was performed using One-way ANOVA. ⇤P < 0.05; n.s. not statistically significant. n = 3 independent experiments.
(E) SH-SY5Y cells were transfected with Sh-PARKIN or Sh-RNA Ctr in combination with a vector coding for Myc-AMBRA1ActA. Total lysates were subjected to
western blotting analysis using anti-MnSOD (to analyze mitochondrial clearance), anti-Myc or anti-PARKIN to assess Myc-AMBRA1ActA or Sh-PARKIN transfections,
respectively. The quantification represents the MnSOD/ACTIN ratio. Statistical analysis was performed using One-way ANOVA. ⇤P < 0.05; n.s. not statistically
significant. n = 3 independent experiments.

specific for AMBRA1 mitochondrial localization coupled with
a reduction of mitochondrial marker levels, we performed a
confocal microscope analysis, in which SH-SY5Y cells were
transfected with PcDNA3, Myc-AMBRA1ActA, VenusActA, a
plasmid encoding the ActA sequence fused with the fluorescent

reporter protein Venus (Nagai et al., 2002), and with the
wild-type form of AMBRA1 lacking the ActA sequence. Further,
the AMBRA1ActA-LIRAA plasmid, encoding an AMBRA1ActA
isoform mutated in its LIR motif and less active in mitophagy
(due to a reduction of LC3B binding), was used to complete this
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analysis (Strappazzon et al., 2015; Supplementary Figure S1).
We next analyzed whether AMBRA1ActA expression was able
to induce mitophagy, as we already described in HEK293,
HeLa and MEF cells (Strappazzon et al., 2015). To this end,
SH-SY5Y cells were transfected with a bicistronic vector coding
for Mito-DsRED alone (red staining of mitochondria) or
encoding both Mito-DsRED and AMBRA1ActA (Mito-DsRED-
AMBRA1ActA) for 24 h; first, we analyzed mitophagy induction
by looking to well-known markers of autophagosome formation,
such as LC3 and p62 (Kabeya et al., 2000; Pankiv et al.,
2007). Indeed, we observed an increase in the accumulation of
LC3 dots, but not p62, in Mito-DsRED-AMBRA1ActA-positive
mitochondria, suggesting that AMBRA1ActA promotes an LC3-
dependent, but p62-independent mitophagy in SHSY5Y cells
(Figure 1B). In addition, we checked for ubiquitin staining
and found that mito-aggresomes are positive for Ubiquitin
(Figure 1C). These data proved that AMBRA1ActA induces
mito-aggresomes positive for LC3 and Ubiquitin, but negative
for p62 also in SHSY5Y cells. We next confirmed that
AMBRA1ActA was able to induce mitophagy in these cells, by
using a biochemical approach. Indeed, we checked the level
of MnSOD, a mitochondrial protein, following AMBRA1ActA
transfection in SH-SY5Y cells in the presence or absence of
a lysosomal inhibitor, ammonium chloride (NH4Cl), known
to prevent the autophagy flux by inhibiting the fusion of
autophagosomes with lysosomes (Hart and Young, 1991). As
expected, AMBRA1ActA was able to induce a strong reduction
of MnSOD protein levels. In addition, the NH4Cl treatment
resulted in a significantly higher level of mitochondrial protein
accumulation in AMBRA1ActA-positive cells, hence indicating
that autophagosome formation induced by AMBRA1ActA
overexpression is responsible for MnSOD degradation by the
lysosome (Figure 1D). The ability of AMBRA1ActA to mediate
mitophagy in these cells was confimed also by looking at another
mitochondrial marker, COXIV (data not shown). Finally,
we checked in SH-SY5Y cells downregulated for PARKIN
expression whether AMBRA1ActA was able to induce mitophagy.
As shown in Figure 1E, AMBRA1ActA induces mitophagy also in
PARKIN-deficient SH-SY5Y cells.

Altogether, these observations demonstrate that
AMBRA1ActA transfection triggers per se a fully functional
and massive mitophagy in SH-SY5Y cells, which is independent
of both PINK1/PARKIN and p62, but dependent of LC3 and
Ubiquitin.

AMBRA1ActA-Induced Mitophagy Protects
SH-SY5Y Cells From Neurotoxicity Induced
by 6-OHDA
We have previously demonstrated that AMBRA1-induced
mitophagy is able to trigger mitophagy in fibroblasts from
PD patients bearing PINK1 or PARKIN mutations, this
highlighting the fact that AMBRA1 can serve as an alternative
mediator of mitophagy to maintain mitochondrial turnover
in PINK1/PARKIN-related PD. Thus, since mitophagy plays
an important role in the quality control of mitochondria
and in the maintenance of cell homeostasis, we hypothesized

that AMBRA1ActA-induced mitophagy could be protective in
well-known in vitro models of PD. We thus decided to test
the potential effect of AMBRA1ActA in SH-SY5Y cells treated
with 6-OHDA (100 µM, 18 h). In this context, neurotoxicity is
induced by blocking activities of mitochondria complexes I and
IV (Glinka et al., 1997). In anMTS assay (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetraz
olium) we observed, as expected, a reduction in the metabolic
activity of PcDNA3-positive cells following 6-OHDA, when
compared to PcDNA3-positive control cells, treated only
with the vehicle. By contrast, MTS metabolism was improved
in AMBRA1ActA-positive cells (Figure 2A). These findings
suggest that AMBRA1ActA-positive cells are more resistant to
neurotoxicity induced by 6-OHDA. To confirm this result,
SH-SY5Y cells were transfected with VenusActA or Myc-
AMBRA1ActA or Myc-AMBRA1ActALIRAA for 24 h; cell viability
was thenmeasured bymeans of DAPI nuclear staining, following
6-OHDA treatment. After 6-OHDA treatment, about 80% of
VenusActA or 64% of Myc-AMBRA1ActALIRAA positive cells
exhibited condensed or fragmented nuclei, while only 40%
of Myc-AMBRA1ActA-positive cells showed these apoptotic
features (Figure 2B). Therefore, high levels of AMBRA1 at the
mitochondria improve the survival of SH-SY5Y cells following
6-OHDA treatment.

To strengthen our finding we next checked, by western-blot
analysis, the occurrence of poly (ADP-ribose) polymerase-1
(PARP-1) cleavage, a well-known substrate of caspase-3, in cells
over-expressing PcDNA3 or Myc-AMBRA1ActA upon 6-OHDA
treatment. As shown in Figure 2C, the cleavage of PARP-1 is
reduced in cells overexpressing Myc-AMBRA1ActA compared
to cells expressing the control vector (Figure 2C). These
results strongly support the existence of a protective effect
of AMBRA1ActA against neurotoxicity induced by 6-OHDA
treatment in a human neuroblastoma cell line. Since Van
Humbeeck et al. (2011) demonstrated that downregulation of
AMBRA1 inhibits mitophagy in SH-SY5Y cells, we decided
to check whether down-regulation of AMBRA1 expression
by RNA intereference (siRNA) could lead to a stronger
apoptosis in 6-OHDA-treated cells. As shown in Figure 2D,
downregulation of AMBRA1 increases apoptosis, as indicated
by increased PARP cleavage, when compared to SiRNA-Ctr
positive cells. Moreover, the level of the mitochondrial marker
MnSOD does not decrease in a toxic context affecting
mitochondria in the absence of AMBRA1 (Supplementary
Figure S2A). These results suggest that AMBRA1 plays
pro-survival functions in SH-SY5Y cells following 6-OHDA
treatment.

These results indicate that AMBRA1ActA confers protection
from cell death-induced by 6-OHDA thanks to its mitophagic
activity.

AMBRA1ActA-Induced Mitophagy Protects
SH-SY5Y Cells From Neurotoxicity Induced
by Rotenone
To ascertain that AMBRA1ActA expression was also protective
in another ROS-induced dopaminergic cell death model system,
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FIGURE 2 | AMBRA1ActA improves vitality of SH-SY5Y cells treated with 6-hydroxydopamine (6-OHDA). (A) SH-SY5Y cells were transfected with vectors coding for
PcDNA3 or for Myc-AMBRA1ActA and 6 h after transfection, cells were treated with 6-OHDA (100 µM). Viable cells were estimated using the MTS assay. Results are
expressed as A.U. Each point represents the mean (± SD) of triplicate wells from three independent experiments. Statistical analysis was performed using One-way
ANOVA. ⇤⇤⇤⇤P < 0.0001; ⇤⇤⇤P < 0.001. (B) SH-SY5Y cells were transfected with vectors encoding VenusActA or Myc-AMBRA1ActA or Myc-AMBRA1ActALIRAA

plasmids for 24 h. Six hours after transfection, cells were treated with 6-OHDA (100 µM). Cells were then fixed and stained with DAPI. Cells with condensed or
fragmented nuclei were scored as pyknotic (arrows indicate pyknotic nuclei). The graph shows the percentage of pyknotic nuclei in transfected cells. For each
condition, transfected cells were counted in random fields from three independent experiments. Statistical analysis was performed using One way ANOVA.
⇤⇤⇤P < 0.001; ⇤P < 0.05; n.s. not statistically significant. (C) SH-SY5Y cells were transfected with vectors encoding PcDNA3 or Myc-AMBRA1ActA for 24 h. Six hours
after transfection, cells were treated with 6-OHDA (100 µM). After proteins extraction, we performed a western blot analysis using antibodies directed against
AMBRA1 (Myc), PARP and ACTIN. The graph shows the cleaved PARP/Full-length PARP ratio resulting as the mean of three independent experiments (± S.D).
n = 3. Statistical analysis was performed using One-way ANOVA, ⇤P < 0.05. (D) SHSY5Y cells transfected with a siRNA-Ctr or siRNA-AMBRA1 were treated with
6-OHDA for 18 h. Total lysates were immunoblotted for AMBRA1, PARP and ACTIN antibodies. Statistical analysis was performed using One-way ANOVA.
⇤⇤P < 0.01. n = 3 independent experiments.

we decided to test the effect of AMBRA1ActA in SH-SY5Y cells
treated with another ‘‘well-known’’ dopaminergic neurotoxin,
rotenone. In this context, neurotoxicity is induced by blocking
activity of mitochondria complex I (Glinka et al., 1997). In
analogy with 6-OHDA treatment, by using the MTS assay, we
observed a reduction in metabolic activity of PcDNA3-positive
cells following rotenone, when compared with PcDNA3-positive
controls cells treated only with the vehicle. By contrast, MTS

metabolism was slightly improved in AMBRA1ActA-positive
cells (Figure 3A). These findings confirm that AMBRA1ActA-
positive cells are in general more resistant to neurotoxicity
induced by different agents, in this case rotenone. In order
to corroborate our results, we transfected SH-SY5Y cells with
VenusActA or Myc-AMBRA1ActA or Myc-AMBRA1ActALIRAA
plasmids for 24 h; cell viability was then evaluated by using
DAPI nuclear staining upon rotenone treatment. As shown in

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 April 2018 | Volume 12 | Article 92

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles


Di Rita et al. AMBRA1-Mediated Mitophagy Reduces Oxidative Stress

FIGURE 3 | AMBRA1ActA improves vitality of SH-SY5Y cells treated with rotenone. (A) SH-SY5Y cells were transfected with vectors coding for PcDNA3 or for
Myc-AMBRA1ActA and then treated with rotenone (10 µM). Viable cells were estimated using the MTS assay. Results are expressed as arbitrary unit (A.U.). Each
point represents the mean (± SD) of triplicate wells from three independent experiments. Statistical analysis was performed using One-way ANOVA. ⇤⇤P < 0.01.
⇤P < 0.05. (B) SH-SY5Y cells were transfected with vectors encoding Venus-ActA or Myc-AMBRA1ActA or Myc- AMBRA1ActALIRAA for 24 h. Six hours after
transfection, cells were treated with rotenone (10 µM). After DAPI staining, cells with condensed or fragmented nuclei were scored as pyknotic (arrows indicate
pyknotic nuclei). The graph shows the percentage of pyknotic nuclei in transfected cells (± S.D). For each condition, transfected cells were counted in random fields
from three independent experiments. Statistical analysis was performed using One-way ANOVA. ⇤⇤⇤⇤P < 0.0001; ⇤⇤⇤P < 0.001; ⇤P < 0.05. (C) SH-SY5Y cells were
transfected with vectors encoding PcDNA3 or Myc-AMBRA1ActA for 24 h. Six hours after transfection, cells were treated with rotenone (10 µM). After extraction of
proteins, we performed a western blot analysis using antibodies directed against AMBRA1 (Myc), PARP/Cleaved-PARP and ACTIN. The graph shows the cleaved
PARP/full-length PARP ratio, resulting as the mean of three independent experiments (± S.D). n = 3. One-way ANOVA, ⇤P < 0.05. (D) SHSY5Y cells transfected with
a siRNA-Ctr or siRNA-AMBRA1 were treated with 6-OHDA for 18 h. Total lysates were subjected to immunoblotting for AMBRA1, PARP and ACTIN antibodies. The
graph represents the cleaved PARP/Full-length PARP ratio (± S.D). Statistical analysis was performed using One-way ANOVA. ⇤P < 0.05. n = 3 independent
experiments.

Figure 3B, AMBRA1ActA expression is sufficient to robustly
reduce the number of pyknotic nuclei in transfected individual

cells. Therefore, high levels of AMBRA1 at themitochondria with
a marked mitophagy activity (AMBRA1ActA) greatly improve
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survival of SH-SY5Y cells, following both 6-OHDA and rotenone
treatments.

Again, by western-blot analysis upon rotenone treatment,
we observed an inhibition of PARP-1 cleavage in cells
over-expressing Myc-AMBRA1ActA compared to PcDNA3-
positive cells (Figure 3C). Altogether, these results strongly
support a protective role for AMBRA1ActA in the classical toxic
in vitro model of PD induced by rotenone. We also checked in
this context whether down-regulation of AMBRA1 expression
using siRNA was able to trigger a stronger apoptosis following
rotenone treatment. As shown in Figure 3D, downregulation
of AMBRA1 increases apoptosis, as indicated by increased
PARP cleavage. These results suggest that, also upon rotenone
treatment of SH-SY5Y cells, endogenous AMBRA1 is involved
in a pro-survival pathway. Moreover, SH-SY5Y cells in which
AMBRA1 was downregulated through SiRNA, were treated with
rotenone in order to analyze the level of the mitochondrial
marker MnSOD. In line with the 6-OHDA treatment, we
observed no decrease in a toxic context affecting mitochondria
in the absence of AMBRA1 (Supplementary Figure S2B).

These results indicate that AMBRA1ActA confers protection
from cell death-induced by rotenone thanks to its mitophagic
activity.

AMBRA1ActA-Induced Mitophagy Protects
SH-SY5Y Cells From Oxidative Stress
Generated by Both 6-OHDA and Rotenone
Although the exact molecular etiology of PD is largely unclear,
mitochondrial oxidative stress and accumulated dysfunctional
mitochondria are critical factors in the onset of the disease.
Thus, we hypothesized that AMBRA1ActA-induced mitophagy
was able to also protect neuroblastoma cells from neurotoxicity,
this being probably due to an anti-oxidative effect. In fact,
accumulation of ROS by mitochondria can be reduced by
activation of mitochondrial clearance. To test this hypothesis, we
transfected SH-SY5Y cells with a vector encoding PcDNA3 or
Myc-AMBRA1ActA, and treated them with 6-OHDA (100 µM)
or rotenone (10 µM) for 18 h. Oxidative modification of
proteins by oxygen-free radicals and other reactive species
occurs in physiological and pathological processes. As a
consequence of themodification, carbonyl groups are introduced
into protein side chains by a site-specific mechanism. We
thus decided to immunodetect these carbonyl groups, which
are hallmarks of protein oxidation status upon 6-OHDA or
rotenone treatment in cells overexpressing Myc-AMBRA1ActA
or PcDNA3 as a control. As shown in Figures 4A,B,
Myc-AMBRA1ActA expression is sufficient to reduce protein
carbonylation, upon 6-OHDA or rotenone treatments. To
strengthen these results, we analyzed the ROS status through
the fluorogenic dye MitoSOX Red coupled to flow cytometry
analysis. SH-SY5Y cells were transfected with a bicistronic
construct (Tween-GFP-AMBRA1ActA) encoding AMBRA1ActA
and a cytosolic GFP, or the GFP alone, in order to select
cells positive to transfection. Cells were then treated with
6-OHDA and rotenone, as indicated above. As shown in
Figures 4C,D, 6-OHDA and rotenone strongly stimulate

ROS production, an effect attenuated upon AMBRA1ActA
overexpression.

These results indicate that AMBRA1ActA expression reduces
oxidative stress induction in SH-SY5Y cells, following induction
of neurotoxicity. Next, since the formation of mitochondrial
ROS (mtROS) is dependent on D)m (Korshunov et al.,
1997), we checked for mitochondrial membrane status
using Tetramethylrhodamine, methyl ester (TMRM) in
AMBRA1ActA positive cells, following 6-OHDA or rotenone
treatments. As shown in Figure 4E, 6-OHDA or rotenone
reduce the TMRM signal in control cells, thus confirming
an alteration in the mitochondrial membrane potential. By
contrast, as previously observed, we found that AMBRA1ActA
surrounds depolarized mitochondria and the 6-OHDA or
rotenone treatment does not affect mitochondrial membrane
potential in AMBRA1ActA-transfected cells. Altogether, these
data suggest that AMBRA1ActA expression is sufficient to
improve mitochondrial membrane status upon neurotoxin
treatments.

DISCUSSION

Our previous study performed on mouse embryonic fibroblasts
from PINK1�/� mice or by using fibroblasts derived from
PARKIN and PINK1-mutated PD patients provided evidence
that AMBRA1 canmediate mitophagy in the absence of PARKIN
or PINK1 activities (Strappazzon et al., 2015). Here, primed by
these findings, we decided to investigate the putative therapeutic
potential of AMBRA1 to rescue mitochondrial dysfunction
in two in vitro models of ROS-induced dopaminergic cell
death.

Oxidative stress, which can be due to several genetic and
environmental factors, is believed to be one of the major
mediators of PD pathogenesis. The role of oxidative stress
produced by dopamine for neuronal cell survival has been
demonstrated in several works (Offen et al., 1996; Gilgun-
Sherki et al., 2001). Interestingly, dysfunctional mitochondria are
thought to be the predominant source of ROS (Jiang et al., 2016).

In this study, we first decided to mimic PD in vitro, by
using 6-OHDA, the pro-oxidant derivate of dopamine widely
used in ROS-induced dopaminergic cell death model systems.
Indeed, 6-OHDA has been shown to increase protein oxidation
(accumulation of carbonylated protein), and to increase
both caspases-3/7 activity and nuclear fragmentation (Elkon
et al., 2002; Hanrott et al., 2006). Interestingly, neurotoxicity
of 6-OHDA is significantly attenuated by pre-incubation
with catalase, this suggesting that hydrogen peroxide, at
least in part, is responsible for cell death in this model.
Here we report that AMBRA1ActA expression is sufficient
to induce functional mitophagy in neural dopaminergic
SH-SY5Y cells. In addition, we found that cell metabolism
was improved in the presence of AMBRA1ActA and was
associated to apoptosis reduction (reduction of PARP cleavage
and occurrence of pyknotic nuclei), following 6-OHDA
treatment.

We also investigated the putative beneficial role of
AMBRA1ActA-mediated mitophagy in a second model of
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FIGURE 4 | AMBRA1ActA reduces oxidative stress induced by 6-OHDA and rotenone treatments in SH-SY5Y cells. (A) Protein carbonylation analysis of SH-SY5Y
cells transfected with vectors encoding PcDNA3 or Myc-AMBRA1ActA for 24 h and treated or not with 6-OHDA. The graph showing protein oxidation status (A.U.)
results as the mean of three independent experiments (± S.D). Statistical analysis was performed using One-way ANOVA. ⇤⇤⇤⇤P < 0.0001; ⇤⇤P < 0.01; ⇤P < 0.05.
n = 3 independent experiments. (B) SH-SY5Y cells were transfected as indicated in (A) and treated or not with rotenone. The graph shows protein oxydation status
(A.U.) and results as the mean of three independent experiments (± S.D). Statistical analysis was performed using One-way ANOVA. ⇤⇤⇤P < 0.001; ⇤⇤P < 0.01;
⇤P < 0.05. n = 3 independent experiments. (C) SH-SY5Y cells were transfected with constructs encoding Tween-GFP or Tween-GFP-AMBRA1ActA for 24 h and
treated or not with 6-OHDA. Cells were subsequently stained with MitoSOX Red and analyzed by flow cytometry to measure the fluorescence intensity of the dye in
GFP positive cells. Data are presented as Mean ± S.D of four independent experiments. Statistical test: One-way ANOVA. ⇤P < 0.05; ⇤⇤P < 0.01; ⇤⇤⇤P < 0.001.
(D) SH-SY5Y cells were transfected with constructs encoding Tween-GFP or Tween-GFP-AMBRA1ActA for 24 h and treated or not with rotenone. Cells were
subsequently stained with MitoSOX Red and analyzed by flow cytometry to measure the fluorescence intensity of the dye in GFP positive cells. Data are presented
as Mean ± S.D of four independent experiments. Statistical test: One-way ANOVA. ⇤P < 0.05; ⇤⇤P < 0.01; ⇤⇤⇤P < 0.001; n.s.: not statistically significant.
(E) SH-SY5Y cells were transfected with a plasmid encoding Tween-GFP or Tween-GFP-AMBRA1ActA and then treated or not with rotenone or 6-OHDA or FCCP.
Cells were subsequently stained with 5 nM TMRM and analyzed by flow cytometry to measure the fluorescence intensity of the dye in GFP positive cells. Data are
presented as Mean ± S.D of three independent experiments. Statistical test: One-way ANOVA. ⇤⇤P < 0.01; ⇤⇤⇤⇤P < 0.0001; n.s.: not statistically significant.

PD by using rotenone. Rotenone is, indeed, a commonly used
pesticide, which has been associated with increased risk for PD
(Chin-Chan et al., 2015). It is an inhibitor of mitochondrial

complex I (Degli Esposti et al., 1993) and it is believed to be
a strong ROS producer (McLennan and Degli Esposti, 2000).
Systemic chronic exposure of rats to rotenone causes a selective
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degeneration of dopaminergic neurons in the substantia nigra
(Betarbet et al., 2000; Sherer et al., 2003). In vitro, rotenone
induces cytotoxicity via ROS-induced oxidative stress and
mitochondria-mediated apoptosis involving p53, Bax/Bcl-2,
and caspase-3 (Siddiqui et al., 2013). Again, by transfecting
AMBRA1ActA in SH-SY5Y cells treated with rotenone, we were
able to delay apoptosis of human neuroblastoma cells.

These data are of the highest interest, since we were
able to show that AMBRA1-mediated mitophagy is cell
protective in two independent models of ROS-induced
dopaminergic cell death (by 6-OHDA or rotenone). We
thus here propose a model by which AMBRA1 expression at
the mitochondria is sufficient to reduce ROS accumulation
generated by neurotoxin (6-OHDA or rotenone) exposure.
This protective effect is due to AMBRA1-mediated mitophagy
that favors elimination of dysfunctional mitochondria, thus
preventing cells from undergoing death. Indeed, our results
strongly suggest that AMBRA1 is a promising target for
limiting ROS production and toxin-induced cell death. Of
note, it has been recently demonstrated that the mitochondria
autophagy receptor Nip3-like protein X, named NIX [also
known as BCL2/adenovirus E1B 19 kDa interacting protein
3-like (BNIP3L)] can restore mitophagy and mitochondrial
function in fibroblasts from PINK1-PARKIN-mutated PD
Patients (Koentjoro et al., 2017). Since NIX, similar to AMBRA1,
induces alternative mitophagy (PINK1- and PARKIN-free), it
would be of the highest interest to test in this context whether
NIX-mediated mitophagy can rescue cell death following
6-OHDA or rotenone treatments in human neuroblastoma cell
lines. Interestingly, AMBRA1 presents several common features
with NIX such as: (1) a mitochondrial localization (Strappazzon
et al., 2011); an LC3-Interacting Region (Strappazzon et al.,
2015); a BH3-Like domain (Strappazzon et al., 2016). We
could thus hypothesize that AMBRA1 and NIX work in
synergy or by separate pathways that may compensate
each other. Under physiological conditions, it has been
demonstrated that NIX mediates mitophagy in erythrocytes.
In particular, Nix knockout mice exhibit a reduced number
of mature erythrocytes and show defects in mitochondrial
clearance (Sandoval et al., 2008). To better understand the
function of AMBRA1-alternative mitophagy in vivo, it will
also be of great interest, and in line with the role of NIX,
to examine Ambra1 deficient mice in the hematopoietic
system.

Further studies are needed to better understand the
mechanisms by which AMBRA1-mediatedmitophagy is initiated
and to determine whether AMBRA1-mediated mitophagy could
be pharmacologically induced in vivo in order to ameliorate the
mitochondrial defects observed in human dopaminergic neurons
in models of PD.

Finally, we reported here that AMBRA1 is able to favor
the survival of SH-SY5Y cells following neurotoxic stimuli
by attenuating oxidative stress. Interestingly, the endogenous
antioxidant-reduced glutathione has been shown to improve
cell viability following 6-OHDA treatment, this indicating that
potent brain-penetrating antioxidants might act to slow down
PD progression. We are now proposing AMBRA1 as a novel

target to reduce oxidative stress; indeed, this molecule could be
modulated in the future as a pharmacological target in brains
of PD patients or other patients with pathologies associated to
oxidative stress.

In sum, our data strongly suggest that alternative mitophagy
mediated by AMBRA1 can exert protective effects against
PD-related neuronal injury, through inhibiting oxidative stress
and mitochondrial dysfunction.
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FIGURE S1 | The recombinant protein AMBRA1ActA induces mitophagy in
SH-SY5Y. SH-SY5Y cells transfected with PcDNA3 (empty vector) and with
plasmids encoding the recombinant proteins VenusActA, Myc-AMBRA1ActA, or
Myc-AMBRA1ActALIRAA and the wild-type protein Myc-AMBRA1 were fixed and
stained for anti-HSP60 (red) and DAPI (blue). Scale bar, 6 µm. The graph
shows the HSP60 fluorescence intensity per cell (±S.D). n = 3 independent
experiments. Statistical analysis was performed by using One-way ANOVA.
⇤⇤⇤⇤P < 0.0001; ⇤P < 0.05.

FIGURE S2 | Endogenous AMBRA1 downregulation produces a delay in
mitochondrial clearance in 6-OHDA- or rotenone-treated cells. (A) SH-SY5Y
cells were transfected with siRNA-Ctr or a siRNA against AMBRA1 and
treated with 6-OHDA for 18 h. Total lysates were subjected to western blotting
analysis for the indicated antibodies. (B) Total lysate of SH-SY5Y cells
downregulated for AMBRA1, through siRNA-AMBRA1 transfection were
treated with rotenone for 18 h and then analyzed by western blotting analysis
looking to mitochondrial marker MnSOD level.
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ABSTRACT
Autophagy and apoptosis are 2 stress-response mechanisms that are closely interconnected. However, the
molecular interplays between these 2 pathways remain to be clarified. Here we report that the crucial
proautophagic factor AMBRA1 can act as a positive mediator of mitochondrial apoptosis. Indeed, we show
that, in a proapoptotic positive feedback loop, the C-terminal part of AMBRA1, generated by CASP/
CASPASE cleavage upon apoptosis induction, inhibits the antiapoptotic factor BCL2 by a direct binding
through its BH3-like domain. The mitochondrial AMBRA1-BCL2 complex is thus at the crossroad between
autophagy and cell death and may represent a novel target in development of therapeutic approaches in
clinical diseases.

KEYWORDS
AMBRA1; apoptosis;
autophagy; BCL2; BH3
domain

Introduction

Autophagy is an important eukaryotic process involved in the
lysosomal degradation of cytosolic components, both under
physiological and pathological conditions. During autophagy,
the autophagosomes—specific double-membrane vesicles—
engulf a number of different cargoes and then fuse with lyso-
somes for subsequent recycling of their content. Several key
proteins are involved in autophagosome formation, such as
BECN1/Beclin 1 and its positive regulator AMBRA1; AMBRA1
and BECN1 are present in the class III phosphatidylinositol 3-
kinase (PtdIns3K) complex,1,2 and are involved in autophago-
some nucleation, an early step of autophagy induction. More
recently, it has been demonstrated that AMBRA1 and BECN1
can also regulate autophagy at different steps of the process, by
binding other key interactors.3-6 Interestingly, a pool of
AMBRA1 is localized at the mitochondria, where its proauto-
phagic activity is inhibited by mitochondrial resident BCL2.7

Moreover, AMBRA1 regulates mitophagy, a form of autophagy
that ensures the specific removal of damaged mitochondria,
both dependently or independently of the E3-ubiquitin Ligase
PARK2/PARKIN.8

The fact that AMBRA1 interacts with the antiapoptotic factor
BCL2 places it at the crossroad between autophagy and cell death.
In fact, BCL2, a well-known antiapoptotic factor whose overex-
pression protects against a wide range of apoptotic inducers, can
regulate BECN1-induced autophagy at the endoplasmic reticu-
lum by a direct binding to the BECN1 BH3 domain and with the

contribution of CISD2/NAF-1 (CDGSH iron sulfur domain
2).9,10 BCL2 can also regulate BECN1-induced autophagy by
sequestering AMBRA1 (the activator of BECN1) at the mito-
chondria.6 Conversely, it has been demonstrated that a number
of regulators of autophagy, such as BECN1 and PI3K3C3/
Vps34,11,12,13,14,15 ATG4A/ATG4, ATG5,16,17,18,19 or AMBRA1,20

are subjected to proteolytic cleavage during cell death so as to
abrogate their proautophagic function. Another point of conver-
gence between autophagy and apoptosis is the binding between
ATG12 and BCL2 family members that takes place in order to
induce mitochondrial apoptosis.21

Besides AMBRA1 binding to BCL2 in the mitochondrial
fraction, we have previously demonstrated that this event is
reduced following apoptosis induction,7 this indicating that
AMBRA1 could be involved in cell death regulation.

In this work, we explore the relationship between
AMBRA1 and the death machinery by investigating whether
AMBRA1 could disrupt BCL2’s ability to protect against apo-
ptosis. In particular, because AMBRA1 is cleaved by CASP
during apoptosis, we decided to study the effect of the C-ter-
minal fragment of AMBRA1, which is released by this CASP
cleavage, on BCL2. We found that this fragment, through a
BH3-like domain, is able to inhibit the antiapoptotic function
of BCL2 so as to enhance apoptosis. To summarize, we pro-
pose a model in which AMBRA1 is involved in both autoph-
agy and apoptosis, depending upon the presence of its full-
length or cleaved form.
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Results

To test whether AMBRA1 could have an effect on BCL2 antia-
poptotic functions, we first cotransfected HEK293 cells with a
vector encoding AMBRA1 and a vector encoding mito-BCL2, a
mutant of BCL2 which have a mitochondria-restricted subcel-
lular localization and which is known to interact with
AMBRA1.7 We next measured cell viability following treatment
with staurosporin (STS), a pan-kinase inhibitor commonly
used to induce rapid activation of mitochondrial apoptosis.

However, surprisingly, when AMBRA1 was cotransfected
together with mito-BCL2, this protective effect was lost
(Fig. 1A). This result was also observed by counting pyknotic
nuclei in transfected cells (Fig. S1A). To elucidate the action of
AMBRA1 on the protective effect of mito-BCL2, we performed
a western blot analysis for the cleavage of PARP1 (fragment of
89 kDa), a CASP substrate. Again, cotransfection of AMBRA1
with mito-BCL2 abrogates this protective effect (Fig. 1B).

Next, we decided to investigate CYCS/cytochrome C release
from mitochondria, another crucial step during apoptosis
induction. To this end, we performed a confocal microscopy
analysis on HEK293 cells cotransfected with a vector encoding
mito-DsRED used in order to stain mitochondria (this vector
contains a mitochondria targeting sequence fused with Ds-
RED protein) , and with AMBRA1 alone, mito-BCL2 alone or
the 2 constructs together. As expected, mito-BCL2 overexpres-
sion was able to reduce CYCS release from mitochondria, as
shown by an almost complete overlap between mitochondria
(red staining) and CYCS (green staining) (Fig. 1C). However,
the merging between mitochondria and CYCS was completely
lost in cells overexpressing both AMBRA1 and mito-BCL2, so
indicating a stronger release of CYCS in these cells. Quantifica-
tion of CYCS release from mitochondria confirms that the
BCL2 antiapoptotic effect is abolished when AMBRA1 is
cotransfected with BCL2 (Fig. 1D). Overall, these results indi-
cate that AMBRA1, in combination with mito-BCL2, may exert
a proapoptotic activity.

Pagliarini et al. have previously demonstrated that AMBRA1
is subjected to proteolytic cleavage during apoptosis,20 which
leads to generation of 2 protein fragments. Of note, the C-ter-
minal part of the protein proves to be more stable than the
N-terminal fragment, which, instead, undergoes rapid degrada-
tion. Based on this finding, we thus hypothesized that one pos-
sible way by which AMBRA1 could regulate the BCL2
antiapoptotic effect, is via its C-terminal part (generated after
CASP cleavage).

First, in order to test this hypothesis, we decided to investi-
gate whether AMBRA1’s C-terminal fragment (AMBRA1CT),
resulting from CASP cleavage, interacted with BCL2 during cell
death. To answer this question, endogenous proteins extracted
from HEK293 cells treated with DMSO (as control) or with
STS were analyzed by size-exclusion fast protein liquid chroma-
tography (sec-FPLC). The collected protein fractions were then
studied by western blot analysis, using specific antibodies
against AMBRA1 and BCL2. As shown in Fig. 2A, AMBRA1
(molecular mass of »130 kDa) is copurified in the same frac-
tion with BCL2 in DMSO conditions (fraction 24). In contrast,
a fragment of AMBRA1 (molecular mass of »100 kDa, only
visible upon staurosporine treatment and likely corresponding

to endogenous AMBRA1CT) and BCL2 are copurified in the
same fractions (fractions 31 to 33, indicated with #), demon-
strating the existence of a macromolecular complex comprising
the 2 proteins, and with a molecular mass of »120 kDa. This
result indicates that the endogenous C-terminal part of
AMBRA1 generated during cell death, as revealed by PARP
cleavage in the given conditions (right panel in Fig. 2A), is in a
macromolecular complex with endogenous BCL2.

Second, to assess BCL2 interaction with AMBRA1CT, we
transfected HEK293 cells with a construct encoding MYC-
tagged AMBRA1 wild-type (AMBRA1WT) or Flag-tagged
AMBRA1CT (Flag-AMBRA1CT). We then treated these cells
with STS in order to induce cell death; we next immunoprecipi-
tated, using an anti-MYC antibody for the AMBRA1WT con-
struct or, with an anti-Flag antibody for the AMBRA1CT

construct, in normal and apoptotic conditions. As shown in
Fig. 2B, BCL2 coimmunoprecipitates with AMBRA1WT in nor-
mal conditions whereas this binding is disrupted following STS
treatment. In contrast, AMBRA1CT coimmunoprecipitatess
with BCL2 with higher affinity both in normal conditions and
following cell death induction. To confirm this result, we per-
formed a confocal microscopy analysis between AMBRA1WT

or AMBRA1CT with endogenous BCL2, in normal conditions
or following STS treatment. As shown in Fig. S1B, endogenous
BCL2 strongly colocalizes with AMBRA1CT following STS
treatment when compared to AMBRA1WT. Interestingly, we
found that cleaved AMBRA1 competes with full-length
AMBRA1 for binding to BCL2 (Fig. S2), suggesting that cleaved
AMBRA1 is more prone to bind BCL2 than full-length
AMBRA1. Since we previously have demonstrated that
AMBRA1 is able to bind the mitochondrial pool of BCL2,6 in
order to verify whether AMBRA1CT was also able to bind the
mitochondrial pool of BCL2, we performed a confocal micros-
copy analysis to check the subcellular distribution of
AMBRA1WT or AMBRA1CT. In order to stain mitochondria,
we overexpressed mito-DsRED with AMBRA1WT or
AMBRA1CT alone (Fig. 2C, top panels) or with both
AMBRA1WT or AMBRA1CT and mito-BCL2 (Fig. 2C, bottom
panels). AMBRA1WT and AMBRA1CT (green staining) are
widely distributed in the cytoplasm, and a partial colocalization
with the mitochondrial network is detected (merged). Of note,
the mitochondrial network (red staining) appears fragmented
following AMBRA1CT overexpression, indicating a putative
proapoptotic effect of AMBRA1CT. More interestingly, we
observed that mito-BCL2 overexpressed together with
AMBRA1CT is sufficient to massively recruit AMBRA1CT on
mitochondria. Forty-eight h post-transfection, cells double-
positive for AMBRA1CT and mito-BCL2 undergo cell death (as
shown by detection of apoptotic nuclei), exhibiting a mitochon-
drial network, which is completely aggregated around the
nucleus (often defined as “mitoaggresomes,"(22) Fig. 2D). These
results led us to check whether AMBRA1CT, in combination
with mito-BCL2, was sufficient to induce apoptosis in the
absence of any specific death stimuli, such as STS. To this end,
we cotransfected HEK293 cells with AMBRA1CT and mito-
BCL2, and counted pyknotic nuclei in transfected cells, 24 h
and 48 h after transfection. As shown in Fig. 2E, 24 h post-
transfection more than 60% cells underwent death. Forty-eight
h after transfection, we observed up to 100% of apoptosis in
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Figure 1. AMBRA1 becomes proapoptotic in combination with mito-BCL2. (A) HEK293 cells were transfected with an empty vector or vectors encoding AMBRA1, mito-
BCL2 or cotransfected with both AMBRA1 and mito-BCL2. Twenty-four h after transfection, cells were treated or not with 2 mM STS for 3 h and viable cells were estimated
using the MTS assay. Results are expressed as arbitrary unit (a.u). Each point represents the mean (§ SD) of triplicate wells from 3 independent experiments. Statistical
analysis was performed using the Student t test (!P< 0.05) versus pcDNA3 and (#, P< 0.05) vs. mito-BCL2. (B) HEK293 cells were transfected with an empty vector or vec-
tors encoding AMBRA1, mito-BCL2 or either cotransfected with both AMBRA1 and mito-BCL2. Twenty-four h after transfection, cells were treated with or without 2 mM
STS for 3 h. After extraction of proteins, we performed a western blot analysis by using antibodies against PARP1, AMBRA1, BCL2 and against ACTB (as a loading control).
(C) HEK293 cells were cotransfected with an empty vector and mito-DsRED (in order to stain mitochondria) or with mito-DsRED and vectors encoding AMBRA1, mito-
BCL2 or cotransfected with both AMBRA1 and mito-BCL2. Cells were then treated with STS 2 mM during 4 h and stained using an anti-CYCS (green) antibody. Nuclei
were stained with DAPI 1mg/ml 20 min. Merge of the different fluorescence signals are illustrated. Scale bar: 8 mm. (D) Graphic of densitometry values of CYCS release,
expressed as mean fluorescence of individual cells, normalized to total cellular surface (F:A, n D 30 cells/groups).
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Figure 2. For figure legend, see next page.
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cells overexpressing both AMBRA1CT and mito-BCL2. These
results demonstrate that AMBRA1CT, in combination with
mito-BCL2, induces apoptosis.

At this point, to demonstrate that the C-terminal fragment
of AMBRA1 could become proapoptotic following cell death
signals, we decided to use a mutant of AMBRA1 resistant to
CASP cleavage (AMBRA1D482A). In fact, the AMBRA1D482A

mutant, carrying a single-point mutation (D482 ! A) was ini-
tially mutated in order to disrupt the predicted putative caspase
cleavage site.20 We overexpressed either a vector encoding
AMBRA1D482A or AMBRA1CT in HEK293 cells, and treated
them with STS to induce apoptosis. We next checked, by confo-
cal microscope, CYCS release from mitochondria. As shown in
Fig. 3A (top panels), AMBRA1D482A did not induce CYCS
release in normal condition. Also, following STS treatment, we
observed that cells overexpressing AMBRA1D482A were healthy,
with a still significant overlap of CYCS staining with mitochon-
dria, indicating an antiapoptotic activity of this mutant. By con-
trast, overexpression of AMBRA1CT is sufficient to induce, in
normal conditions, CYCS release from mitochondria (Fig. 3B,
top panels), and this release is also visible in cells treated with
STS (Fig. 3B, bottom panels). The graphic of Fig. 3C illustrates
quantification of CYCS release. Last, by performing a western
blot analysis, we observed that BAX activation, following STS
treatment, is reduced in cells overexpressing AMBRA1D482A

compared with cells overexpressing AMBRA1WT or
AMBRA1CT (Fig. 3D). Altogether, these results indicate that,
during apoptosis, AMBRA1 cleavage by CASP is fundamental
to support BAX activation.

This being the case, in contrast with cells overexpressing
AMBRA1CT, cells overexpressing AMBRA1D482A are expected
to be protected from cell death. We thus decided to monitor
cell death by counting pyknotic nuclei in transfected cells. As
shown in Fig. 3E, cells positive for AMBRA1D482A undergo cell
death to a lesser extent than to AMBRA1CT-transfected cells. In
fact, it has been demonstrated in another cell system that
AMBRA1D482A delays cell death by maintaining its proauto-
phagic activity.20 Our observation confirms that AMBRA1CT

favors apoptosis, whereas its mutant resistant to CASP cleavage
can partially prolong cell survival.

Next, we decided to investigate the molecular mechanism of
AMBRA1CT activity on BCL2. BCL2 is a member of the BCL2
protein family; this family shares a consensus sequence called
BH3 domain; often, proapoptotic members of this family regu-
late, through direct binding via their BH3 domain, other BH3-
containing proteins. We thus hypothesized that AMBRA1CT

could act on BCL2 as a BH3 protein. First, we used a well-
known BH3-mimetic, ABT-737, to test whether the interaction
between AMBRA1 and mito-BCL2 could occur through a BH3
domain. We thus treated HEK293 cells overexpressing MYC-
AMBRA1WT with 10 mM ABT-737 for 3 h. We next immuno-
precipitated AMBRA1 with an anti-MYC antibody. As shown
in Fig. 4A, mito-BCL2 is associated with AMBRA1 in normal
conditions, this binding being reduced by ABT-737. We next
examined in silico the AMBRA1 sequence and found that
AMBRA1 possesses, indeed, a putative BH3 motif in its C-ter-
minal region (1215LPEAGQLA1222, see Fig. 4B). Therefore, in
principle, AMBRA1 could bind BCL2 through this motif. As
expected, 2 point mutations of this putative BH3 domain
(AMBRA1BH3-AE, [L1215A and G1219E]) almost abolished the
interaction between MYC-AMBRA1WT and mito-BCL2
(Fig. 4A). These results indicate that AMBRA1 can interact
with mito-BCL2 through a previously unrevealed BH3 domain.
A quantification of the ratio between mito-BCL2 coimmuno-
preciptated on the quantity of precipitated AMBRA1 is
reported in the graph (Fig. 4B).

Finally, we investigated the effect of AMBRA1BH3-AE on apo-
ptosis induction. To this end, we performed a confocal micros-
copy analysis and checked for CYCS release from
mitochondria, upon STS treatment, in cells overexpressing
AMBRA1WT or AMBRA1BH3-AE. CYCS release was reduced in
cells overexpressing AMBRA1BH3-AE following STS treatment
(Fig. 5B and C). Again, we quantified apoptosis upon STS treat-
ment in cells overexpressing this novel mutant construct. As
shown in Fig. 5D, AMBRA1BH3-AE can delay apoptosis similarly
to AMBRA1D482A, confirming that the AMBRA1CT acts on
BCL2, through its BH3 domain, during apoptosis. Last, by per-
forming a western blot analysis using an antibody against acti-
vated BAX, we observed that cells overexpressing
AMBRA1BH3-AE exhibited a lower basal activation of BAX
when compared with AMBRA1CT (Fig. 5E). Also, the capability
of AMBRA1 fragments to bind BH3-domain-containing pro-
teins is further proved by their dynamic interactions with other
antiapoptotic members of the BH3 family, as shown in Fig. S4.

At this point, our data suggest that AMBRA1 can regulate
the antiapoptotic effect of BCL2 during apoptosis induction by
a direct binding of this protein through a BH3 motif. To
strengthen these results, we decided to render AMBRA1 pro-
tein both autophagy deficient and BCL2-binding deficient. To
this end, we performed 2 point mutations of the BH3 domain
on the cleaved form of AMBRA1, which is deficient for auto-
phagy activity (Pagliarini et al., and Fig. S5; AMBRA1CT-BH3-AE).

Figure 2. (See previous page). The C-terminal part of AMBRA1, resulting from CASP cleavage, interacts with BCL2 and increases cell death following STS treatment.
(A) 2 mg of HEK293 cell lysate, obtained from DMSO-treated cells (control cells) or staurosporine-treated cells, were injected onto a superose 6 HR 10/30 FPLC gel filtration
column. Proteins were collected in 500 ml fractions. Equal amounts of each fraction have been analyzed by western blot using antibodies against AMBRA1 and BCL2. To
control that the STS treatment was efficient, we analyzed PARP cleavage by using an antibody against PARP. (B) HEK293 cells were transfected with a vector encoding
MYC-AMBRA1WT or Flag-AMBRA1CT. Twenty-four h after transfection, cells were treated or not with STS (2 mM, 2 h). Protein extracts were immunoprecipitated using an
anti-MYC or anti-Flag antibodies. Purified complexes and corresponding total extracts were analyzed by western blot (WB) using anti-AMBRA1 and anti-BCL2 antibodies.
(C) HEK293 cells were cotransfected with a vector encoding mito-DsRED (to stain mitochondria) and a vector encoding MYC-AMBRA1WT or AMBRA1CT (lane 1) or in addi-
tion with a vector encoding mito-BCL2 (lane 2). Twenty-four h after transfection, cells were then stained using antibody anti-AMBRA1 (AMBRA1WT and AMBRA1CT, green).
Nuclei were stained with DAPI 1 mg/ml 20 min. The merging of the different fluorescence signals is illustrated. Scale bar: 8 mm. (D) HEK293 cells were cotransfected with
a vector encoding AMBRA1CT and a vector encoding mito-BCL2. Forty-eight h after transfection, cells were fixed and stained using anti-AMBRA1 antibody (AMBRA1CT,
red). Nuclei were stained with DAPI 1mg/ml 20 min. The merging of the different fluorescence signals is illustrated. Scale bar: 8 mm. (E) HEK293 cells were cotransfected
with a vector encoding Flag-AMBRA1CT and a vector encoding mito-BCL2. Twenty-four or 48 h following transfection, cells were fixed and assessed by immunolabelling
using anti-Flag antibody and cells with condensed or fragmented nuclei were scored as pyknotic. Results are expressed as the percentage of transfected cells displaying
pyknotic nuclei. For each condition, transfected cells were counted in 10 random fields from 3 independent experiments. Values are given as a percentage (§ SD) of cell
death.
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Figure 3. The C-terminal part of AMBRA1 functions upstream of MOMP. (A) HEK293 cells were cotransfected with a vector encoding AMBRA1D482A and mito-DsRED (in
order to stain mitochondria) or (B) with mito-DsRED and vectors encoding AMBRA1CT. Twenty-four h after transfection, cells were treated with or without STS (2 mM) for
4 h. Cells were fixed and then stained using antibodies against CYCS (green) and against AMBRA1 (blue staining) that recognize only the overexpressed form of the pro-
tein. Nuclei were stained with DAPI 1mg/ml 20 min. The merging of the different fluorescence signals is illustrated. Scale bar: 8 mm. (C) Graphic of densitometric values
of CYCS release, expressed as mean fluorescence of individual cells, normalized to total cellular surface (F:A, nD30 cells/groups). (D) HEK293 cells were transfected with
vectors encoding AMBRA1WT, AMBRA1D482A or AMBRA1CT. Twenty-four h after transfection, cells were treated with 2 mM STS for 2 h. After extraction of proteins, we per-
formed a western blot analysis using antibodies against AMBRA1, activated BAX, and total BAX (as a loading control). The band density ratio of activated BAX/total BAX
was analyzed in 3 independent experiments; each point value represents the mean § SD from 3 independent experiments. Statistical analysis was performed using the
Student t test (!, P < 0.05). (E) HEK293 cells were transfected with an empty vector or with a vector encoding AMBRA1D482A or AMBRA1CT. Twenty-four h following trans-
fection, cells were treated with 2 mM STS for 2 h. Cells were next fixed and examined by immunolabelling using anti-AMBRA1 antibody and cells with condensed or frag-
mented nuclei were scored as pyknotic. Results are expressed as the percentage of transfected cells displaying pyknotic nuclei. For each condition, transfected cells were
counted in 10 random fields from 3 independent experiments. Values are given as a percentage (§ SD) of cell death.
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As expected, these mutations almost abolished the interaction
between AMBRA1CT and mito-BCL2 (Fig. 6A). A quantifica-
tion of the ratio between coimmunoprecipitated mito-BCL2
and cleaved-AMBRA1 is reported in the graph (Fig. 6B).
Further, by counting pyknotic nuclei in transfected cells, we
observed that AMBRA1CT-BH3-AE exhibits less apoptotic activ-
ity than AMBRA1CT (Fig. 6C). Also, by looking at CYCS
release (Fig. 6D), we found that AMBRA1CT-BH3-AE-positive
cells present less release of CYCS from mitochondria than
cells overexpressing AMBRA1CT. Altogether these results sug-
gest that AMBRA1CT-BH3-AE induces less mitochondrial per-
meabilization than AMBRA1CT. Indeed, by monitoring BAX
translocation from cytosol to mitochondria, we found that
cells overexpressing AMBRA1CT-BH3-AE present less translo-
cated BAX on mitochondria than cells overexpressing
AMBRA1CT (Fig. 6F).

In conclusion, our data clearly indicate that AMBRA1 can
regulate the antiapoptotic effect of BCL2 during apoptosis
induction, by direct binding of this protein through a BH3
motif. A proposed working model for AMBRA1 in apoptosis is
finally shown in Fig. 7.

Discussion

Our results indicate that AMBRA1, in addition to its roles in
macroautophagy and mitophagy (reviewed in ref. 23), can act
as a positive mediator of mitochondrial apoptosis. We propose

here that the C-terminal part of AMBRA1, AMBRA1CT, gener-
ated by CASP cleavage, inactivates the BCL2 antiapoptotic fac-
tor, by a direct binding through its BH3-like domain. This
work demonstrates the existence of a reciprocal regulation
between AMBRA1 and BCL2 at the mitochondria.

The functional deficiency of Ambra1 in mice induces a
large number of supernumerary apoptotic cells in several
areas of the nervous system.1 Pagliarini et al.20 have demon-
strated that reduced levels of AMBRA1 in several cell lines
lead to increased susceptibility to different apoptotic stimuli.
Altogether, these results underline a prosurvival effect of
AMBRA1; in line with these results, we demonstrated that
cerebellar granule neurons overexpressing AMBRA1 are
more resistant to trophic factor withdrawal than control
neurons.7 Similarly to other proautophagic factors, such as
ATG5 and ATG12,16,21 AMBRA1 is cleaved during apopto-
sis, in order to abolish its prosurvival effect. Since a mutant
form of AMBRA1 resistant to CASP cleavage increases
resistance to cell death by blocking both BAX activation
and CYCS release from mitochondria, it can be postulated
that AMBRA1 cleavage is involved in mitochondrial outer
membrane permeabilization (MOMP). However, mutation
of the AMBRA1 CASP cleavage site does not completely
protect cells against cell death. This result can be explained
by the fact that, in addition to CASP cleavage, AMBRA1
(or its cleaved fragments) may also be subjected to CAPN
(calpain) cleavage, this leading to a complete destruction of
the protein. In addition, other proautophagic proteins, and
thus other prosurvival proteins, such as BECN1, are also
cleaved during cell death, contributing to cell death induc-
tion. The fact that AMBRA1 requires to be cleaved in order
to inhibit BCL2 opens the question about why the full-
length form is not able to have such an effect. It is well
possible that the N-terminal part of the protein, by binding
other proteins, induces a particular conformation that
blocks its inhibitory action on BCL2. This hypothesis is
supported by the fact that AMBRA1 can dynamically binds
the antiapoptotic proteins MCL1 and BCL2L1/BCLX. In
particular, the cleaved form of AMBRA1 binds preferen-
tially these antiapoptotic proteins when compared to full-
length AMBRA1 during cell death. These data suggest that
a conformational change of AMBRA1, that occurs during
cell death, is necessary to allow its binding with antiapop-
totic factors of the BCL2 family. Most likely, in addition to
BCL2, in order to potentiate cell death, AMBRA1CT could
also act on MCL1 and BCL2L1. Interestingly, no binding
can be found between AMBRA1 and the proapoptotic
members of the BCL2 family proteins, such as BAX and
BAK1/BAK.

BCL2 binds BECN1 on its BH3 domain. We show here that
also AMBRA1 contains a BH3-like motif along its sequence. Of
note, AMBRA1BH3-AE partially loses its binding with mito-
BCL2. In fact, we previously have proved that AMBRA1 binds
dynamically to the mitochondrial pool of BCL2 with both the
amino and the C-terminal domains of the protein. It is thus
possible that the resistant binding observed with mutant
AMBRA1BH3-AE is mediated by the N-terminal part of the pro-
tein. It will be interesting to identify the precise region of bind-
ing between AMBRA1 and BCL2 in this N-terminal region.

Figure 4. The C-terminal part of AMBRA1 interacts with mito-BCL2 via a BH3-like
motif. (A) HEK293 cells were transfected with a vector encoding MYC-AMBRA1WTor
MYC-AMBRA1BH3-AE. Twenty-four h after transfection, cells were treated with
DMSO (ctrl) or with ABT-737 during 3 h (10 mM). Total extracts were next immuno-
precipitated using an anti-MYC antibody. Purified complexes were analyzed by
western blot (WB) using anti-AMBRA1 and anti-BCL2 antibodies. (B) Identification
of a BH3-like motif within the AMBRA1 sequence. Point mutations of both an aro-
matic residue and the conserved residue are shown (AMBRA1BH3-AE [L1215A-
G1219E; APEAEQLA]). The band density ratio of immunoprecipitated AMBRA1 rela-
tive to immunoprecipitated BCL2 was analyzed in 3 independent experiments;
each point value represents the mean § SD from 3 independent experiments. Sta-
tistical analysis was performed using the Student t test (!P < 0.05) versus the
DMSO condition.
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Human cancer grows by evading cell death. In fact, some
cancers, and in particular breast cancers, express high levels
of BCL2. Proteins from the BCL2 family are involved in
MOMP, a phenomenon mediating CYCS release from mito-
chondria (essential in cell death induction) and, for this

reason, MOMP is a good target in cancer therapy. Indeed,
BH3 mimetics are already used in chemotherapy and have
provided beneficial insights into the regulation of the
BCL2-BECN1 complex as well as in identifying additional
pathways involved in autophagic cell death. ABT-737 and

Figure 5. The mutant of AMBRA1 that cannot bind BCL2 loses its proapoptotic effect during cell death. (A) HEK293 cells were cotransfected with a vector encoding
AMBRA1WT or (B) AMBRA1BH3-AE and mito-DsRED (in order to stain mitochondria). Twenty-four h after transfection, cells were treated with or without STS (2 mM) for 4 h.
Cells were fixed and then stained using the anti-CYCS (green) antibody. Nuclei were stained with DAPI 1mg/ml 20 min. The merging of the different fluorescence signals
is illustrated. Scale bar: 8 mm. (C) HEK293 cells were transfected with an empty vector or with a vector encoding AMBRA1D482A, AMBRA1CT (see Fig. 3D) or with a vector
encoding AMBRA1BH3-AE. Twenty-four h following transfection, cells were treated with 2 mM STS during 3 h. Cells were next fixed and examined by immunolabelling
using anti-AMBRA1 antibody that recognizes only the overexpressed form of the protein and cells with condensed or fragmented nuclei were scored as pyknotic. Results
are expressed as the percentage of transfected cells displaying pyknotic nuclei. For each condition, transfected cells were counted in 10 random fields from 3 independent
experiments. Values are given as a percentage (§ SD) of cell death. (D) Graphic of densitometric values of CYCS release, expressed as mean fluorescence of individual
cells, normalized to total cellular surface (F:A, nD30 cells/groups). (E) HEK293 cells transfected with a vector encoding AMBRA1CT or AMBRA1BH3-AE were analyzed by west-
ern blot using antibodies against activated BAX and total BAX. The band density ratio of activated BAX/total BAX was analyzed in 3 independent experiments; each point
value represents the mean § SD from 3 independent experiments. Statistical analysis was performed using the Student t test (!P < 0.05).
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Figure 6. For figure legend, see next page.
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HA14-1 also stimulate other proautophagic pathways and
hence activate the nutrient sensors SIRT1 (sirtuin 1) and
AMPK, inhibit MTOR, deplete cytoplasmic TP53/p53, and
trigger the CHUCK/IKKa and IKBKB/IKKb kinases.24 Here
we propose a novel mechanism of action of ABT-737,
which disrupts the interaction between AMBRA1 and mito-
BCL2, thus contributing to autophagy induction. Conse-
quently, exploiting the AMBRA1-BCL2 interaction could be
used to develop novel anticancer therapies.

BCL2 is upregulated in human breast cancers and medi-
ates the resistance of these cancers to chemotherapeutic
strategies,25,26 while, by contrast, AMBRA1 is an haploinsuf-
ficient tumor suppressor gene;27 given both these factors,
modulating the reciprocal AMBRA1 and BCL2 levels in
cancer cells by targeting their interaction could contribute
to early diagnosis and to predicting prognosis for breast
cancer.

Further studies are needed to discover binding partners
that can alter the reciprocal affinity of BCL2 and AMBRA1
at the mitochondria. It should also be interesting to investi-
gate whether post-translational modifications on AMBRA1
(such as its phosphorylation by kinases) regulate this

binding. Developing combination therapies between BH3
mimetics and kinase activators could provide a powerful
“double effect” on the AMBRA1-BCL2 complex. In conclu-
sion, identification of the mechanisms that maintain or dis-
rupt this complex may allow us to develop additional drugs
that can target it, thus ensuring an improved therapeutic
outcome.

Materials and methods

Antibodies

Mouse monoclonal anti-ACTB/b actin (Sigma-Aldrich,
A2228), monoclonal anti-BCL2 (Santa Cruz Biotechnology, sc-
7382), polyclonal anti-AMBRA1 (Novus, 26190002), monoclo-
nal anti-AMBRA1 (Santa Cruz Biotechnology, sc-398204),
mouse monoclonal anti-CYCS (Assay designs-Enzo Life Scien-
ces, 6H2-B4), polyclonal anti-LC3 (Cell Signaling Technology,
2775), monoclonal anti-SQSTM1/p62 (Santa Cruz Biotechnol-
ogy, sc-28369), polyclonal anti-activated BAX (6A7; Abcam
5714), polyclonal anti-BAX (Santa Cruz Biotechnology, sc-493,
N-20), polyclonal anti-PARP1 (Cell Signaling Technology,
9542), goat anti-BAK1 (G-23; Santa Cruz Biotechnology, sc-
832), mouse monoclonal anti-MYC (9E10; Santa Cruz Biotech-
nology, sc-4), mouse monoclonal anti-Flag (Sigma-Aldrich,
F3165), rabbit polyclonal anti-SOD2/MnSOD (Enzo Life Scien-
ces, 110F) and mouse monoclonal anti-TUBB/b tubulin
(Sigma-Aldrich, T9026).

Cloning and plasmids

Construct coding for AMBRA1WT, AMBRA1D482A and
AMBRA1CT (483-1300 amino acids) was cloned in pLPCX vec-
tor (Clontech, 631511).18

The construct coding for “mito-BCL2,” a mitochondrial-tar-
geted BCL2 in which the C"terminal hydrophobic sequence of
BCL2 is exchanged for an equivalent sequence from modified
ActA (Listeria monocytogenes actin assembly-inducing protein)
which binds specifically to the cytoplasmic face of mitochon-
drial outer membranes, was kindly provided by Beth Levine9

and was cloned in prcCMV vector.
The mito-DsRED construct encodes for human Cox8A

mitochondria signal which is fused with wild-type-DsRED in
pcDNA3 vector (Invitrogen).

We summarized in the table all constructs used in the
present work:

Figure 6. (See previous page). The mutant form of cleaved AMBRA1 that cannot bind BCL2 loses its proapoptotic effect during cell death. (A) HEK293 cells were trans-
fected with a vector encoding Flag-AMBRA1CT or Flag-AMBRA1CT-BH3-AE. Twenty-four h after transfection, total extracts were next immunoprecipitated using an anti-Flag
antibody. Purified complexes were analyzed by western blot (WB) using anti-AMBRA1 and anti-BCL2 antibodies. (B) The band density ratio of immunoprecipitated
AMBRA1 relative to immunoprecipitated BCL2 was analyzed in 3 independent experiments; each point value represents the mean§ SD from 3 independent experiments.
Statistical analysis was performed using the Student t test (!, P< 0.05) vs. CT. (C) HEK293 cells were transfected with a vector encoding Flag-AMBRA1CT or Flag-AMBRA1CT-
BH3-AE. Twenty-four h following transfection, cells were treated with 2 mM STS during 2 h. Cells were next fixed and examined by immunolabelling using anti-AMBRA1
antibody that recognizes only the overexpressed form of the protein and cells with condensed or fragmented nuclei were scored as pyknotic. Results are expressed as
the percentage of transfected cells displaying pyknotic nuclei. For each condition, transfected cells were counted in 10 random fields from 3 independent experiments.
Values are given as a percentage (§ SD) of cell death. (D) HEK293 cells were cotransfected with a vector encoding Flag-AMBRA1CT or Flag-AMBRA1CT-BH3-AE and mito-
DsRED (in order to stain mitochondria). Cells were then treated with STS 2 mM during 4 h and stained using an anti-CYCS antibody (green). Nuclei were stained with
DAPI 1mg/ml during 20 min. The merging of the different fluorescence signals is illustrated. Scale bar: 8 mm. (E) Graphic of densitometric values of CYCS release,
expressed as mean fluorescence of individual cells, normalized to total cellular surface (F:A, nD30 cells/groups). (F) HEK293 cells were transfected with a vector encoding
Flag-AMBRA1CT or Flag-AMBRA1CT-BH3-AE. Twenty-four h after transfection, cytosolic and mitochondrial fractions were analyzed by western blot (WB) using anti-BAX and
anti-SOD2 antibodies. The band density ratio of translocated BAX on mitochondria was analyzed in 3 independent experiments; each point value represents the mean §
SD from 3 independent experiments. Statistical analysis was performed using the Student t test (!!, P < 0.01) versus CT.

Figure 7. The proposed working model for AMBRA1 in mitochondrial apoptosis.
Upon induction of apoptosis, AMBRA1 is subjected to CASP cleavage. In the initial
phase of apoptosis, the C-terminal fragment of AMBRA1 is stable and interacts
directly with BCL2 through its BH3-like domain, thus likely increasing cell death
(cell death amplification loop).
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Point mutations were generated using the QuickChange site-
directed mutagenesis kit (Stratagene, 200519) and all plasmid
constructs made in this study were verified by DNA sequencing
(Eurofins). The oligonucleotides used for mutagenesis, PCR,
and DNA sequencing were purchased from Invitrogen.

Cell cultures

The human embryonic kidney HEK293 cells and HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium (Lonza,
BE12-604F) supplemented with 10% FBS (Gibco; Thermo
Fisher Scientific, 10270-106) , and 1% penicillin-streptomycin
solution (Lonza, 17-602 E) at 37#C under 5% CO2.

Cell culture transfection

Transient transfections of expression plasmids into HEK293
cells were performed using TurboFect according to the suppli-
er’s instructions (Thermo Fisher Scientific, R0532).

Determination of cell viability

Cell survival was estimated by using the MTS assay or by
counting the number of condensed or fragmented nuclei as
observed using DAPI (Sigma Aldrich, D9542) staining. The tet-
razolium salt MTS (3-[4,5-dimethyl-2-thiazolyl]-2-5diphenyl-
2H tratrazolium bromide; Sigma Aldrich, M2128) was added to
cell cultures (1 mg/ml) and incubated for 30 min a 37#C. Cells
were then lysed in DMSO (Sigma Aldrich, 472301). Formazan
production by living cells was assessed by measuring absor-
bance at 540 nm using a Biotek Elx-800 microplate reader
(Mandel Scientific Inc.) For cell counting, cultures were fixed
in 4% paraformaldehyde (Merck Millipore, 104005) in PBS
(UCS Diagnostic, PBS1199) for 10 min at 4#C and stained with
DAPI in PBS for 20 min at room temperature. Cells were
washed 3 times with PBS, then mounted and observed under a
ZEISS confocal laser microscope (CLSM700; Jena, Germany).
For each condition, random images were captured and ana-
lyzed using Zen Light edition software. Cell viability was then
scored on the basis of nuclear morphology: cells containing
condensed or fragmented nuclei were counted as dying or dead
cells.

Immunocytochemistry

Cells were washed in PBS and fixed with 4% paraformaldehyde
in PBS for 15 min. After permeabilization with 0.4% Triton X-
100 (Sigma Aldrich, X100) in PBS for 5 min, cells were blocked
in 3% normal goat serum (Sigma-Aldrich, G9023) in PBS and
incubated overnight at 4 degrees with primary antibodies. We
used the antibodies directed against AMBRA1 and CYCS. Cells
were then washed in blocking buffer and incubated for 1 h with
labeled anti-mouse (Alexa Fluor 488; Thermo Fisher Scientific,
A11017) or anti-rabbit (CyTM3; Jackson ImmunoResearch,
115-165-166) secondary antibodies. Nuclei were stained with
1 mg/ml DAPI and examined under a Zeiss LSM 700 100x oil-
immersion objective (CLSM700; Jena, Germany). We used
“ZEN 2009 Light edition” software for image analysis. All
acquisitions were performed in non-saturated single z-confocal
planes.

Western blot analysis

Cell extracts were centrifuged at 13,000 g for 10 min at 4#C.
Protein concentrations were determined with the Bio-Rad Pro-
tein Assay Kit (Bio-Rad, 5000001). Cell extracts or immunopre-
cipitates were separated by SDS-PAGE and transferred onto
nylon membranes (Immobilon P; Merck-Millipore,
IPFL10100). Membranes were incubated with primary antibod-
ies followed by horseradish peroxidase-conjugate secondary
antibody (Bio-Rad, 1706515 and 1721011) and visualized with
ECL (Merck-Millipore WBKLS0500).

Immunoprecipitation

Cells were lysed in RIPA buffer plus protease inhibitor cocktail
(Sigma Aldrich, P8340). Equal amounts of protein (500 mg)
were incubated with 2 ml of monoclonal anti-MYC antibody
for 4 h followed by 60 min incubation with 30 ml of protein A

Constructs Type of mutation Feature

Flag-tagged-
AMBRA1D482A

Single-point mutation (D482
! A) on the predicted
caspase cleavage site of
AMBRA1

This mutant of AMBRA1 is
uncleavable by
caspases following
apoptosis induction
and maintains its
proautophagic activity

MYC-tagged-
AMBRA1WT

No mutation This construct encodes for
the wild-type form of
AMBRA1

MYC-tagged-
AMBRA1BH3-AE

Two-point mutations in the
BH3 domain of AMBRA1
L1215! A and G1219
! E

This mutant of AMBRA1
partially loses its
binding with mito-BCL2
protein

Flag-tagged-
AMBRA1CT

Terminal fragment of AMBRA1
resulting from caspase
cleavage (483-1300 amino
acids)

This construct encodes for
the C-terminal part of
AMBRA1 resulting
fronm caspase
cleavage. This fragment
binds mito-BCL2

Flag-tagged-
AMBRA1CT-BH3-AE

Two-point mutations in the
BH3 domain of the C-
terminal fragment of
AMBRA1L1215! A and
G1219! E resulting from
caspase cleavage (483-1300
amino acids)

This construct encodes a C-
terminal fragment of
AMBRA1 which partially
loses its binding with
mito-BCL2

Mito-BCL2 The mitochondrial-targeted
BCL2 presents the C-
terminal hydrophobic
sequence of BCL2
exchanged for an
equivalent sequence from
modified ActA (Listeria
monocytogenes Actin
assembly-inducing protein),
which binds specifically to
the cytoplasmic face of
mitochondrial outer
membranes. In this case
BCL2 is fused with ActA
sequence.

This construct encodes a
BCL2 protein that it is
specifically targeted to
the mitochondria
where it acts as an
antiapoptotic factor.

Mito-DsRED Human Cox8A mitochondria
signal is fused with wild-
type-DsRED protein in
pcDNA3 vector.

This construct encodes for
a red protein that is
targeted to the
mitochondria. It is used
in microscopy analysis
in order to stain the
mitochondria network.
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agarose beads (Roche, 11719408001). The beads were collected
by centrifugation and washed 4 times with the RIPA buffer.
Proteins bound to the beads were eluted with 30 ml of SDS-
polyacrylamide gel electrophoresis sample buffer and heated to
95#C for 10 min.

Mitochondria/cytosol purification

Mitochondria and cytosol purification occurs by standard dif-
ferential centrifugations. HEK293 cells were suspended in
homogenization buffer (0.25 M sucrose, 10 mM HEPES, pH 7,
1 mM EDTA [Sigma-Aldrich, S0389, H4034, and ED-100,
respectively]) with protease and phosphatase inhibitors. Mito-
chondria suspensions were obtained homogenizing the solution
with 40#–60 pulses (one pulse corresponds to approximately
one sec), in vertical movements. After homogenization, the sus-
pension was centrifuged at 11 000 g for 15 min at 4#C. The
mitochondrial pellet fraction was suspended in isolation buffer
(0.2 M sucrose, 10 mM Tris-MOPS [Sigma, M1254], pH 7.4,
0.1 mM EGTA-Tris [Sigma Aldrich, E4378]). The supernatant
fraction corresponded to soluble cytosolic proteins.

Size-exclusion fast protein liquid chromatography
(sec-FPLC)

Two milligrams of HEK293 cell lysate, obtained from DMSO-
treated cells or staurosporine-treated cells, were injected onto a
Superose 6 HR 10/30 fast protein liquid chromatography
(FPLC) gel filtration column (Amersham Pharmacia Bioscien-
ces, 17-0537-01) connected to a Pharmacia LKB LCC 501 Plus
FPLC System (Amersham Pharmacia LKB Biotechnologies,
Piscataway, N.J.). Lysate preparation and column equilibration
have been previously described.5 CAPN (calpain II inhibitor,
50 mM; Sigma-Aldrich, A6060) and CASP (Q-VD-OPH, 100
mM; Santa Cruz Biotechnology, sc-222230) inhibitors were
added in the lysis buffer in order to prevent AMBRA1 cleavage
during the fraction separation. Proteins were collected in
500 ml fractions, precipitated with 10% trichloroacetic acid,
and resolved in SDS-PAGE for western blot analyses. Gel filtra-
tion column was calibrated as previously described.25 Equal
amounts of each fraction were analyzed by western blot.

Quantification of CYCS release

Quantification of CYCS release from mitochondria was
performed on transfected cells by densitometric analyses, as
previously described.28 After background subtraction, CYCS
cell-associated signals were quantified by manually outlining
individual cells and measuring cell-associated fluorescence
intensity with the ImageJ software (http://rsb.info.nih.gov/ij/).
The F:A ratio defines mean fluorescence of individual cells (F)
normalized to total cellular surface (A).

Statistical analyses

Statistical analyses were performed using the Student 2-tailed
ttest. Data were shown as means § SD of 3 independent experi-
ments. Values of p < 0,05 were considered significant.

Abbreviations

AMBRA1 autophagy/Beclin 1 regulator 1
AMBRA1BH3-AE autophagy/Beclin 1 regulator 1, mutated

in BH3 motif
AMBRA1CT C-terminal part of AMBRA1
AMBRA1CT-BH3-AE C-terminal part of AMBRA1, mutated in

BH3 motif
BAX BCL2-associated X protein
BCL2 B-cell CLL/lymphoma 2
BECN1 Beclin 1, autophagy related
BH3 BCL2 homology domain 3
CASP caspase
CYCS cytochrome c, somatic
FPLC fast protein liquid chromatography
HEK293 human embryonic kidney
MOMP mitochondrial outer membrane

permeabilization
Mito-BCL2 mitochondrial targeted BCL2
PARK2 parkin RBR E3 ubiquitin protein ligase
STS staurosporin
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Abstract
Receptor-mediated mitophagy is a crucial process involved in mitochondria quality control. AMBRA1 is a mitophagy
receptor for the selective removal of damaged mitochondria in mammalian cells. A critical unresolved issue is how
AMBRA1-mediated mitophagy is controlled in response to cellular stress. Here, we investigated the role of BCL2-family
proteins on AMBRA1-dependent mitophagy and showed that MCL1 delays AMBRA1-dependent mitophagy. Indeed,
MCL1 overexpression is sufficient to inhibit recruitment to mitochondria of the E3 Ubiquitin ligase HUWE1, a crucial
dynamic partner of AMBRA1, upon AMBRA1-mediated mitophagy induction. In addition, we found that during mitophagy
induced by AMBRA1, MCL1 levels decreased but were sustained by inhibition of the GSK-3β kinase, which delayed
AMBRA1-mediated mitophagy. Also, we showed that MCL1 was phosphorylated by GSK-3β at a conserved GSK-3
phosphorylation site (S159) during AMBRA1-mediated mitophagy and that this event was accompanied by HUWE1-
dependent MCL1 degradation. Altogether, our results demonstrate that MCL1 stability is regulated by the kinase GSK-3β
and the E3 ubiquitin ligase HUWE1 in regulating AMBRA1-mediated mitophagy. Our work thus defines MCL1 as an
upstream stress-sensitive protein, functional in AMBRA1-mediated mitophagy.

Introduction

Autophagy is an important eukaryotic process involved in
the lysosomal degradation of cytosolic components in

both physiological and pathological conditions. During
autophagy, the autophagosomes engulf a number of dif-
ferent cargoes and then fuse with lysosomes for sub-
sequent recycling of their content [1]. Several key
proteins are involved in the autophagosome formation,
such as BECLIN 1 and its positive regulator AMBRA1
[1, 2]. Mitophagy is a selective form of autophagy
essential for the elimination of impaired or depolarized
mitochondria. It is important for a cell to remove damaged
mitochondria, since wanton release of reactive oxygen
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intermediates leads to inflammasome activation, geno-
toxic stress, promotion of tumorigenesis, and aging.
Accordingly, alteration of the mitophagic pathway may
contribute to neurodegenerative or inflammatory diseases,
cancer, and decreased lifespan [3]. Damaged mitochon-
dria activate the PINK1/PARKIN pathway, the major
mitophagic molecular axis described so far. PINK1, which
is constantly degraded, is instead stabilized to mitochon-
dria, resulting in the recruitment of the PARKIN E3
ubiquitin ligase to damaged mitochondria and in the
ubiquitination of several outer mitochondria membrane
proteins. Mitophagy receptors that bind ubiquitin, such as
NDP52 and OPTINEURIN, and the autophagosome-
associated protein LC3, then favor the engulfment of
damaged mitochondria into autophagosomes [4, 5].

Mitophagy occurs also in cells lacking detectable PAR-
KIN, through alternative mitophagy receptors. For example,
BNIP3 (BCL2/adenovirus E1B 19 kDa interacting protein
3) and its homolog NIX/BNIP3L (BCL2/adenovirus E1B
19 kDa interacting protein 3 like) are two mitophagy
receptors able to regulate mitochondrial clearance during
reticulocyte development. They possess a LC3-interacting
region (LIR) that facilitate the binding to LC3B (Micro-
tubule-associated protein 1 A/1B light chain 3B) (for
BNIP3) [6] or to the other mATG8-family member Gamma-
AminoButyric Acid Receptor-Associated Protein (for NIX/
BNIP3L) [7]. FUN14 domain-containing protein 1 is
another mitophagy receptor located at the mitochondria,
with a LIR domain that mediates its association with LC3B
during hypoxia or following mitochondrial membrane
depolarization [8]. Prohibitin 2, an inner mitochondria
membrane protein, is an another key mitophagy receptor for
both PARKIN-mediated mitophagy in mammalian cells and
for paternal mitochondrial clearance in C. elegans [9].
Recently, we showed that AMBRA1, also a LIR-containing
protein, is a new mitophagic receptor crucial in order to
both amplify PARKIN-mediated mitochondrial clearance
and regulate PARKIN-independent mitophagy [10, 11].
Similar to BNIP3, NIX/BNIP3L, and FUNDC1, AMBRA1
can be positively regulated by a specific phosphorylation
upstream its LIR domain [11].

Since BCL2-family proteins [12–17] can control mito-
phagy [18, 19] and since we previously demonstrated that
AMBRA1 can bind BCL2-family proteins [20, 21], we
decided to investigate a putative regulatory role for BCL2-
family members on AMBRA1-dependent mitophagy. We
thus found that MCL1 is a potent inhibitor of AMBRA1-
mediated mitophagy, and discovered that MCL1 destabili-
zation by the Glycogen Synthase kinase-3β (GSK-3β) and
the E3 ubiquitin ligase HUWE1 is a key event for this
specific mitophagy pathway. In sum, this work unveils a
novel mechanism for mitophagy regulation, linking it to the
BCL2 death factors.

Results

AMBRA1-dependent mitophagy is inhibited by the
anti-apoptotic factor MCL1

HeLa cells (a well-known PARKIN-free cellular system)
rapidly undergo mitophagy when overexpress either
AMBRA1ActA, a protein fusion that specifically targets
AMBRA1 to the mitochondria, or AMBRA1WT in combi-
nation with mitophagy inducers [i.e, Olygocmicin/Actino-
mycin (O/A), or protonophores such as CCCP or FCCP]
[10, 11, 22]. To characterize the role of BCL2-family pro-
teins on AMBRA1-mediated mitophagy, we first checked
whether overexpression of these proteins was capable to
regulate mitophagy in HeLa cells. Interestingly, we found
that MCL1 expression was sufficient to reduce mitophagy
induced by AMBRA1ActA. First, by performing a western
blot analysis upon the coexpression of AMBRA1ActA and
individual BCL2 proteins, we observed a strong decrease in
the clearance of both COXII and COXIV, two mitochon-
drial markers (Fig. 1a and Supplementary Fig. 1a). Of note,
no other members of the BCL2-family did significantly
inhibit mitophagy in the same conditions. We next con-
firmed these results by performing a confocal microscopy
analysis, by which we checked for AMBRA1ActA-induced
mitoaggresome formation, a typical feature of
AMBRA1ActA-mediated mitophagy [10]. As illustrated in
Fig. 1b, the mitochondrial network is less aggregated
around the nucleus when cells are expressing MCL1 in
combination with AMBRA1ActA, at variance with cells
expressing only AMBRA1ActA. Then, we decided to check
whether MCL1 was able to inhibit mitophagy induced by
wild-type AMBRA1 (AMBRA1WT) in combination with a
mitophagy inducer. As shown in Fig. 1c and Supplementary
Fig. 1b, both COXII and COXIV loss is decreased in cells
overexpressing AMBRA1WT and MCL1 and treated with
O/A for 5 h. Primed by these results, we next decided to
interfere MCL1 by using specific siRNAs against human
MCL1 in HeLa cells overexpressing AMBRA1ActA or
AMBRA1WT cells treated with O/A. Our results indicate
that downregulation of MCL1 is sufficient to stimulate
AMBRA1-mediated mitophagy, as demonstrated by a more
evident reduction of the mitochondrial markers COXII and
COXIV, when compared with cells transfected with control
siRNA (Fig. 1d, e and Supplementary Fig. 1c, d).

In addition, we found that MCL1 overexpression was
sufficient to reduce the number of autophagosomes fol-
lowing AMBRA1-mediated mitophagy, as illustrated by a
reduction of LC3-II band appearance (Supplementary
Fig. 1e, f).

Altogether, these data suggest that the prosurvival factor
MCL1 is important for preventing mitophagy governed by
the mitophagic receptor AMBRA1.

F. Strappazzon et al.
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MCL1 antagonizes mitochondria ubiquitylation
following AMBRA1ActA expression by inhibiting
mitochondrial translocation of HUWE1

Since we demonstrated that mitochondria ubiquitylation is
an early event in AMBRA1-mediated mitophagy [10, 11],
in order to better understand the mechanisms by which
MCL1 was able to inhibit AMBRA1-mediated mitophagy,
we checked for mitochondria ubiquitylation following
AMBRA1ActA expression and in the presence or absence of
MCL1. By performing a mitochondrial-fractioning assay,
we found that mitochondria ubiquitylation was strongly
inhibited following MCL1 expression (Fig. 2a), with this
suggesting that prosurvival MCL1 inhibits AMBRA1-
dependent mitophagy at an early stage in the process,
prior to mitochondria tagging by ubiquitin.

We recently discovered that AMBRA1-dependent ubi-
quitylation of mitochondria is carried out by the E3 Ubi-
quitin ligase HUWE1 [11]; we thus explored whether
HUWE1 translocation to mitochondria was affected by

MCL1. Indeed, we found that HUWE1 mitochondrial
translocation was clearly reduced in the presence of MCL1,
at variance with control cells. Of note, the E3 Ubiquitin
ligase PARKIN was undetectable in our mitochondrial
fractions (Fig. 2a). Next, we strengthened these data by
performing a quantification of HUWE1 translocation from
cytosol to mitochondria, which confirms that HUWE1
expression clearly decreases in mitochondria when MCL1 is
overexpressed (Supplementary Fig. 2).

Moreover, by performing a confocal microscopy analy-
sis, we confirmed that the ubiquitin staining on mitochon-
dria (whose aggregation into mitoaggresomes is almost
abolished by MCL1) was also reduced in cells over-
expressing MCL1 (Fig. 2b).

In conclusion, we found that prosurvival MCL1 may
interfere with the recruitment of HUWE1 to mitochondria,
thus inhibiting ubiquitylation of mitochondria, an early
event necessary for AMBRA1-mediated mitophagy.

GSK-3β modulates MCL1 protein levels during
AMBRA1-mediated mitophagy

The finding that MCL1 is capable to significantly reduce
AMBRA1-mediated mitophagy led us to hypothesize that
this prosurvival factor needs to be tightly regulated during
that process. We thus checked for its stability during
AMBRA1-mediated mitophagy. Indeed, overexpression of
AMBRA1ActA is sufficient to induce a clear reduction in the
levels of endogenous MCL1 (Fig. 3a). In a similar manner,
cells overexpressing AMBRA1WT and then treated with
O/A for 5 h, present a decrease in MCL1 protein levels
(Fig. 3b). Interestingly, such decrease of MCL1 levels
can be blocked by treating both AMBRA1ActA and
AMBRA1WT-positive HeLa cells with the proteasome
inhibitor MG132 (Fig. 3a, b). These data indicate that
MCL1 is degraded by the proteasome upon AMBRA1-
mediated mitophagy induction. Since phosphorylation of
serine 159 (S159) of MCL1 is correlated to MCL1 degra-
dation [23], we hypothesized that MCL1 is phosphorylated
on this site during mitophagy. To check for this modifica-
tion event, we induced mitophagy in HeLa cells by over-
expressing AMBRA1ActA or AMBRA1WT+O/A and then
monitored phospho-S159 by means of a specific antibody.
As shown in Fig. 3c, d, MCL1 is indeed phosphorylated on
S159 in the early phase of the AMBRA1-mediated mito-
phagy (24 h following AMBRA1ActA expression and 30 min
following O/A treatment).

One protein kinase responsible for MCL1 phosphoryla-
tion at S159 is the GSK-3β kinase [23]; we thus speculated
that GSK-3β was the kinase responsible for MCL1 phos-
phorylation and consequently for its degradation, in order
to allow mitophagy. We thus checked the effect of
GSK3 pharmacological inhibition on MCL1 phospho-

Fig. 1 MCL1 antagonizes AMBRA1-dependent mitophagy. a HeLa
cells were cotransfected with Myc-AMBRA1ActA and PcDNA3,
BCL2, BCL2L1 or MCL1. After 24 h of transfection, protein extracts
were analyzed using the indicated antibodies and anti-HSP90 was used
as a loading control. The graph illustrates the COXIV/HSP90 ratio
(±S.D.) as an arbitrary unit (a.u). Each point value represents the mean
± S.D. from three independent biological replicas. Statistical analysis
was performed using Student’s test (*P < 0.05). b HeLa cells were
cotransfected with a vector encoding MYC-AMBRA1ActA and
PcDNA3 or MCL1. Following 24 h of transfection, cells were fixed
and assessed by immunolabeling using anti-MCL1 and MYC anti-
bodies. Nuclei were stained with DAPI 1 µg/µl 20 min. Scale bar:
8 µm. Percentage of AMBRA1ActA-transfected cells with mitoaggre-
somes has been quantified following pcDNA3 or MCL1 over-
expression. Each point value represents the mean ± S.D. from three
independent experiments. Statistical analysis was performed using
Student’s test (**P < 0.01). c HeLa cells were cotransfected with Myc-
AMBRA1WT and PcDNA3 or MCL1. After 24 h of transfection, cells
were treated with O/A (2.5 μM, 0.8 μM, 5 h), total extracts were
immunoblotted using the indicated antibodies and anti-HSP90 was
used as a loading control. The graph illustrates the COXIV/HSP90
ratio (±S.D.) as an arbitrary unit (a.u). Each point value represents the
mean ± S.D. from three independent experiments. Statistical analysis
was performed using Student’s test (*P < 0.05, **P < 0.01). d HeLa
cells were transfected with an empty vector (PcDNA3) or Myc-
AMBRA1ActA in combination with SiRNA-CTRL or SiRNA-MCL1.
Cells were treated with O/A (2.5 μM, 0.8 μM, 5 h) and total lysates
were blotted for the indicated antibodies. The graph illustrates the
COXIV/HSP90 ratio (±S.D) as an arbitrary unit (a.u). Each point
value represents the mean ± S.D. from three independent experiments.
Statistical analysis was performed using Student’s test (**P < 0.01). e
HeLa cells were transfected with Myc-AMBRA1WT in combination
with SiRNA-CTRL or SiRNA-MCL1. Cells were treated with O/A
(2.5 μM, 0.8 μM, 5 h) and total lysates were blotted for the indicated
antibodies. The graph illustrates the COXIV/HSP90 ratio (±S.D) as an
arbitrary unit (a.u). Each point value represents the mean ± S.D. from
three independent experiments. Statistical analysis was performed
using Student’s test (*P < 0.05)
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S159 during AMBRA1-mediated mitophagy. As expected,
S159-phosphorylated MCL1 can be observed during
AMBRA1-mediated mitophagy but is reduced when GSK-

3β is inhibited by means of SB-216763, a small-molecule
inhibitor of GSK-3 (Fig. 3c, d). These results strongly
suggest that GSK-3β may be the kinase responsible for
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Fig. 2 Upon AMBRA1-
mediated mitophagy, MCL1
inhibits HUWE1 translocation to
mitochondria and their
ubiquitylation. a HeLa cells
were cotransfected with Myc-
AMBRA1ActA and PcDNA3 or
MCL1. After 24 h of
transfection, mitochondrial
enrichment was performed
through differential
centrifugations, mitochondrial
fractions were analyzed using
the indicated antibodies and
anti-HSP60 was used as a
loading control. The graphs
illustrate UBIQUITIN/HSP60
and HUWE1/HSP60 ratio
(±S.D.) as an arbitrary unit (a.u).
Each point value represents the
mean ± S.D. from three
independent experiments.
Statistical analysis was
performed using Student’s test
(*P < 0.05). b HeLa cells were
cotransfected with a vector
encoding Mito-DsRED-
AMBRA1ActA and PcDNA3 or
MCL1. Following 24 h of
transfection, cells were fixed and
assessed by immunolabelling
using anti-MCL1 and
UBIQUITIN antibodies. Nuclei
were stained with DAPI 1 µg/µl
20 min. The merging of the
fluorescence signals is
illustrated. Scale bar: 8 µm. The
graph illustrates the percentage
of cells showing a complete
colocalization between
UBIQUITIN and the
mitochondrial network (±S.D).
Each point value represents the
mean ± S.D. from three
independent experiments.
Statistical analysis was
performed using Student’s test
(*P < 0.05)
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MCL1 phosphorylation following mitophagy induction.
Primed by this result, we next investigated the contribution
of GSK-3β in mitophagy induction upon AMBRA1
expression in HeLa cells. To this end, we interfered
genetically the kinase activity of the specific GSK-3β iso-
form by means of a plasmid encoding GSK-3β K85A, a
kinase-dead mutant that inhibits endogenous GSK-3β in a
dominant negative manner [24]. As shown in Fig. 3e, f and
Supplementary Fig. 3a, b, overexpression of the GSK-3β

K85A is sufficient to inhibit both AMBRA1ActA and
AMBRA1WT+O/A-mediated mitophagy.

Last, we found that inhibition of GSK-3β was sufficient
to reduce the number of autophagosomes following
AMBRA1-mediated mitophagy, as shown by a reduction of
LC3-II band appearance (Supplementary Fig. 3c, d).

These results strongly imply that GSK-3β is functional to
the regulation of AMBRA1-mediated mitophagy and that it
acts, at least in part, through MCL1 destablization.

F. Strappazzon et al.



HUWE1 is responsible for MCL1 ubiquitylation and
degradation upon AMBRA1-mediated mitophagy

AMBRA1 cooperates with the E3 ubiquitin ligase
HUWE1 in order to mediate mitophagy [11]. Interest-
ingly, MCL1 is a well-known substrate of HUWE1 [25].
We could thus candidate HUWE1 as the E3 Ubiquitin
ligase responsible for MCL1 degradation during
AMBRA-dependent mitophagy. To investigate this pos-
sibility, we first downregulated HUWE1 in HeLa
cells overexpressing AMBRA1ActA or AMBRA1WT and
treated with O/A, and next checked for MCL1 protein
levels during mitophagy. As shown in Fig. 4a, b,

downregulation of HUWE1 is sufficient to reduce MCL1
degradation upon mitophagy induction. Of note,
AMBRA1-mediated mitophagy inhibition, by blocking
MCL1 degradation through the use of HUWE1 siRNA, is
accompanied by a reduction of the autophagosome num-
ber as shown by a reduction of the LC3-II band appear-
ance (Supplementary Fig. 4a, b). HUWE1 should then be
able to cooperate with GSK-3β to induce MCL1 degra-
dation following AMBRA1-induced mitophagy. To test
this hypothesis, we checked whether HUWE1 was able or
not to bind its substrate MCL1 upon AMBRA1ActA-
mediated mitophagy dependently or not from GSK-3β
inhibitor. Indeed, HUWE1 strongly binds endogenous
MCL1 upon AMBRA1ActA-mediated mitophagy and this
binding is reduced when GSK-3β is inhibited (Fig. 4c),
with this indicating that GSK-3β is a priming kinase
important for MCL1 recognition by HUWE1.

AMBRA1-mediated mitophagy operates through the
HUWE1-GSK3 axis in MCF7 breast cancer cells, in
order to degrade MCL1 for a correct mitophagy
occurrence

Next, we decided to validate our main findings obtained in
HeLa cells in an other cell line, in which high endogenous
levels of MCL1 are detected. To this end, we have choosen
the MCF7 cells, a breast cancer cell line known to be
resistant to some drugs, with this being due, in part, to the
high levels of MCL1 they display [26]. In particular, we
confirmed that MCL1 was highly expressed in these cells
compared with HeLa cells (Fig. 5a). In addition, we showed
that MCL1 is able to delay mitoaggresome formation
(Fig. 5b), to reduce ubiquitin on mitochondria (Fig. 5c).
Moreover, as already demonstarted in HeLa cells, we found
that AMBRA1-mediated mitophagy induction is able to
induce MCL1 degradation through the HUWE1-GSK3 axis
(Fig. 5f–j). These data indicate that AMBRA1-mediated
mitophagy induction is sufficient to reduce high levels of
endogenous MCL1 in a breast cancer cell line, in order to
properly induce mitophagy.

AMBRA1ActA ectopic expression delays the potential
of clonogenicity of primary CD34+cells of a CN-AML
patient

Interestingly, MCL1 is an essential survival factor for
hematopoiesis, and in humans, hematopoietic stem cells
express MCL1 at the highest level in response to FMS-like
tyrosine kinase-3 (FLT3) signaling. Patients suffering from
acute myeloid leukemias (AML) with FMS-like tyrosine
kinase-3-internal tandem duplications (FLT3-ITD) have
poor outcomes following induction of severals therapies
and this is mainly attributed to drug resistance due to the

Fig. 3 MCL1 is phosphorylated on serine 159 by GSK3β during
mitophagy and GSK3β inhibition delays AMBRA1-dependent mito-
phagy. a HeLa cells were transfected with MYC-AMBRA1ActA or
PcDNA3 and treated with the proteasome inhibitor MG132 (10 μM,
24 h) or not (DMSO). Total extracts were immunoblotted using the
indicated antibodies and anti-HSP90 was used as a loading control.
The graph illustrates the COXIV/HSP90 ratio (±S.D) as an arbitrary
unit (a.u). Each point value represents the mean ± S.D. from three
independent experiments. Statistical analysis was performed using
Student’s test (****P < 0.0001, **P < 0.01). b HeLa cells were
transfected with PcDNA3 or MYC-AMBRA1WT and treated with O/A
(2.5 μM, 0.8 μM, 5 h) and proteasome inhibitor (MG132, 10 μM, 5 h)
or not (DMSO). Total extracts were immunoblotted using the indicated
antibodies and anti-HSP90 was used as a loading control. The graph
illustrates the COXIV/HSP90 ratio (±S.D) as an aribitrary unit (a.u).
Each point value represents the mean ± S.D. from three independent
experiments. Statistical analysis was performed using Student’s test
(*P < 0.05, **P < 0.01). c HeLa cells were transfected with MYC-
AMBRA1ActA or PcDNA3 and treated with GSK3 inhibitor (SB-
216763, 1 μM, 24 h) or not (DMSO). Total extracts were immuno-
blotted using the indicated antibodies and anti-HSP90 was used as a
loading control. The graph illustrates the P-S159MCL1/MCL1 ratio
(±S.D) as an arbitrary unit (a.u). Each point value represents the mean
± S.D. from three independent experiments. Statistical analysis was
performed using Student’s test (*P < 0.05). d HeLa cells were trans-
fected with PcDNA3 or MYC-AMBRA1WT and treated with O/A
(2.5 μM, 0.8 μM, 5 h) and GSK3 inhibitor (SB-216763, 1 μM, 5 h) or
not (DMSO). Total extracts were immunoblotted using the indicated
antibodies and anti-HSP90 was used as a loading control. The graph
illustrates the COXIV/HSP90 ratio (±S.D) as an arbitrary unit (a.u).
Each point value represents the mean ± S.D. from three independent
experiments. Statistical analysis was performed using Student’s test
(*P < 0.05, **P < 0.01). e HeLa cells were cotransfected with MYC-
AMBRA1ActA and PcDNA3 or GSK3β dead kinase (GSK3β-K85A).
After 24 h of transfection, total extracts were immunoblotted using the
indicated antibodies and anti-HSP90 was used as a loading control.
The graph illustrates the COXIV/HSP90 ratio (±S.D) as an arbitrary
unit (a.u). Each point value represents the mean ± S.D. from three
independent experiments. Statistical analysis was performed using
Student’s test (*P < 0.05). f HeLa cells were cotransfected with MYC-
AMBRA1WT and PcDNA3 or GSK3β dead kinase (GSK3β-K85A)
and treated with O/A (2.5 μM, 0.8 μM, 5 h). After 24 h of transfection,
total extracts were immunoblotted using the indicated antibodies and
anti-HSP90 was used as a loading control. The graph illustrates the
COXIV/HSP90 ratio (±S.D) as an arbitrary unit (a.u). Each point
value represents the mean ± S.D. from three independent experiments.
Statistical analysis was performed using Student’s test (*P < 0.05)
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upregulation of MCL1 in primary mononuclear cells
(MNC) from AML patients compared with FLT3-wild-type
controls [27]. Since therapeutic targeting of MCL1 is a
promising strategy for FLT3-ITD-positive AML patients
and since we demonstrated that AMBRA1-mediated mito-
phagy induces MCL1 downregulation, we hypothezized
that AMBRA1ActA expression, by mediating MCL1 down-
regulation, would affect the clonogenic potential of CD34+
AML cells. To this end, we retrovirally infected CD34+ of
a paediatric CN-AML patient harboring FLT3-ITD muta-
tion. As shown in Fig. 6, AMBRA1ActA infection in CD34+

cells induced a significant reduction of the in vitro CFUs
compare with control cells; this was accompanied by a
reduction of MCL1 levels in these primary AMBRA1ActA-
postive CD34+ AML cells.

In sum, targeting MCL1 by overexpressing
AMBRA1ActA reduces the clonogenic activity (by >50%) in
a primary AML case tested. These findings demonstrate that
targeting MCL1 through AMBRA1-mediated mitophagy
induction may have the potential to reduce proliferation of
CD34+ cells and could be able to suppress human leukemic
stem and progenitor cells.
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Discussion

Here, we have shown that MCL1, a member of the BCL2-
family, inhibits HUWE1 recruitment to mitochondria, a
critical event for AMBRA1-mediated mitophagy. We also
found that MCL1 stability is regulated during mitophagy by
the priming kinase GSK-3β, which phosphorylates MCL1
on S159, this leading to its proteasomal degradation by
HUWE1. In sum, we propose that MCL1 is degraded by

this axis during mitophagy and that this event is important
to remove the MCL1 inhibitory effect on mitophagy
(Fig. 7).

Interestingly, MCL1 degradation has been found in
serum withdrawal conditions and its deletion exacerbates
autophagy, this highlighting a function for MCL1 in
autophagy regulation [28]. Our data indicate that MCL1 is
also capable to regulate selective autophagy, and in parti-
cular mitochondria removal governed by the mitophagy
receptor AMBRA1. Hollville et al. demonstrated that
MCL1, BCL2L1, and BCL2 are able to inhibit PARKIN-
mediated mitophagy by blocking PARKIN translocation to
mitochondria [18]. Moreover, Wu et al. demonstrated that
BCL2L1 inhibits FUNDC1-mediated mitophagy [19]. Our
results are thus in line with the concept that BCL2-family
proteins are important regulators of the mitophagic process.

Since both PARKIN and HUWE1 are mainly cyto-
plasmic E3 ubiquitin ligases, our work together with those
of Hollville et al. suggest that a general mechanism for the
BCL2-family proteins could exist in order to decide to
maintain healthy mitochondria, by inhibiting E3 ubiquitin
ligase translocation. One open question is how HUWE1 is
recruited to mitochondria. Since HUWE1 is a E3 ubiquitin
ligase containing a BH3 domain [25], we can speculate that
overexpressed MCL1 is able to compete with HUWE1 for
an interaction with another BH3 protein that serves as a
“mitochondrial anchor” for HUWE1.

Interestingly, at variance with PARKIN-mediated mito-
phagy, we found here that MCL1 possesses a unique
function, distinct from that of BCL2L1 and BCL2 on
AMBRA1-mediated mitophagy.

Further, we validated our main findings also in MCF7
cells, a cancer cell line expressing high levels of endogen-
ous MCL1. Since targeting MCL1 is a current strategy to
fight breast cancer, our results indicate that also AMBRA1-
mediated mitophagy may be a target to fight such cancer, in
which MCL1 is found upregulated.

Moreover, by demonstrating that AMBRA1ActA-infected
CD34+ AML cells showed a lower clonogenic potential
compared with infected control cells, we highlighted the
potential of a novel strategy, based on the stimulation of
AMBRA1-mediated mitophagy, for the development of
specific MCL1-targeting pathways in order to eliminate
residual FLT3-ITD leukemic blasts and stem cells resistant
to cytotoxic agents.

Further, deletion of the AMBRA1 gene causes unba-
lanced cell proliferation accompanied by defects of neuro-
nal development [2]; since MCL1 is strongly involved in
neuron survival [29], we can hypothesize that MCL1, by
mediating a tight regulation of the balance between mito-
phagy and apoptosis, may control AMBRA1-mediated
mitophagy during brain development. Finally, Hollville
et al. [18] found that BH3-only proteins, such as BAD,

Fig. 5 MCL1 antagonizes AMBRA1-dependent mitophagy and its
HUWE1-dependent degradation, is necessary for a correct mitophagy
in MCF7 cells. a Protein extracts of HeLa and MCF7 cells were
analyzed using the MCL1 antibody and anti-HSP90 was used as a
loading control. b MCF7 cells were cotransfected with a vector
encoding MYC-AMBRA1ActA and PcDNA3 or MCL1. Following
24 h of transfection, cells were fixed and assessed by immunolabelling
using anti-MCL1 and MYC antibodies. Nuclei were stained with
DAPI 1 µg/µl 20 min. Scale bar: 8 µm. Percentage of AMBRA1-ActA

transfected cells with mitoaggresomes has been quantified following
pcDNA3 or MCL1 overexpression. Each point value represents the
mean ± S.D. from three independent experiments. Statistical analysis
was performed using Student’s test (***P < 0.001). cMCF7 cells were
cotransfected with a vector encoding Mito-DsRED-AMBRA1ActA and
PcDNA3 or MCL1. Following 24 h of transfection, cells were fixed
and assessed by immunolabelling using anti-MCL1 and UBIQUITIN
antibodies. Nuclei were stained with DAPI 1 µg/µl 20 min. The mer-
ging of the fluorescence signals is illustrated. Scale bar: 8 µm. The
graph illustrates the percentage of cells showing a complete colocali-
zation between UBIQUITIN and the mitochondrial network (±S.D.).
Each point value represents the mean ± S.D. from three independent
experiments. Statistical analysis was performed using Student’s test
(****P < 0,0001). d MCF7 cells were transfected with MYC-
AMBRA1ActA or PcDNA3 and treated with GSK3 inhibitor (SB-
216763, 1 μM, 24 h) or not (DMSO). Total extracts were immuno-
blotted using the indicated antibodies and anti-HSP90 was used as a
loading control. The graph illustrates the COXIV/HSP90 ratio (±S.D)
as an arbitrary unit (a.u). Each point value represents the mean ± S.D.
from three independent experiments. Statistical analysis was per-
formed using Student’s test (*P < 0.05). eMCF7 cells were transfected
with PcDNA3 or MYC-AMBRA1WT and treated with O/A (2.5 μM,
0.8 μM, 5 h) and GSK3 inhibitor (SB-216763, 1 μM, 5 h) or not
(DMSO). Total extracts were immunoblotted using the indicated
antibodies and anti-HSP90 was used as a loading control. The graph
illustrates the COXIV/HSP90 ratio (±S.D) as an arbitrary unit (a.u).
Each point value represents the mean ± S.D. from three independent
experiments. Statistical analysis was performed using Student’s test
(*P < 0.05). f MCF7 cells transfected with MYC-AMBRA1ActA (18 h)
and interfered for HUWE1 (SiRNA-HUWE1) and PARKIN (Sh-
PARKIN), or not, were analyzed by western blot. The quantification
results are the mean of three independent experiments (±S.D.). Sta-
tistical analysis was performed using Student t-test (*P < 0.05). g
MCF7 cells transfected with MYC-AMBRA1WT and interfered for
HUWE1 (SiRNA-HUWE1) and PARKIN (Sh-PARKIN), or not, were
treated with O/A and analyzed by western blot. The quantification
results are the mean of four independent experiments (±S.D.). Statis-
tical analysis was performed using Student's t-test (*P < 0.05). h
Representative image of HUWE1-MCL1 co-immunoprecipitation
(Co-IP), upon mitophagy stimulation (AMBRA1ActA overexpression)
in mitochondrial fractions of MCF7 cells. The graph illustrates the
levels of MCL1 coimmunoprecipitated with HUWE1 in normal con-
dition or following GSK3 inhibition (±S.D.). Statistical analysis was
performed using Student's t-test (*P < 0.05)
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BIM, PUMA, and NOXA, as well as a BH3-only mimetics,
were capable of accelerating PARKIN recruitment in order
to impact mitochondria, most likely through neutralization
of endogenous BCL2-family proteins. It will be interesting,
in the future, to understand whether this happens or not in
the context of AMBRA1-mediated mitophagy.

In conclusion, the ability of MCL1 to regulate the
mitophagy process driven by AMBRA1 suggests that
MCL1 acts as important sensor of mitochondria healthy
status, thus impacting on both apoptosis and mitophagy
control.

Methods

Antibodies

Rabbit anti-MCL1 (Santa Cruz Biotechnology, sc-819),
monoclonal anti-BCL2 (Santa Cruz Biotechnology, sc-7382),

mouse monoclonal anti-COXII (Abcam, ab110258); mouse
monoclonal anti-COXIV (Abcam, ab33985), mouse mono-
clonal anti-MYC (9E10; Santa Cruz Biotechnology, sc-40),
mouse monoclonal anti-FLAG (Sigma-Aldrich, F3165), rab-
bit polyclonal anti-FLAG (Sigma-Aldrich, F7425), rabbit
polyclonal anti-phospho S159 MCL1 (Cell signaling,
#45795), mouse monoclonal anti-GSK3β (E-11) (Santa Cruz
Biotechnology, sc-377213), rabbit polyclonal anti-HSP90
(Santa Cruz Biotechnology, sc-7947), rabbit polyclonal anti-
HUWE1 (Bethyl, A300-486A), mouse monoclonal anti-
UBIQUITIN (Santa Cruz Biotechnology, sc-8017), anti-
GAPDH (Santa Cruz Biotechnology sc-47724), and anti-
HSP60 (Santa Cruz Biotechnology, sc-13966).

Cloning and plasmids

Construct coding for AMBRA1WT was cloned in pLPCX
vector (Clontech, 631511).18. The constructs coding for
BCL2L1 and MCL1 were a gift of Muriel Priault (Bordeaux,
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Fig. 6 Ectopic expression of AMBRA1ActA fusion gene impairs colony
formation and MCL1 expression in FLT3-ITD-mutated AML CD34+
cells. a Colony-formation assay (CFU-assay) shows reduced colony-
formation capacity after 15 days in culture in AMBRA1ActA (+Retro-
AMBRA1ActA) overexpressing CD34+ cells, compared with non-
infected (Untreated; t-test P= 0.0068) and empty vector infected
(+Retro IRES BFP; t-test P= 0.0028) CD34+ cells. (Four technical

replicates are shown). Histograms show the median number of colo-
nies and SDs for the three conditions mentioned above. Difference
between untreated and +Retro IRES BFP conditions is not statistically
significant (t-test P= 0.41). b Western blot shows expression of
ectopic AMBRA1ActA fusion gene in +Retro-AMBRA1ActA infected
CD34+ cells along with MCL1 reduction compared with controls cells
after 15 days in culture
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France). The Myc-AMBRA1ActA plasmid was cloned as
described in Strappazzon et al. (2015). The Mito-DsRED
construct encodes for human Cox8A mitochondria signal
peptide which is fused with wild-type-DsRED in PcDNA3
vector (Invitrogen). The Mito-DsRED-AMBRA1ActA is a
bidirectional vector encoding for both Mito-DsRED and
FLAG-AMBRA1ActA. Plasmid encoding for HA GSK3-β
K85A pcDNA3 was purchased from Addgene.

Interference using SiRNAs

All the RNA-interference was performed using Lipofecta-
mine 2000. We used MCL1 (h) SiRNA from Santa Cruz
(sc:43912); SiRNA-HUWE1 from Integrated DNA Tech-
nologies (IDT) #150971213.

Cell cultures

HeLa cells were cultured in Dulbecco’s Modified Eagle’s
Medium (Lonza, BE12-604F) supplemented with 10% fetal

bovine serum (FBS) (Gibco; Thermo Fisher Scientific,
10270-106), and 1% penicillin–streptomycin solution
(Lonza, 17-602 E) at 37 °C under 5% CO2.

Cell culture transfection

Transient transfections of expression plasmids into HeLa
cells were performed using TurboFect according to the
supplier’s instructions (Thermo Fisher Scientific, R0532).
MCF7 cells were transiently transfected using Lipofecta-
mine 2000 according to the supplier’s instructions (Thermo
Fisher Scientific, #11668019).

Cells treatments

In order to induce mitophagy, HeLa cells were treated with
the combined treatment O/A [2.5 μM Oligomycin (Calbio-
chem)/0.8 μM Antimycin A (Sigma)] in fresh growth
medium for 5 h. In order to block GSK3 activity, cells were
treated with SB-216763 (Sigma-Aldrich S3442) at 1 µM.
MG132 (Sigma-Aldrich, M7449) was used to inhibit the
proteasome at 10 µM.

Immunocytochemistry

Cells were washed in PBS and fixed with 4% paraf-
ormaldehyde in PBS for 15 min. After permeabilization
with 0.4% Triton X-100 (Sigma-Aldrich, X100) in PBS
for 5 min, cells were blocked in 3% normal goat serum
(Sigma-Aldrich, G9023) in PBS and incubated overnight
at 4 °C with primary antibodies. We used the antibodies
directed against rabbit anti-MCL1, rabbit anti-FLAG-
HUWE1 and mouse anti-UBIQUITIN (1:100 overnight).
Cells were then washed in blocking buffer and incubated
for 1 h with labeled anti-mouse (Alexa Fluor 488; Invi-
trogen, A11017), anti-rabbit (Alexa Fluor 555; Invitrogen,
A21430) or anti-rabbit (Alexa Fluor 647; Invitrogen,
A31573) secondary antibodies. Nuclei were stained with
1 μg/ml DAPI and examined under a Zeiss LSM 700 100×
oil-immersion objective (CLSM700; Jena, Germany). We
used “ZEN 2009 Light edition” software for image ana-
lysis. All acquisitions were performed in single z-confocal
planes.

Western blot analysis

Cell extracts were centrifuged at 13,000 × g for 10min at
4 °C. Protein concentrations were determined with the Bio-
Rad Protein Assay Kit (Bio-Rad, 5000001). Cell extracts
were separated by SDS-PAGE and transferred onto nylon
membranes (Immobilon P; Merck-Millipore, IPFL10100).
Membranes were incubated with primary antibodies (1:1000,
overnight) followed by horseradish peroxidase-conjugated
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tion, AMBRA1 favors HUWE1 E3 ubiquitin ligase translocation from
the cytosol to mitochondria [11]. Here we demonstrate that the pro-
survival factor MCL1, when highly expressed, antagonizes the mito-
chondrial access of the E3 Ubiquitin ligase HUWE1 upon mitophagy
induction. In normal condition, MCL1 is thus, most likely, a stress-
sensitive protein which is able to preserve the mitochondrial mem-
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is induced, by expressing high quantities of AMBRA1 to the mito-
chondria, MCL1 is phosphorylated by GSK3β on Serine 159 and
degraded by the proteasome through HUWE1
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secondary antibody (Bio-Rad, 1706515 and 1721011) and
visualized with ECL (Merck-Millipore WBKLS0500).

Co-immunoprecipitation (Co-IP)

After cell lysis, equal amounts of protein were incubated
with the primary antibody (Anti-HUWE1) with rotation for
24 h. Then 30 µl of protein A agarose beads (Roche,
11719408001) were added for 60 min. The beads were
collected by centrifugation and washed three times with the
RIPA buffer. Immuno-complexes were eluted with 30 µl of
SDS sample buffer and heated at 95 °C for 10 min.

Cytosol/mitochondria fraction preparation

For cytosol/mitochondria fractionation, cells were lysed by
mechanical breaking (~100 potter strokes) into a detergent-
free buffer (0.25M sucrose, 10 mM HEPES pH 7.5, 1 mM
EDTA). A first centrifugation (600 × g for 10 min at 4 °C)
was employed to pellet nuclei; subsequently, supernatants
were recentrifuged at 12,000 × g for 15 min at 4 °C to
separate a cytosolic upper phase from a mitochondrial
pellet. The latter was lysed in RIPA buffer. All protein
extracts were quantified through the Bradford Protein Assay
(Bradford solution from Bio-Rad Laboratories) according to
the manufacturer’s protocols.

Retrovirus production and infection protocol

CD34+ AML cells were infected using a pMSCV-IRES-Blue
FP Retroviral construct (pMSCV-IRES-Blue FP was a gift
from Dario Vignali—Addgene plasmid # 52115) carrying a
MYC-AMBRA-ActA fusion gene or the Empty vector.
Noninfected CD34+ cells were also considered as control.
Retroviral particles were generated using pCMV-VSV-G
(Envelope; pCMV-VSV-G was a gift from Bob Weinberg—
Addgene plasmid # 8454) and pUMVC (Packaging; pUMVC
was a gift from Bob Weinberg—Addgene plasmid # 8449) in
293Tcells. MYC-AMBRA-ActA fusion gene was cloned into
the multiple cloning site using SnaBI and ApaI restriction
enzymes (New England Biolabs). Retrovirus was con-
centrated using Retro-X™ Concentrator (Takara) and infec-
tion was performed after coating the culture plates with
RetroNectin (Takara—RetroNectin® GMP grade) following
manufacturer protocol. After 24 h in culture, in presence of
retroviral particles, cells were washed three times with D-PBS
and cultured for colony-forming assay.

Colony formation assay

In vitro colony-forming unit (CFU) assay was performed in
order to test clonogenic potential of CD34+ after 15 days of
expansion using MethoCult H4434 methylcellulose

medium (Stem Cell Technologies, Vancouver, CA). Colo-
nies were counted with CellSens Standard 1.14 (Olympus,
Tokyo, JP) with a minimum imposition of 200 nm diameter
per colony unit. Unpaired t-test was performed to determine
if the means of the datasets were significantly differentent
from each other using Bioconductor and GraphPad Prism
version 6.00 for MacOSX (GraphPad Software, La Jolla
California USA). Frozen bone marrow sample from newly
diagnosed AML pediatric patient was collected by Ospedale
Pediatrico Bambino Gesù. The patient harbored FLT3-ITD
mutation in a CN-AML. Informed consent was obtained
from either parents or legal guardians according to the
Declaration of Helsinki. Approvals for this study were
obtained from the Institutional Review Boards of the
institution. MNC were isolated by density gradient cen-
trifugation, diluted in 90% FBS plus 10% dimethyl sulf-
oxide and stored in liquid nitrogen. CD34+ cells were
magnetically separated using MACS CD34+ microbead kit
(Miltenyi Biotech, Bergish Gladbach, DE).

Statistical analyses

Data were analyzed and graphs were plotted using GraphPad
Prism 6 software. Statistical analyses were performed using
the Student two-tailed t-test. Data were shown as means ± SD
of three independent experiments. Values of p < 0.05 were
considered significant (*p < 0.05; **p < 0.01; ***p < 0.001).
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Autophagy-mediated degradation of mitochondria (mitophagy) is a key process in cellular

quality control. Although mitophagy impairment is involved in several patho-physiological

conditions, valuable methods to induce mitophagy with low toxicity in vivo are still lacking.

Herein, we describe a new optogenetic tool to stimulate mitophagy, based on light-dependent

recruitment of pro-autophagy protein AMBRA1 to mitochondrial surface. Upon illumination,

AMBRA1-RFP-sspB is efficiently relocated from the cytosol to mitochondria, where it

reversibly mediates mito-aggresome formation and reduction of mitochondrial mass. Finally,

as a proof of concept of the biomedical relevance of this method, we induced mitophagy in an

in vitro model of neurotoxicity, fully preventing cell death, as well as in human T lymphocytes

and in zebrafish in vivo. Given the unique features of this tool, we think it may turn out to be

very useful for a wide range of both therapeutic and research applications.
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Autophagy-mediated degradation of mitochondria (here-
after mitophagy) is a pivotal quality control mechanism in
cellular homeostasis1. Briefly, in normal conditions, aged

and damaged mitochondria are ubiquitylated and engulfed in
double membrane vesicles called autophagosomes (APs), which,
in turn, are transported and fused to lysosomes in order to release
their cargo. Given the importance of mitochondria in adenosine
triphosphate (ATP) production, calcium buffering, redox reac-
tions, reactive oxygen species (ROS) generation, and death/sur-
vival choice2, cells need to finely regulate the turnover of these
organelles to maintain internal stability. Accordingly, mitophagy
defects have been implicated in the initial steps of several diseases,
such as neurodegenerative diseases, muscle atrophy, and carci-
nogenesis, in which this housekeeping process is strongly
downregulated3.

Nonetheless, valuable methods to selectively and reversibly
induce mitophagy with low-level side effects are still lacking,
restraining the study of mitophagy to selected cases and
conditions.

In conventional cell biology studies, the most-widely used
strategy encompasses the dissipation of the H+ proton gradient
across the inner mitochondrial membrane, through administra-
tion of uncoupling agents—carbonyl cyanide-4-(tri-
fluoromethoxy)phenylhydrazone (FCCP), 2,4-dinitrophenol (2,4-
DNP or simply DNP), etc.—or electron transport chain inhibitors
(oligomycin/antimycin-A). Accordingly, uncouplers cause rapid
depolarization of mitochondrial potential (ΔΨm) and mito-
chondrial damage. Consequently, E3 ubiquitin ligases, such as
Parkin, are recruited to depolarized mitochondria, where they
ubiquitylate their substrates and induce mitochondrial clearance2.

Administration of these compounds carries several dis-
advantages. First of all, they show a broad spectrum of off-target
activities, e.g., plasma membrane depolarization4, ATP produc-
tion block5, mitochondrial permeability transition pore opening6,
cytotoxicity7 and, ultimately, cell death8–10. Second, uncoupler
treatments are not suitable in vivo, since the fast H+ influx into
the mitochondrial matrix is responsible for strong hyperthermia
in mammals11. Third, mitophagy activation by ΔΨm depolar-
ization seems to require PINK1/Parkin activity, at least in a
number of model systems12. This pathway, however, has been
found to be mutated or impaired in some diseases, such as Par-
kinson’s disease (PD)13.

One way, usually followed, to overcome some of these issues
had been the genetic manipulation of specific genes along the
mitophagy pathway. Downregulation of the mitochondrial deu-
biquitinase USP30, for instance, has been shown to provoke a
strong mitophagy response with low toxicity, and was able to
counteract oxidative stress-driven neurotoxicity in vivo in Dro-
sophila melanogaster14. Likewise, the forced relocalization of the
pro-autophagy protein AMBRA1 (autophagy and beclin-1 reg-
ulator 1) to the mitochondrial outer membrane (MOM) directly
stimulates mitophagy15. In fact, endogenous AMBRA1 can be
found at mitochondria16 and is able to directly recruit APs to
damaged organelles through Microtubule-associated proteins 1A/
1B light chain 3B (LC3) binding upon stress induction15. When
fused C-terminally to a small signal peptide from the Lysteria
monocytogenes ActA (actin assembly inducing) protein, it could
be relocalized to the MOM15, where it induces mitophagy per se,
in the absence of any other stimulus, in both Parkin-dependent or
-independent ways15. Notably, AMBRA1-ActA-mediated mito-
phagy was sufficient to alleviate oxidative stress and significantly
reduce cell death in commonly used in vitro models of PD,
namely in rotenone and 6-hydroxydopamine(6-OHDA)-intoxi-
cated neuroblastoma cells17.

Although genetic manipulation led to good results in terms of
toxicity and specificity, in practice it is rarely used as mitophagic

tool, since the cellular response is hardly tuneable and cannot be
switched off.

Herein, we present an optogenetic bimodular system, based on
the recruitment of AMBRA1 to mitochondria after blue light
irradiation, which stimulates mitophagy in a specific and rever-
sible fashion. As a proof of concept, we demonstrate effective
mitophagy induction (I) in vitro, in HeLa cells, which are
worldwide considered a Parkin-free cell line18, (II) ex vivo, in
human T lymphocytes collected from peripheral blood of healthy
donors, and (III) in vivo, in illuminated living Danio rerio
embryos. Moreover, we also show a light-dependent block of
apoptosis in an in vitro model of oxidative stress-mediated pro-
neural-like cell death.

Besides its relevance as a putative therapeutic tool, this is a
formidable example of the potential application of optogenetic
dimers to mediate not easily tuneable cellular processes in an
efficient and reversible way.

Results
AMBRA1 is recruited to the MOM upon blue light stimula-
tion. To date, diverse blue light-induced dimerizers have been
described; among others, we have chosen the iLID/sspBmicro
system19. In fact, this system is characterized by fast kinetics,
large changes in binding affinity upon irradiation, low (if any)
binding in the dark state, no requirement of exogenous chro-
mophores and very low-molecular weight of the modules, so
making it one of the most attractive optogenetic pairs hitherto
published20.

Thus, we N-terminally fused the sequence encoding AMBRA1
to the already published TagRFPt-sspBmicro protein (hereafter,
AMBRA1-RFP-sspB). Its counterpart (Venus-iLID-ActA) carried
a more stable modified version of the green fluorescent protein
(Venus), the blue-light sensor element iLID and the MOM signal
peptide of the ActA protein (Fig. 1a). In our working model,
AMBRA1-RFP-sspB is present in the cytosol in a basal state,
while its partner is tethered to the mitochondrial membrane.
Upon blue light stimulus, iLID undergoes a conformational
change which undocks the ssrA peptide and allows its binding to
the sspB stretch19 (Fig. 1a). The expected final result would be a
blue-light inducible shuttling of AMBRA1 from its main diffuse
cytosolic localization to the MOM; this event should then trigger
mitophagy without additional stimuli, de facto reproducing the
phenotype we obtained by overexpressing AMBRA1-ActA in
different cell types15. Note that the local irradiance necessary for
sspB/iLID binding (500 µW per cm2)20 is lower, by several orders
of magnitude, than that used for classical optogenetic opsins (~1
mW per mm2, corresponding to 105 µW per cm2)21, strongly
limiting unspecific effects and photodamage in prolonged
experiments.

To confirm our hypothesis, Venus-iLID-ActA was transfected
alone in HeLa cells, which were, in turn, kept in the dark or
illuminated for 72 h at an irradiance of 500 µW per cm2 with a
blue pulsed light LED emitter (cycles of 1 s of light spaced by 1
min of dark resting state). Cells showed a healthy, fused and
elongated mitochondrial network, even after prolonged pulsed
illumination, this suggesting that neither overexpression of the
MOM-tagged Venus-iLID-ActA nor blue light exposure were
altering per se mitochondria dynamics. Moreover, as expected,
Venus-iLID-ActA was found to entirely co-localize with the
MOM-marker Tom20 (Supplementary Figure 1).

Next, Venus-iLID-ActA and AMBRA1-RFP-sspB were co-
expressed and complete recruitment of AMBRA1-RFP-sspB to
mitochondria in irradiated cells was obtained (Fig. 1b–d). First,
we analyzed the subcellular distribution of AMBRA1-RFP-sspB
by Western blot (WB) assay, by separating the mitochondrial
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from the cytosolic protein pools in Venus-iLID-ActA/AMBRA1-
RFP-sspB-overexpressing cells lysates. Upon blue light exposure,
the AMBRA1-RFP-sspB signal clearly decreased into the cytosolic
fractions whilst increased in the mitochondrial one (Fig. 1b).
Second, AMBRA1-RFP-sspB relocalization after a single burst of
blue light was confirmed in fixed cells incubated with antibodies
against Tom20 and AMBRA1. In cells kept in the dark,
AMBRA1-RFP-sspB was found in the cytosol, while it was

almost completely co-localized with Tom20 and Venus-iLID-
ActA after stimulus—Pearson’s correlation coefficient (PCC):
0.86 ± 0.04 (mean ± standard deviation); Manders’ overlap coeffi-
cient (MOC): 0.85 ± 0.05 Fig. 1c. We also report 9.4 ± 1.4% of
cells in which a faint signal was retained in the cytoplasm upon
illumination, mostly in Venus-iLID-ActA low-expressing cells
(Supplementary Figure 2). Last, to better understand the binding
kinetics in our conditions, we recorded AMBRA1-RFP-sspB

Dark +1 pulse +8 pulses

A
M

B
R

A
1-

R
F

P
-s

sp
B

M
er

ge

c Tom20 Venus-iLID-ActA AMBRA1-RFP-sspB Merge

Li
gh

t
D

ar
k

Magnification x4

a

d

0.4

0.8

# #

PCC MOC

Dark Light

Immunofluorescence
colocalization index

0,4

0,8

PCC MOC

***# ##

# #

Dark +1 P. +8 P.

Live cell imaging
colocalization index

Dark LightDark Light

Cytosol Mitochondria

AMBRA1-
RFP-sspB

SOD2

β-Tubulin

b

R
FP

STEADY STATE MITOPHAGY sspB
AMBRA1

RFP

ActA

iLID

ssrA (open)

ssrA (closed)
Venus

Bluelight

25

55

170

Mr (kDa)

Fig. 1 AMBRA1-RFP-sspB is relocalized to MOM upon blue light exposure. a Scheme of the blue light-dependent, AMBRA1-RFP-sspB-mediated induction of
mitophagy. In resting conditions, Venus-iLID-ActA is tethered to the MOM, while AMBRA1-RFP-sspB is found in the cytosol (STEADY STATE panel, left).
Upon blue light administration, iLID undergoes into a conformational change, which unmasks the ssrA peptide and permits the high-affinity binding
between ssrA and sspB (MITOPHAGY panel, Right). Thus, the pro-autophagy protein AMBRA1 (covalently bound to sspB) accumulates to the edge of the
MOM where it promotes autophagy-mediated clearance of mitochondria (mitophagy). b HeLa cells, transfected with plasmids encoding Venus-iLID-ActA/
AMBRA1-RFP-sspB, were exposed to continuous blue light for 30 s or kept in the dark. Crude mitochondrial and cytosolic extracts were analyzed by WB
through an anti-AMBRA1 antibody to reveal AMBRA1-RFP-sspB. SOD2 and β-tubulin were used as loading control for mitochondrial and cytosolic lysates,
respectively. Mr (kDa): relative molecular mass expressed in kilodalton. c HeLa cells were transfected and treated as described in (b). Subsequently, cells
were fixed and immuno-stained with antibodies against AMBRA1 (red) and Tom20 (MOM marker, cyan). The green signal shown in the figure is the
intrinsic fluorescence of the Venus-iLID-ActA protein. Pearson’s correlation coefficient (PCC) and Manders’ overlap coefficient (MOC) of the red over the
green signal were quantified in ten random fields of three independent experiments. Nuclei (blue) were stained with DAPI. d HeLa cells overexpressing
Venus-iLID-ActA/AMBRA1-RFP-sspB were filmed through the UltraVox (PerkinElmer) live cell imaging spinning disk microscope before (Dark in the
panel) and during 8 irradiation cycles, consisting of 1 pulse (50ms) of blue light followed by 35 s of dark resting state. The graph shows PCC and MOC
quantifications of the red over the green signal for three conditions (Dark, one pulse, eight pulses) in ten random fields of three independent experiments.
Images are the sum of a three frames Z-stack. Insets: 4× magnification. Scale bars: 10 μm. Data shown: mean ± S.E.M. Hypothesis tests: Student’s t test in
(c) and ANOVA test in (d). ***p < 10−3. #p < 10−4. Source data are provided as a Source Data file
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shuttling from cytosol to mitochondria within the same cell, by
live cell imaging (Supplementary Movie 1). A single 50 ms pulse
was enough to efficiently drive the vast majority of AMBRA1-
RFP-sspB to mitochondria (MOC: 0.67 ± 0.04 vs. 0.45 ± 0.02,
ANOVA test, p < 10−4); nevertheless, a rising number of spikes
permitted a slightly increase of the co-localization rate. After
8 spikes, the translocation of the protein reached the plateau
(MOC: 0.93 ± 0.04, ANOVA test, p < 10−4 Fig. 1d).

Prolonged AMBRA1 repositioning to the MOM induces
mitophagy. Next, we wondered whether the persistent presence
of AMBRA1-RFP-sspB on the MOM was able to trigger mito-
phagy as already observed in the case of AMBRA1-ActA ectopic
expression15. HeLa cells (a bona fide Parkin-free cell line) were
transfected with the two plasmids encoding Venus-iLID-ActA
and AMBRA1-RFP-sspB and irradiated with pulsed blue light for
30 min, 1 h, 2 h, or 4 h to monitor the status of their mitochon-
dria. In the given conditions, sporadically after 30 min and more
prominently after 4 h, mitochondria appeared fragmented,
round-shaped and accumulated next to the nuclei, usually in 1 or
2 opposite poles (Fig. 2a), with these structures strongly resem-
bling mito-aggresomes, a hallmark of ongoing mitophagy22. The
appearance of AMBRA1-RFP-sspB rings around mito-
aggresomes was also evident at higher magnification (Fig. 2a,
inset), as already reported for AMBRA1-ActA15. Of note, as an
internal control, nontransfected neighbor cells showed normal-
looking mitochondria, suggesting that the effect described is not
due to unspecific phenomena related to illumination. Upon light
exposure the percentage of transfected cells with mito-aggresomes
increased over time, raising from 10.8 ± 1.5% to 31.9 ± 4.5%,
while the extent of normal cells decreased accordingly (Supple-
mentary Figure 3). When pulsed irradiation was prolonged to 24
h, more evident phenotypes were detected, as 13.4 ± 3.7% of
double-transfected cells had only mitochondrial remnants (Sup-
plementary Figure 4). Remarkably, little (if any) pyknosis is seen
by DAPI staining of irradiated Venus-iLID-ActA/AMBRA1-RFP-
sspB cells (Fig. 2a, Supplementary Figure 3, Supplementary
Figure 4), suggesting lack of apoptosis when mito-aggresomes are
formed. To better elucidate this point, we analyzed the percentage
of Venus-iLID-ActA/AMBRA1-RFP-sspB double-positive viable
cells by flow cytometry when either kept in the dark or illumi-
nated for 24 h, finding no differences (Supplementary Figure 5);
moreover, at a single-cell level, no release of cytochrome-c from
mito-aggresomes was documented (Supplementary Figure 6).
These data suggest that AMBRA1-RFP-sspB-mediated mitophagy
was not followed by cell death in our conditions.

Subsequently, to better understand if upon illumination the
autophagy machinery led to a reduction in mitochondrial mass,
we assessed by WB the amount of three distinct mitochondrial
markers in cells treated with the lysosome inhibitor ammonium
chloride (NH4Cl, 40 mM) and in the presence or absence of
pulsed blue light for 24 h (Fig. 2b, left panel). More specifically,
we analyzed the signal of Tom20 (MOM protein), and two
mitochondrial matrix proteins, SOD2 and HSP60. As previously
described23, mitochondrial matrix proteins are the best markers
to estimate mitochondrial mass since they are preferentially
degraded by mitophagy. Indeed, all markers were reduced in
irradiated cells compared to their dark counterparts, while no
changes were documented in NH4Cl-treated cells, strongly
suggesting that reduction of the signal mediated by AMBRA1-
RFP-sspB translocation to the MOM is mitophagy dependent. As
a negative control, we repeated the same experiment in Venus-
iLID-ActA/RFP-sspB co-expressing cells. RFP-sspB retains the
ability to bind its partner upon blue light exposure, but it does not
carry the pro-autophagy effector protein AMBRA1. As expected,

no alteration in mitochondrial morphology and no decrease in
mitochondrial markers were detected after illumination (Fig. 2b,
right panel, Supplementary Figure 7 and Supplementary Figure 8).
Since wild-type HeLa cells are Parkin-deficient and almost
insensitive to mitophagy-inducing insults without overexpression
of Parkin or other mitophagic receptors24, a direct comparison
between our optogenetic tool and pre-existing methods has been
prohibitive for this cell line. However, in Parkin-competent cells
(HEK293T) the AMBRA1-RFP-sspB-mediated, light-induced
reduction in mitochondrial mass was comparable to that
triggered with classical methods, as the Oligomycin/Antimycin
A treatment (Supplementary Figure 9). Next, In order to
corroborate the relationship existing between the reduction of
mitochondrial markers and autophagy induction, we performed a
pulse-chase experiment in which a modified methionine analogue
(L-azidohomoalaine, AHA) has been incorporated into nascent
proteins before the illumination procedures. After 24 h of pulsed
blue light illumination or 24 h of dark resting state, AHA levels
have been quantified and a significant decrease was reported in
Venus-iLID-ActA/AMBRA1-RFP-sspB double-transfected and
irradiated cells when compared to control cells that were treated
in the same way (Supplementary Figure 10). Given that a long
chase time (24 h in our experiments) guaranteed the exclusive
measurement of the long-lived proteins proteolytic rate, our data
strongly suggest that blue light irradiation stimulated autophagy
specifically in Venus-iLID-ActA/AMBRA1-RFP-sspB co-
expressing cells.

Finally, mitochondrial rearrangement and reduction during
AMBRA1-mediated mitophagy was recorded over time by live cell
imaging (Supplementary Movie 2, Supplementary Figure 11 and
Fig. 2c). Since Venus-iLID-ActA is constantly anchored to the
MOM, live visualization over time of this protein in not-bleaching
conditions makes it possible both to estimate mitochondrial mass
within single cells (proportional to Venus-iLID-ActA fluores-
cence) and to monitor how mitochondria behave when
AMBRA1 shuttles to their surface. A progressive remodeling of
mitochondria was appreciable, this leading to a fragmented
perinuclear signal. Mitochondrial aggregation was also confirmed
by the reduction of the area occupied by mitochondria (from 123
± 2 to 25 ± 6 µm, ANOVA test, p < 10−3). While the mean signal
did not decrease (ensuring no photobleaching), the decrease of
green fluorescence per whole cell was also evident (from a
coefficient of 8.9 ± 0.1 × 105 down to 2.3 ± 0.6 × 105, ANOVA test,
p < 10−3) again suggesting ongoing mitochondrial clearance in our
given conditions.

AMBRA1-RFP-sspB-mediated mitophagy is reversible. Venus-
iLID/RFP-sspB binding is reversible, as previously described19
and as confirmed by us (Supplementary Figure 12). Therefore, by
live cell imaging, we set up to establish whether our fusion pro-
teins maintained this important property and conferred the same
feature to the phenotype. To this aim, we first stimulated
AMBRA1-RFP-sspB repositioning to MOM in Venus-iLID-
ActA/AMBRA1-RFP-sspB overexpressing cells; then, we exam-
ined AMBRA1-RFP-sspB shuttling when the dark state was
restored. After 3 min, the AMBRA1-related mitochondrial signal
was highly weakened, while the cytosolic one had an opposite
tendency, revealing an ongoing detachment of AMBRA1-RFP-
sspB from mitochondria (Fig. 3a, Supplementary Figure 13,
Supplementary Movie 3). However, a new burst of blue light was
able to fully bring back the protein to the former position, thus
proving that AMBRA1-RFP-sspB displacement could be precisely
regulated.

We next checked if a continuous dark state could be sufficient
to thwart previous induction of mitophagy by pulsed light, in
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Venus-iLID-ActA/AMBRA1-RFP-sspB co-expressing cells.
Hence, cells were illuminated for 24 h followed by 24 h of dark
(a condition that we termed Rescue). Then, we compared the
levels of the mitochondrial marker SOD2 with those derived from
cells treated in the opposite way (24 h resting, then 24 h light) in

order to estimate mitochondrial mass in the two given conditions.
As controls, cells were also kept either 48 h in the dark or 48 h
under blue light, respectively; additionally, the experiment was
repeated in Venus-iLID-ActA/RFP-sspB co-expressing cells to
highlight the specificity of SOD2 decrease, as explained before
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(Fig. 3b). Strikingly, the Rescue condition permitted the re-
establishment of normal SOD2 levels, which were significantly
higher than what observed in the 24 h lane, this strongly
suggesting a complete halt in mitophagy progression. As
expected, no effect was observed for Venus-iLID-ActA/RFP-sspB
co-expressing cells.

Last, in order to further elucidate the molecular mechanisms at
the basis of AMBRA1-RFP-sspB-mediated mitophagy in a
Parkin-independent context, we checked whether inhibition of
the HUWE1 E3 Ubiquitin Ligase or the IKKα kinase (two key
factors in AMBRA1-dependent mitophagy24) were able to block
mitophagy in HeLa cells. As expected, both the downregulation of
HUWE1 and the pharmacological irreversible inhibition of IKKα
were able to fully prevent reduction of mitochondrial mass upon
blue light stimulus in Venus-iLID-ActA/AMBRA1-RFP-sspB co-
expressing HeLa cells (Supplementary Figure 14). This suggests
that the HUWE1/IKKα-axis is a crucial pathway to fully trigger
AMBRA1-RFP-sspB-mediated mitophagy.

Optogenetic mitophagy induction in physiological contexts. In
order to assess if our bimodular system could be used in other
applications besides in vitro studies, we checked whether mito-
phagy could be induced in ex vivo human T lymphocytes taken
from healthy donors and in living animals in vivo. To this aim, we
co-infected T cells with retroviral vectors encoding for Venus-
iLID-ActA/AMBRA1-RFP-sspB or Venus-iLID-ActA/RFP-sspB
as a control (Supplementary Figure 15) and illuminated or not
these cells for 24 h by pulsed blue light as indicated above.
AMBRA1-RFP-sspB shuttling to mitochondria as well as a
reduction in mitochondrial mass was confirmed also in this
experimental condition (Fig. 4). AMBRA1-RFP-sspB but not
RFP-sspB-expressing cells showed a marked decrease in
Tom20 staining when illuminated (from a coefficient of 31.7 ± 3.1
to 7.6 ± 1.6, p < 10−4, Student’s t test, Fig. 4a) as well as decreased
mitochondrial markers by WB (Fig. 4b), with this indicating blue
light-driven mitochondrial clearance.

For in vivo stimulation of AMBRA1-RFP-sspB-mediated
mitophagy, we chose zebrafish (D. rerio) as a model organism
for several reasons. Technically, the optical transparency of
zebrafish embryos permitted an easier penetration of blue light
when compared to rodents. Functionally, it has already been
demonstrated that AMBRA1 is highly conserved in this species25,
and that injection of human AMBRA1mRNA is able to rescue the
phenotype of zebrafish morphants in which endogenous genes
were knocked-down26, strongly suggesting overlapping functions
across species. Intriguingly, zebrafish ambra1a knockdown larvae
display accumulation of swollen and aberrant mitochondria in

skeletal muscle fibers26, while the protein sequence is predicted in
silico27 to carry a LC3-interacting region domain in its C-
terminal region (Supplementary Figure 16), similarly to human
AMBRA115; this clearly indicates a possible role for ambra1a in
zebrafish mitophagic pathways.

In view of that, we microinjected Venus-iLID-ActA/AMBRA1-
RFP-sspB expressing plasmids in zebrafish embryos and checked
whether mitophagy could be induced by blue light. Preliminarily,
we demonstrated a proper MOM distribution for Venus-iLID-
ActA alone (Fig. 5a) and a correct mitochondrial shuttling of
AMBRA1-RFP-sspB from and to mitochondria of zebrafish
muscle fibers with similar kinetics observed in human cells
in vitro (MOC of 0.877 ± 0.09 after light, down to 0.402 ± 0.11
when dark was restored, p < 10−2, ANOVA test, Fig. 5b). Lastly,
double-positive Venus-iLID-ActA/AMBRA1-RFP-sspB or
Venus-iLID-ActA/RFP-sspB (negative control) were analyzed
by live cell imaging before and after 8 h of pulsed blue light
stimulation (Fig. 5c). Upon light stimulus, mitochondria
appeared round-shaped (arrowheads), while Venus-iLID-ActA
intensity per single fiber was significantly decreased, suggesting
ongoing mitochondrial clearance. No changes could be detected
in Venus-iLID-ActA/RFP-sspB-positive embryos.

Mitophagy prevents cell death in a model of neurotoxicity. As a
proof of concept of the potential beneficial contribution of our
bimodular system to biomedicine in a functional study, we tested
whether AMBRA1-RFP-sspB-mediated mitophagy could be able
to block apoptosis in a cellular model of oxidative stress-induced
neurotoxicity. The role of mitochondria dysfunction as a priming
event for ROS accumulation has been widely discussed in the
literature, and mitophagy impairment has been postulated to be a
key feature during ROS-derived neurodegeneration28. Indeed,
a class of compounds called Parkinsonian toxins (among the
others, Paraquat, rotenone, and 6-OHDA) directly impair mito-
chondrial activity through diverse mechanisms while being
responsible of a PD-like phenotype both in vivo and in vitro29.
Above all, the FDA-approved herbicide Paraquat (PQ;
N,N′-dimethyl-4,4′-bipyridinium dichloride) has been epide-
miologically linked to sporadic PD cases in humans30, and it
seems to provoke similar effects in rats31, Caenorhabditis ele-
gans32 and D. melanogaster14, as well as cell death in neuronal cell
lines33. We already demonstrated that AMBRA1-ActA-mediated
mitophagy is able per se to counteract apoptosis in parkinsonian
toxins SHSY-5Y intoxicated cells;17 moreover, the protective role
of mitophagy upon PQ treatment has also been thoroughly
proved in vivo, at least in D. melanogaster14.

Fig. 2 AMBRA1-RFP-sspB shuttling to the MOM induces mitophagy. a Venus-iLID-ActA/AMBRA1-RFP-sspB overexpressing HeLa cells were irradiated or
not for 4 h with pulsed, blue light. Cells were subsequently fixed and stained for Nuclei (DAPI, blue), AMBRA1 (red) and Tom20 (cyan). Inset: 8×
magnification. Scale bar: 10 μm. b HeLa cells, transfected with plasmids encoding Venus-iLID-ActA/AMBRA1-RFP-sspB (left panel), were stimulated with a
blue LED irradiator or left in the dark for 24 h. In the meantime, they were treated or not with 40mM NH4Cl, a lysosome inhibitor. As a negative control,
the same experiment was repeated in Venus-ILID-ActA/RFP-sspB co-expressing cells (right panel). In the subsequent WB analysis, Tom20, SOD2, and
HSP60 were used as mitochondrial markers, while actin was the loading control. AMBRA1-RFP-sspB was detected to verify the rate of overexpression.
Graphs recapitulate the normalized ratio between the densitometric signals of the three mitochondrial markers over actin in four independent experiments
involving Venus-iLID-ActA/AMBRA1-RFP-sspB overexpressing cells. For the quantification of the same parameters in the negative control see
Supplementary Figure 7. Data shown: mean ± S.E.M. Hypothesis test: Student’s t test. *p < 5 × 10−2. **p < 10−2. Mr (kDa): Relative molecular mass
expressed in kilodalton. c Single-HeLa cells co-expressing Venus-iLID-ActA/AMBRA1-RFP-sspB were followed in time for 10 h 30min during mitophagy
progression through live cell imaging of the protein Venus-iLID-ActA (50ms blue laser spikes alternated by 1 min dark). Each frame depicts mitochondria
morphology every 1 h 45min of stimulation. Images are the sum of a three frames Z-stack. Graphs show the area occupied by mitochondria over time, the
overall reduction per whole cell of the Venus-iLID-ActA signal intensity corrected for the background and the mean fluorescence intensity in three
independent experiments. Inset: 4× magnification of a single plane after 10 h 30min of stimulation, highlighting mitoaggresome formation. CTCF corrected
total cell fluorescence. Scale bar: 10 μm. Data shown: mean ± S.E.M. Hypothesis test: ANOVA test for Area and Mito Mass Index, Student’s t test for the
mean signal. n.s. not statistically significant. *p < 5 × 10−2. **p < 10−2. ***p < 10−3. #p < 10−4. Source data are provided as a Source Data file
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Primed by this evidence, we first verified mitophagy stimula-
tion upon pulsed blue light exposure in Venus-iLID-ActA/
AMBRA1-RFP-sspB co-expressing embryonic telencephalic
nAïve (ETNA) cells, a line derived from murine E14 striatum
primordia neurons34. Subsequently, we investigated its protective
action upon PQ-mediated damage (Fig. 6).

In these cells, mito-aggresome formation was confirmed
(Fig. 6a), as well as the decrease of mitochondrial mass as
measured by the protein levels of the marker HSP60 (Fig. 6b, left
panel). In our system, mitochondrial damage primed by
PQ seemed not to trigger mitophagy in basal conditions,
whilst it robustly potentiated mitochondrial loss when
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in kilodalton. Source data are provided as a Source Data file
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AMBRA1-RFP-sspB relocalized to MOM. Conversely, a slight
increase of HSP60 signal in PQ-treated cells was detected in the
control experiment (Fig. 6b, right panel), this being probably due
to upregulation of the protein related to mitochondrial ROS
accumulation35.

Finally, we assessed cell death during PQ treatment by WB assay
of the apoptotic marker cleaved PARP (cl-PARP, Fig. 6c). As
expected, PQ caused apoptosis in the dark (lane 2, left panel), while
the concomitant presence of blue light (lane 4, left panel) strongly
attenuated cell death; no reduction of cl-PARP was seen in control
conditions (Fig. 6c, lane 2/4, right panel). This trend was also
confirmed when cleaved caspase3, a different protein of the same
pathway, was analyzed (Supplementary Figure 17). Altogether,
these data confirmed a cytoprotective function of AMBRA1-RFP-
sspB-mediated mitophagy during PQ intoxication.

Discussion
Here, we describe an optogenetically driven tool to specifically
and reversibly induce mitophagy in the absence of any

mitochondrial poisons. This is particularly relevant in physio-
pathological conditions, making its use an attractive (and mostly
unexplored) strategy to ameliorate the phenotype of diseases in
which dysfunctional mitochondria are involved. Loss of mito-
chondrial quality control has been postulated to be the keystone
of many human diseases, such as tumorigenesis, muscle atrophy,
diabetes, and Alzheimer’s Disease, but the strongest correlations
have been established with PD36. The electron transport chain,
most of all Complex I and III, has been shown to be severely
impaired in PD sporadic cases, likely causing a huge increase in
intracellular ROS levels. Accordingly, signs of oxidative stress
(lipid and protein peroxidation, GSH depletion, mtDNA damage,
and peroxynitrites accumulation) are validated hallmarks of
PD36. Although the reason why mainly Substantia Nigra pars
compacta dopaminergic neurons are targeted is not known, it is
possible that there is a relation with their energy needs, given that
they express a self-generated pacemaker activity in basal condi-
tions and are metabolically hyperactive36. Accordingly, under-
standing the role that mitophagy plays in vivo in its homeostatic
control of mitochondrial-derived ROS is an urgent need. To date,
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the high toxicity and the broad off-target effects of uncouplers
and of other mitochondria poisons make it impossible to inves-
tigate this aspect. Remarkably, depolarizing agents’ efficacy
depends on the PINK1/Parkin axis, but these proteins are often
mutated, both in sporadic and genetic variants of PD37. In line
with that, as a proof of concept, we examined the cytoprotective
role of AMBRA1-RFP-sspB-mediated mitophagy in a well-
established experimental model of ROS-induced neurotoxicity.
As expected, cell survival of PQ-treated proneural cells was
strongly sustained (Fig. 6). In this sense, the possibility to sti-
mulate this process in vivo (Fig. 5) opens new windows for
research and therapeutic innovative strategies in neuroscience. In
fact, AMBRA1-RFP-sspB/Venus-iLID-ActA bimodular system
provides remarkable intrinsic advantages over any other
mitophagy-based therapeutic candidates published so far.

First, AMBRA1-mediated mitophagy is Parkin dispensable15.
This feature may hypothetically circumvent the problem that
alterations of PINK1-Parkin pathway are often observed in
neurodegenerative diseases37.

Second, the quick temporal reversibility of the sspB/iLID
binding permits to switch off the signal when undesired, and to

finely tune the extent of the induction by regulating the time of
illumination and/or frequency of spikes. Accordingly, we showed
(Fig. 3) that AMBRA1 detachment from mitochondria restored
normal levels of the mitochondrial mass in 24 h.

Third, optogenetics guarantees a high-spatial resolution,
unattainable with other methods. It has been observed that just
focusing the laser beam it is possible to push sspB/iLID binding in
a subcellular fashion19. Thus, even if not demonstrated here,
ideally the stimulation of mitophagy can be restricted to a single
cellular compartment within polarized cells, such as neurons. We
already reported that mitochondria from dendrites, but not cell
somata, may contribute to the first stages of neurodegeneration in
a mouse model of Alzheimer’s disease38. Thus, it would be of
great interest in the near future to stimulate mitophagy in sub-
cellular zones and assess the resulting phenotype. It is also worth
pointing out that in our conditions the iLID/sspB system can be
used in living animals, and that we studied optogenetic dimer-
izers, as a whole, in functional assays in vivo.

To stress the versatility of the Venus-iLID-ActA/AMBRA1-
RFP-sspB system we also demonstrated an effective mitophagy
induction in human T cells collected from healthy donors. Since
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mitophagy seems to be a key process in ROS control and cell
survival of these cells39, in the next future it would be highly
intriguing to see, upon ex vivo reprogramming and reinfusion
into patients, if an in loco boost of light-driven mitophagy could
improve immune response in different hostile milieux, such as
tumors or circumscribed sites of infection. It has also recently
been demonstrated that T-cell mitochondrial dynamics have a
huge impact on their metabolism and fate40, this giving other
perspectives to finely manipulate immunomodulation in specific
sites and circumstances just by focusing a laser beam.

In sum, the AMBRA1-RFP-sspB/Venus-iLID-ActA bimodular
system can represent a useful tool for several applications in
various fields, either for basic research or as a therapeutic agent.
Further understanding of the exact mechanisms by which
AMBRA1 operates at mitochondria is still needed, in order to
optimize the system and guide operators in future experiments.

Methods
Ethical aspects. The authors declare that all relevant ethical regulations for animal
testing and research have been complied with peripheral blood mononuclear cells
(PBMC) were isolated from buffy coats obtained from healthy donors from
Bambino Gesù Children’s Hospital (OPBG) in Rome, Italy, who signed a written
informed consent, in accordance with rules set by the Institutional Review Board of
OPBG (Approval of Ethical Committee N° 969/2015 prot. N° 669LB). All hus-
bandry and experimental procedures involving D. rerio embryos complied with
European Legislation for the Protection of Animals used for Scientific Purposes
(Directive 2010/63/EU).

Plasmids and subcloning. pLL 7.0 Venus-iLID-ActA and pLL 7.0 tgRFPt-
sspBmicro were purchased from Addgene (Cambridge, UK, #60413 and #60416,
respectively). We took advantage of an AgeI unique restriction site upstream of
tgRFPt-sspBmicro to insert human AMBRA1 DNA sequence. Thus, AMBRA1 was
PCR amplified through high fidelity PfuTurbo Polymerase (Stratagene, La Jolla,
USA) from our pLPCX-AMBRA1 vector adding AgeI sites in the two primers
(AMBRA1_F: ATTAACCGGTCGCCACCATGAAGGTTGTCCCAGAAAAG;
AMBRA1_R: ATTAACCGGTCCACCGCCACCCCTGTTCCGTGGTTCTCC.
The forward primer contained a strong Kozak sequence (GCCACC) upstream the
first Methionine. Moreover, a small linker (Gly-Gly-Gly-Gly-Pro-Val-Ala-Thr) was
inserted between the C-terminus of AMBRA1 and the N-terminus of tgRFPt to
guarantee flexibility and prevention of sterical artefacts. Lastly, to ensure sustained
expressions of transgenes, cDNAs were subcloned downstream a strong CMV
promoter and upstream a WPRE post-transcriptional regulatory element. After
subcloning, sequence and frame were confirmed by sequencing in the certificated
laboratory Eurofins Genomics (Ebersberg, Germany).

Cell cultures and transfections. HeLa (catalog number 93021013, Sigma-Aldrich,
St. Louis, USA), HEK293T (ECACC 12022001) and ETNA cells (in-house cell line
derived from murine E14 striatum primordia neurons and immortalized with a
retrovirus transducing the tsA58/U19 large T antigen) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, ThermoScientific, Pittsburgh, USA) under 5% CO2 at 37 and
33 °C, respectively. Cotransfections were performed using a 1:3 ratio of total
plasmids DNA over Lipofectamine2000 (ThermoScientific) in Opti-MEM (Ther-
moScientific) for 6 h. HUWE1 interference was achieved through transient trans-
fection of the SiRNA-HUWE1 5′-GCAGAUAAAUCUGAUCCUAAACCTG-3′
3′’-UUCGUCUAUUUAGACUAGGAUUUGGAC-5′ (Integrated DNA Technol-
ogies #150971213) by means of Lipofectamine 2000 according to the supplier’s
instructions. Prior all irradiation experiments, cell media were discarded and
replaced by the phenol red-free FluoroBrite DMEM (ThermoScientific) added with
10% FBS, 2 mM L-glutamine (ThermoScientific) and 1% PenStrep (Thermo-
Scientific). Cell treatments encompassed 40 mM NH4Cl (Sigma-Aldrich) for 24 h,
O/A [2.5 μM oligomycin (Calbiochem)/0.8 μM Antimycin A (Sigma-Aldrich)],
supplemented with 20 μM QVD (Sigma-Aldrich) for 24 h or 250 µM Paraquat
(Sigma-Aldrich) for 48 h. In order to block IKKα activity, cells were treated with
the irreversible inhibitor BAY-117082 at 1 μM for 24 h, during illumination.

The 293T/17 packaging cell line (ATCC® CRL-11268) was cultured with IMDM
(Gibco) supplemented with 10% FBS (Thermo Scientific) and 2 mM GlutaMax
(Invitrogen, CA, USA). Cells were maintained in a humidified atmosphere
containing 5% CO2 at 37 °C. Cell lines were routinely tested for mycoplasma and
authenticated by short tandem repeat analysis in the certificated laboratory
Eurofins Genomics.

Illumination procedures. Cells were illuminated inside a standard cell incubator at
an irradiance of 500 µW per cm2 with a 7.2W low-energy blue light LED irradiator
plugged to a high accuracy (error rate: 0.1 s per cycle) intervalometer (Model 451,

GraLab, Centerville, OH, USA). Cells were routinely irradiated with cycles of 1 s of
light spaced by 1 min of dark resting state.

Cell lysis and fractionation. HeLa, HEK293T and ETNA total extracts were
obtained as follows. After ×3 washing steps in ice cold phosphate-buffered saline
(PBS) (Lonza, Basel, Switzerland), cells were lysed in homemade RIPA lysis buffer
(150 mM NaCl, 50 mM Tris-HCl pH 7.5, 1% NP40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 2.5 mM Na3VO4, 5 mM NaF, 1 mM DTT, all
reagents purchased from Sigma-Aldrich) complemented with protease inhibitor
cocktail (Sigma-Aldrich). Samples were collected and centrifuged at 13,000g for 10
min at 4 °C; supernatants were saved.

For cytosol/mitochondria fractionation, cells were lysed by mechanical breaking
(~100 potter strokes) into a detergent-free buffer (0.25 M sucrose, 10 mM HEPES
pH 7.5, 1 mM EDTA). A first centrifugation (600g for 10 min at 4 °C) was
employed to pellet nuclei; subsequently, supernatants were recentrifuged at 12,000g
for 15 min at 4 °C to separate a cytosolic upper phase from a mitochondrial pellet.
The latter was eventually lysed in RIPA buffer.

All protein extracts were quantified through the Bradford Protein Assay
(Bradford solution from Bio-Rad Laboratories) according to the manufacturer’s
protocols.

Western blotting. A 5 µg per sample were loaded on polyacrylamide gels and
SDS-polyacrylamide performed. Gels were transferred onto PVDF membranes
(Immobilion P, Millipore, Burlington, US) at 300 mA for 2 h. Membranes were
subsequently blocked in 5% non-fat dry milk in TBS-T (50 mM Tris-HCl pH 7.5,
150 mM NaCl, 0.1% Tween-20) for 1 h at room temperature. Specific primary
antibodies were used, followed by 3× 10 min washing steps in TBS-T and incu-
bation with appropriate HRP (Horseradish Peroxidase)-conjugated secondary
antibodies for 2 h at room temperature (1:3000 in blocking solution, Bio-Rad).
Finally, bands were impressed on X-ray films (Aurogene, Rome, Italy) upon
exposure of the chemiluminescent substrate ECL (Millipore) for 3 min. Primary
antibodies used were: Rabbit anti-Actin (1:100,000, #4967 Cell Signaling Tech-
nology, Danvers, US), Mouse anti-AMBRA1 (1:3000, sc-398204 Santa Cruz Bio-
technology, Dallas, USA), Rabbit anti-Casp3 (1:1000, #9662 Cell Signaling), Mouse
anti-GAPDH (1:1000000, Mab374 Chemicon International, Temecula, USA),
Rabbit anti-HSP60 (1:2000, sc-13966 Santa Cruz Biotechnology), Rabbit anti-
PARP (1:1000, #9542 Cell Signaling), Rabbit anti-SOD2 (1:5000, ADI-SOD-110
Enzo LifeScience, Farmingdale, USA), Rabbit and Mouse anti-Tom20 (1:10000, sc-
11415 and sc-17764 Santa Cruz Biotechnology), Mouse anti-Tubulin (1:50000,
T6199 Sigma-Aldrich), Rabbit anti-HUWE1 (1:1000, A300-486A Bethyl Labora-
tories, Montgomery, USA). Uncropped and unprocessed blots are provided in the
attached Source Data file

Immunofluorescence. Transfected or transduced cells grown on glass coverslips
were washed and fixed with 4% formaldehyde (Sigma-Aldrich) in PBS for 15 min
at 37 °C. After a permeabilization step (0.4% Triton X-100, Sigma-Aldrich, in PBS
for 10 min at room temperature) cells were simultaneously incubated overnight at
4 °C with mouse anti-AMBRA1 (1:200, sc-398204 Santa Cruz Biotechnology) and
rabbit anti-Tom20 (1:500, sc-11415 Santa Cruz Biotechnology) primary antibodies,
dissolved in 3% Normal Goat Serum in PBS. Next day, cells were washed three
times and treated with goat anti-mouse Alexa Fluor 555 (1:300, A-21425 Life
Technologies) and donkey anti-rabbit Alexa Fluor 647 (1:300, A-31573 Life
Technologies) secondary antibodies for 2 h at room temperature. Nuclei were
counterstained with DAPI 1 µg per ml for 5 min, and then coverslips were mounted
on polylysinated slides with an aqueous mounting medium (Sigma-Aldrich).

Microscopy and image processing. Immunofluorescence images represent a
single-focus plane taken by a Zeiss LSM 700 confocal microscope (Carl Zeiss,
Oberkochen, Germany). Live cell imaging was performed through a UltraVox
Cellular Imaging Microscope (PerkinElmer, Waltham, USA) in a 37 °C thermo-
static chamber at 5% of CO2. Small adjustments in term of brightness and contrast
were achieved through the software Adobe Photoshop CS6 (Adobe Systems, San
Jose, US). The Area occupied by the signal was estimated through ImageJ. Cor-
rected total cell fluorescence (CTCF) was calculated according to the following
formula: CTCF= ID−AxB, where ID stays for integrated density of single cells, A
for the area of the signal and B for Integrated density of the background. The mean
signal was calculated through ImageJ as the mean of ten different points per cell.

Pulse-chase assay. After 16 h of transfection, cells have been incubated for 4 h
with AHA 50 µM (Invitrogen) in DMEM medium without Methionine (Gibco).
Then cells have been washed twice with Dulbecco’s PBS (Gibco) and illuminated
(Light) or not (Dark) for 24 h. Cells have been fixed and permeabilized using Click-
iT Cell Reaction Buffer Kit (Invitrogen) and conjugated with Alexa-647 alkyne
(Invitrogen) following manufacturer instructions. AHA-alkyne-Alexa647 fluores-
cence have been measured with BD FACS-Celesta (using DIVA software) gated on
Venus-positive cells.
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Retroviral constructs and production. The expression cassette encoding for
Venus-iLID-ActA, Ambra1-TagRFPt-sspBmicro and the corresponding control
TagRFPt-sspBmicro were cloned inside a SFG retrovirus backbone. To produce the
retroviral supernatant, 293T/17 were cotransfected with the retroviral vectors
codifying for MoMLV gag–pol and the RD114 envelope, using the Genejuice
transfection reagent (Merck Millipore, Germany), according to the manufacturer’s
instruction. Supernatant containing the retrovirus was collected 48 and 72 h later.

Isolation and transduction of T lymphocytes. PBMC were isolated from buffy
coats obtained from healthy donors from Bambino Gesù Children’s Hospital
(OPBG) in Rome, Italy, who signed a written informed consent, in accordance with
rules set by the Institutional Review Board of OPBG (Approval of Ethical Com-
mittee N°969/2015 prot. N° 669LB), using lymphocytes separation medium
(Eurobio, Les Ulis, France). T lymphocytes were activated with immobilized anti-
OKT3 (1 μg per ml, 14-0037-82 e-Bioscience, San Diego, USA) and anti-CD28 (1
μg per ml, 555726 BD Biosciences, Eysins, Switzerland) monoclonal antibodies in
the presence of recombinant human interleukin-7 (IL7, 10 ng per ml; R&D, USA)
and 15 (IL15, 5 ng per ml; R&D). Activated T cells were transduced on day 3 in 24-
well plates pre-coated with recombinant human RetroNectin (Takara-Bio, Japan)
using a specific retroviral supernatant. On day 5 after transduction, T cells were
expanded in medium containing 45% RPMI1640 and 45% Click’s medium (Sigma-
Aldrich) supplemented with 10% FBS and 2mM Glutamax and replenished twice a
week.

Cytofluorimetric analysis. Expression of the CD3 cell surface molecule, the green
and red fluorescence proteins were determined by flow-cytometry using standard
methodology. Samples were analyzed with a BD LSRFortessa X-20. Data were
analyzed using the FACSDiva software (BD Biosciences). For each sample, we
analyzed a minimum of 20,000 events. For assessing apoptosis, AnnexinV Apop-
tosis Detection Kit has been used (eBioscience) on a BD Accuri C6 Cytometer (BD
Bioscience). Gating strategies are shown in Supplementary Figure 18.

Fish maintenance and embryos collection. Zebrafish (D. rerio) of wild type strain
were maintained at 28.5 °C in a Tecniplast acquarium system. Embryos were
obtained by natural breeding and raised in Petri dishes containing Fish Water
solution at 28.5 °C with a photoperiod of 14 h light/10 h dark. Developmental
stages of embryos were determined according to the time after fertilization and
morphological criteria.

Microinjection of zebrafish embryos. One- to two-cells stage embryos were
microinjected into the yolk mass with 10 nl of a solution containing 30 ng per μl of
pCS2+ hAMBRA1-RFP-sspB (or pCS2+ RFP-sspB as a control) and 15 ng per μl
of pCS2+Venus-iLID-ActA in ×1 Danieau’s buffer. Injections were performed
under a dissecting microscope using a microinjector attached to a micro-
manipulator (Leica Microsystems, Milan, Italy). Injected embryos were raised to
the desired stages for in vivo imaging or collected for further analyses.

In vivo imaging of zebrafish embryos. Microinjected embryos were anesthetized
with 0.04% tricaine (Sigma-Aldrich, E10521), embedded in 0.8% low-melting
agarose prepared in fish water and lateral mounted on a depression slide. A Nikon
C2 confocal system was used to record images that were analyzed with Fiji (ImageJ)
software. Dynamic of interaction between AMBRA1 and mitochondrial outer
membrane was studied by time-lapse confocal microscopy analysis of 32-hpf
(hours post fertilization) zebrafish embryos treated with 488 nm wavelength laser
(at 1/10 of the maximum intensity) for 2 s every 30 s over a period of 3 min.
Acquisitions were made every 30 s in both green and red channels.

For functional experiments, microinjected embryos images were captured every
2 min over a period of 8 h from 34 hpf to 42 hpf with the same laser’s settings.

Immunofluorescence on zebrafish. Totally, 48-hpf zebrafish embryos were fixed
in 4% PFA overnight at 4 °C and then dechorionated. Embryos were stored in
100% MeOH at −20 °C, rehydrated in 1× PTw (1× PBS at pH 7.3, 0.1% Tween),
incubated in 150 mM Tris-HCl at pH 9.0 for 5 min, followed by heating at 70 °C
for 15 min. Subsequently, embryos were permeabilized with acetone for 20 min at
−20 °C. After 3 h of incubation with blocking buffer (2% sheep serum, 1% bovine
serum albumin, 1% DMSO in PBS), embryos were incubated for 3 days in primary
antibody using 1:200 rabbit anti-Tom20 (sc-11415, Santa Cruz Biotechnology).

Alexa Fluor 555 goat anti-rabbit IgG (H+ L) (A-27039, Invitrogen) was used
1:500 as secondary antibody for 2 h at room temperature. Nuclear counter staining
was performed with the DNA binding dye Hoechst 33342. Images were taken using
a Leica (Wetzlar, Germany) SP5 confocal microscope.

Statistics. All statistical calculations were performed and graphed using GraphPad
Prism 6.01. Statistical analysis has been performed using two-tailed, paired (when
the same cell was analyzed over time, as for the live cell imaging colocalization
experiments) or unpaired (all other cases) Student’s t test (two groups; 95% con-
fidence interval) or with two-tailed one-way ANOVA with Tukey’s post hoc test
(multiple groups; 95% confidence interval). No other statistical tests were used.

Data are shown as mean ± SEM (single measurements indicated by dots and
attached in the Source Data file). All experiments have been performed at least
three times independently. No statistical methods were used to predetermine
sample size. Pearson’s and Manders’ colocalization coefficients were automatically
calculated using ImageJ software and the Jacop plug-in.

Data availability
The authors declare that all data supporting the findings of this study are available within
the paper and its supplementary information files. No datasets were generated in this
study. The source data underlying Figs. 1b–d, 2b, c, 3a, b, 4a, b, 5b, c, 6b, c and
Supplementary Figures 1, 3, 5, 7, 8b, 9, 10, 14, and 17 are provided as a Source Data file
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Head of the laboratory “Cellular and Molecular Neurosciences” (2018 –2021):“Study of 

mitophagy in physiopathological contexts”. Santa Lucia Foundation, Rome, Italy.   

 

 In 2018, I started my research group working on selective autophagy and, in 

particular, on mitophagy in the context of autoimmune and neurodegenerative diseases. 

My lab contributed to the molecular understanding of this process in order to define new 

therapeutical approaches for neurodegeneratives. In date, as a head of laboratory, I was 

awarded grants from ROCHE (private funds), AIRC (Associazione Italiana per la Ricerca 

sul Cancro) and Airalzh (Associazione Italiana Ricerca Alzheimer Onlus). 

  

 It is possible to modulate autophagy thanks to several pharmacological 

approaches (ie: Chloroquine, Rapamycin, 3-MA etc.), however, very few tools are 

available to modulate selective autophagy of mitochondria. In particular mitophagy 

inhibition may be beneficial in some human diseases. For instance, it has been 

demonstrated that melatonin exerts neuroprotective effects against glutamate-induced 

excitotoxicity by reducing mitophagy-related oxidative stress and maintaining mitochondrial 

function [1]. In the context of cancer, mitophagy was initially thought to be an onco-

suppressor that helps in maintaining cellular homeostasis [2], but now emerging evidence 

indicates that mitophagy inhibition may favor cancer cell survival by eliminating damaged 

mitochondria and reducing, in this way, mitochondrial reactive oxygen species [3]. The 

mitophagy manipulation is thus crucial for cancer therapy.  

 In 2020, my team focused his attention on microRNAs, as potential regulators of 

mitophagy. In particular, since PARKIN was suspected to be a target of mir-218 [4], we 

decided to investigate a potential role of miR-218 in mitophagy mediated by PINK1 and 

Parkin. We demonstrated that Parkin is a target of miR218 in human cells. Moreover, we 

discovered that following mitophagy induction, miR-218 expression is sufficient to reduce 

the level of Parkin protein, limiting its translocation to mitochondria and thus reducing its 

ability to potentiate the ubiquitylation signal requested for the PINK1/Parkin-dependent 

mitophagy. Finally, we demonstrated that miR-218 expression is sufficient to delay 

mitochondrial clearance following mitophagy induction (see Di Rita et al. 2020 IJMS).  

These results define a novel role of miR-218 in mitophagy and highlight a novel 

negative mechanism for mitochondria selective removal regulation. miR-218 could 

thus be a novel molecular mechanism that could be hijacked to treat several 

diseases such as cancer and neurodegenerative pathologies. 
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Since nanoparticles represent incredible opportunities for cell specific controlled 

delivery of miRNAs in the treatment of cancer or neurodegenerative disorders, our findings 

thus provide a potential therapeutic strategy for cancer, such as breast cancer. Moreover, 

inhibition of miR-218 (e.g., AntagomiR) is expected to be beneficial in several 

neurodegenerative diseases in which the mitophagy process is not sufficient.  

Afterwards, I wrote a review that specifically focused on studies that highlight the 

miRNAs implicated in the regulation of mitophagic pathways. In particular, I underlined the 

importance of these discoveries in order to define new therapeutic approaches in the 

context of age-related diseases involving mitochondrial dysfunctions, such as cancers and 

neurodegenerative diseases (see Strappazzon 2020 Prog Mol Biol Transl Sci ). 

   

 In parallel to this work, in 2018, my team started to study the role of mitophagy in 

the context of Multiple Sclerosis (MS), a demyelinating disease associated with 

dysfunctional mitochondria.  Multiple sclerosis (MS) is a very debilitating chronic 

autoimmune disease. Depending on the region of the world, the incidence is of 50 to 300 

per 100,000 individuals. MS generally affects young adults with a prevalence of 3 female 

patients for every male patient. Currently, the processes that trigger the disease are not 

known, but genetic predispositions, environmental agents (such as bacteria or virus 

infections) and social components (such as tobacco consumption) participate in the 

pathogenesis of MS. There are three types of MS. A cyclic or remitting form (relapsing-

remitting MS, RR-MS), which affects 80–85% of patients without progression of the 

handicap between relapses. This MS can progress to secondarily progressive MS (or MS-

SP). There is also a primary progressive form (or PP-MS) in which the phases of the 

disease are not interspersed with phases of remission, affecting approximately 15% of 

patients. In all cases, the disease is characterized by the onset of varying disabilities all 

due to the progressive infiltration of cells of the adaptive immune system, T and B 

lymphocytes, into the central nervous system. These activated cells are responsible for the 

destruction of the myelin sheath of neurons and the development of neuronal and axonal 

damage. One characteristic of MS is the presence of oxidative stress and mitochondrial 

dysfunctions associated with the pathology.  

It has been demonstrated that ATG5, a protein involved in autophagy, and PARKIN 

increase in cerebrospinal fluid and serum of MS patients, highlighting these 

autophagy/mitophagy elements as new molecular markers of the disease’ s active phases 

[5,6]. However, at that time, the role played by mitophagy remained completely 
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obscure in MS pathogenesis. 

We thus decided to quantitatively and qualitatively analyzed three indispensable 

proteins for the PINK1-mediated mitophagy pathway, i.e., PINK1, Optineurin (OPTN), and 

NDP52 (also known as CALCOCO2), in peripheral blood mononuclear cells (PBMCs) of 

relapsing–remitting (RR)-MS patients. We discovered that a variant of one of the major 

mitophagy receptors, NDP52, confers protection against MS. Mechanistically, we identified 

residue 140 of NDP52 as a crucial modulator of NDP52/LC3C binding, promoting the 

formation of autophagosomes in order to drive efficient mitophagy. In addition, we found 

that NDP52 is mainly expressed in B cells (among PBMCs) and by ensuring efficient 

mitophagy, it is able to limit the production of the pro-inflammatory cytokine TNF-α 

following cell stimulation. Our work highlights NDP52 as a novel target for the 

diagnosis and treatment of MS. I published this work as last author (Di Rita et al., 2021 

Cell Death and Differentiation) and we wrote a comment on this work in the Autophagy J 

(See Di Rita & Strappazzon, 2021 Autophagy). 
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Abstract: The selective elimination of dysfunctional mitochondria through mitophagy is crucial
for preserving mitochondrial quality and cellular homeostasis. The most described mitophagy
pathway is regulated by a positive ubiquitylation feedback loop in which the PINK1 (PTEN
induced kinase 1) kinase phosphorylates both ubiquitin and the E3 ubiquitin ligase PRKN (Parkin
RBR E3 ubiquitin ligase), also known as PARKIN. This event recruits PRKN to the mitochondria,
thus amplifying ubiquitylation signal. Here we report that miR-218 targets PRKN and negatively
regulates PINK1/PRKN-mediated mitophagy. Overexpression of miR-218 reduces PRKN mRNA
levels, thus also reducing protein content and deregulating the E3 ubiquitin ligase action. In fact,
following miR-218 overexpression, mitochondria result less ubiquitylated and the autophagy
machinery fails to proceed with correct mitochondrial clearance. Since mitophagy defects are
associated with various human diseases, these results qualify miR-218 as a promising therapeutic
target for human diseases.

Keywords: microRNA; mitochondria; miR-218; PARKIN/PRKN; mitophagy

1. Introduction

Autophagy is an important eukaryotic process involved in the lysosomal degradation of cytosolic
components in both physiological and pathological conditions. During autophagy, some vesicles named
autophagosomes engulf a number of di↵erent cargoes and then fuse with lysosomes for subsequent
recycling of their content [1]. Selective elimination of undesired or dysfunctional mitochondria through
autophagy is called mitophagy [2]. This evolutionary-conserved mechanism removes damaged
mitochondria in order to reduce reactive oxygen intermediates that are known to participate in
inflammation, genotoxic stress, promotion of tumorigenesis, and aging [3]. Accordingly, defects
of the mitophagic pathway contribute to neurodegenerative or inflammatory diseases and cancers.
However, mitophagy inhibition may also be beneficial in some human diseases. For instance,
it has been demonstrated that melatonin exerts neuroprotective e↵ects against glutamate-induced
excitotoxicity by reducing mitophagy-related oxidative stress and maintaining mitochondrial
function [4]. In the context of cancer, mitophagy was initially thought to be an onco-suppressor
that helps in maintaining cellular homeostasis [5], but now emerging evidence indicates that mitophagy
inhibition may favor cancer cell survival by eliminating damaged mitochondria and reducing, in this
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way, mitochondrial reactive oxygen species [6]. The mitophagy manipulation is thus crucial for
cancer therapy. During mitophagy, two post-translational modifications, such as ubiquitylation
and phosphorylation, orchestrate an e�cient mechanism for mitochondria specific elimination [7].
To date, the most characterized mitophagy pathway is regulated by the PINK1 (PTEN induced
kinase 1) protein. PINK1 is a serine-threonine kinase that phosphorylates both ubiquitin and the E3
ubiquitin ligase PRKN (Parkin RBR E3 ubiquitin ligase), also known as PARKIN, at serine 65 (S65).
PRKN phosphorylation is necessary for recruiting and activating the E3 ubiquitin ligase activity on
dysfunctional mitochondria [8–10]. This event leads PRKN to conjugate ubiquitin chains on outer
mitochondrial membrane proteins. Ubiquitins are thus phosphorylated on S65 to further stimulate
in a positive feedback loop PRKN recruitment and activation [11–16]. This rapid amplification of
pS65-Ub chains on the mitochondria is fundamental to autophagy machinery recognition. In fact,
some proteins, known as mitophagy receptors, bind ubiquitin chains and act as a bridge between the
autophagosome marker MAP1LC3A/LC3 (microtubule associated protein 1 light chain 3 alpha) and the
dysfunctional mitochondria. In PINK1/PRKN system, OPTN (Optineurin) and CALCOCO2/NDP52
(calcium binding and coiled-coil domain 2) are the primary mitophagy receptors [17–20]. Besides the
PINK1/PRKN-dependent mitophagy, mammalian mitochondria selective clearance is also controlled
by other proteins, which function in an alternative pathway, including BNIP3L (BCL2 interacting
protein 3 like) [21,22], FUNDC1 (FUN14 domain containing 1) [23], AMBRA1 (Autophagy and Beclin 1
regulator 1) [24], BCL2L13 (BCL2 like 13) [25] or that can cooperate with the PINK1/PRKN system,
such as AMBRA1 [26] and PHB2 (Prohibitin 2) [27].

In the last few years, studies have demonstrated the involvement of microRNAs (abbreviated
miRNAs), which are small non-coding RNA molecules (containing about 22 nucleotidies), in a large
spectrum of processes, including autophagy [28,29]. Moreover, it has been shown that miRNAs control
also mitochondria selective autophagy. In fact, Barde and colleagues demonstrated that a persistent
expression of miRNAs causes a hematopoietic-restricted deletion of Kap1 that inhibits mitophagy
and retains mitochondria into erythroblasts [30]. In addition, a hypoxia-responsive miRNA, miR-137
targets both FUNDC1 and BNIP3L thus inhibiting hypoxia-induced mitophagy. Furthermore, miR-124
protects against spinal cord ischemia–reperfusion injury by probably stimulating mitophagy [31].
Concerning the PINK1-mediated mitophagy, two specific regulations by miRNA have been proposed:
(1) in 2016, it was shown that miR-181 controls mitochondrial clearance by targeting the E3 ligase
PRKN [32]; (2) in the same year, it was established that miR-27a and miR-27b target PINK1 and
abrogate the mitophagy pathway [33].

As it has been reported that PRKN E3 ubiquitin ligase could be a putative target of miR-218 [34]
and since regulations are emerging between microRNA action and mitochondria selective removal,
we decided here to investigate a potential role of miR-218 in mitophagy mediated by PINK1 and PRKN.

We demonstrated that PRKN is a target of miR218 in human cells. Moreover, we discovered that
following mitophagy induction, miR-218 expression is su�cient to reduce the level of PRKN protein,
limiting its translocation to mitochondria and thus reducing its ability to potentiate the ubiquitylation
signal requested for the PINK1/PRKN-dependent mitophagy. Finally, we demonstrated that miR-218
expression is su�cient to delay mitochondrial clearance following mitophagy induction.

These results define a novel role of miR-218 in mitophagy and highlight a novel negative mechanism
for mitochondria selective removal regulation. miR-218 could thus be a novel molecular mechanism
that could be hijacked to treat several diseases such as cancer and neurodegenerative pathologies.

2. Results

2.1. miR-218 Targets PRKN E3 Ubiquitin Ligase

As it has been reported that PRKN may be a target of miR-218 [34], we first investigated whether
miR-218 was able to target PRKN. In order to solve this question, by using target Scan software,
we searched for putative miR-218 binding sites to the 3’ un-translated region (3’UTR) of PRKN. We did
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not find conserved matches in the human transcripts; however, two specific sites were identified in the
3’UTR of the mouse sequence for PRKN. These sites were located respectively at 80 bp and at 250 bp
after the PRKN stop codon (Figure 1a).
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Figure 1. (a) Scheme of the 3’UTR (Untranslated region) of PRKN (Parkin RBR E3 ubiquitin ligase).
The location of the two predicted binding sites for miR-218 are indicated in red. The region cloned
in the pMiR Report miRNA expression vector is shown below the 30UTR. The restriction enzymes
used are indicated as well. (b) Luciferase assay. pMiR-Reports containing a portion of the PRKN
3’UTR (pMiR-3’UTR) or the empty pMiR vector (pMiR) were co-transfected in presence or absence of
miR-218. All luciferase data have been normalized to the Renilla (RL-SV40) activity. The graph reports
the Luciferase/renilla ratio. (c) Representative images of HEK293 cells transfected with GFP (Green
Fluorescence Protein) or GFP-miR-218 vectors (left part) that were then analyzed by quantitative PCR
(qPCR) in order to analyze the mRNA of PRKN (right part). Scale bar 100µm. (d) The graph shows
the relative expression of PRKN, normalized on B2M as loading control. (e) Protein lysates of GFP or
GFP-miR-218 transfected HEK293 cells were subjected to western blot analysis against PRKN antibody.
(f) The graph reports the PRKN/VCL ratio. VCL/Vinculin is used as loading control. All data are
representative of experimental triplicate (± s.e.m.). Statistical analysis was performed using Student
t-test with Welch’s correction. * p < 0.05; ** p < 0.01; *** p < 0.001 Mr(K) = relative molecular mass
expressed in Kilo Dalton.
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To confirm the ability of miR-218 to bind this region we cloned a 350 bp portion of the PRKN
3’UTR, containing the two predicted binding sites, downstream the pMiR-REPORTER vector encoding
the Renilla luciferase hereafter called pMiR-3’UTR (Figure 1b). Co-transfection of miR-218, with the
pMiR-3’-UTR vector in HeLa cells results in a significant decrease in the luciferase activity, compared
with empty vector (Figure 1b).

This result indicates that miR-218 is potentially able to down-regulate PRKN by binding specific
sites at the 3’-UTR region.

The physiological role of such binding between miR-218 and PRKN has not been explored yet.
In order to investigate, from a functional point of view, such an interaction, we overexpressed a vector
encoding miR-218 comparing with an empty vector expressing the green fluorescent protein GFP alone
in HEK293 cells, which are PRKN competent cells (Figure 1c). Then, we analyzed the mRNA levels of
PRKN in the presence or absence of miR-218. As expected, we found that overexpression of miR-218
substantially reduced PRKN transcript levels (Figure 1d). Moreover, we analyzed the PRKN protein
levels by performing a western blot analysis. As illustrated in Figure 1e, HEK293 cells transfected with
a vector encoding miR-218 show a decrease in PRKN protein level compare to GFP-positive control
cells (Figure 1e,f).

These results indicate that miR-218 down-regulates PRKN levels in HEK293 cells.

2.2. miR-218 Inhibits Mitochondrial Clearance

Since we demonstrated that PRKN is a novel target of miR-218 in HEK293 cells (Figure 1) and since
PRKN is important for a correct amplification of the PINK1-mediated mitophagy, we hypothesized
here that miR-218 expression was able to interfere with mitochondrial clearance by reducing PRKN
levels. To test this hypothesis, HEK293 cells transfected with GFP or GFP-miR-218 vectors were
treated with oligomycin and antimycin A (O/A), two agents commonly used to induce mitochondrial
damage in order to activate mitophagy [13,20]. We next checked for mitophagy occurrence; to do this,
we analyzed levels of two mitochondrial proteins, a common method used to monitor mitophagy.
As expected, we observed a strong decrease of both SOD2/MnSOD (superoxide dismutase 2) and
TOMM20 (translocase of outer mitochondria membrane 20) following mitophagy induction, suggesting
that mitochondrial clearance occurs (Figure 2a–c). However, when we overexpressed miR-218, we found
no evident reduction of mitochondrial proteins upon O/A treatment, suggesting that mitochondrial
clearance was blocked by miR-218 overexpression. Then, we decided to strengthen our biochemical
data by performing a confocal microscopy analysis. We confirmed that miR-218 was able to inhibit
mitochondrial clearance following mitophagy stimulation. In fact, in GFP-transfected cells treated
with O/A, we observed a huge decrease of mitochondrial content; however, when we over-expressed
miR-218, no evident decrease was observed in transfected cells (Figure 2d,e).

Overall, these results suggest that miR-218 over-expression delays mitochondria selective removal
following mitophagy induction.
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Figure 2. (a) HEK293 cells transfected with GFP or GFP-miR-218 vectors and then treated with
O/A (Oligomycin and Antimycin A 2.5 µM, 0.8 µM, 8 h) were immunoblotted for the indicated
antibodies. (b,c) The graphs show the SOD2 (superoxide dismutase 2) and TOMM20 (translocase of
outer mitochondria membrane 20) protein level normalized on the VCL (Vinculin) loading control.
(d,e) Representative immunofluorescence image and related graph in which GFP or GFP-miR-218
overexpressing HEK293 cells were immunostained with an anti-TOMM20 to detect mitochondria (red).
Magnifications (3X) of the areas localized in the white frames are illustrated for each immunofluorescence.
Scale bar, 10 µm. All data represent the mean of experimental triplicate (±s.e.m.). Statistical analysis
was performed using One-Way ANOVA with Sidak’s correction. * p < 0.05; ** p < 0.01; *** p < 0.001.
Mr(K) = relative molecular mass expressed in Kilo Dalton.

2.3. miR-218 Inhibits Mitophagy by Reducing Prkn Expression and Function

Since we found that one of the main players of mitophagy pathway, PRKN, is a target of miR-218,
and since this miRNA negatively controls mitochondria selective removal, we expected that miR-218
would delay mitochondrial clearance by targeting PRKN protein levels and thus a↵ecting its known
function in mitophagy. In order to address this point, we first evaluated the PRKN translocation
to the mitochondria, a necessary event for a correct mitophagy induction. In fact, upon mitophagy
stimulation, the cytosolic E3 ubiquitin ligase PRKN is known to be recruited to the mitochondria in
order to amplify the ubiquitylation events necessary for the recruitment of mitophagy receptors [8–10].
To test this, HEK293 cells over-expressing GFP or GFP-miR-218 plasmids were treated with O/A in order
to stimulate mitophagy. Cells were then subjected to mitochondria fractionation and immunoblotting
analysis. As shown in Figure 3a,b we observed a reduction of mitochondrial PRKN comparing with
the control condition following mitophagy induction. Since a reduction in PRKN mitochondrial level
is evident, we hypothesized that, in the meantime, mitochondria could be less-ubiquitylated in that
context. To verify this hypothesis, we transfected HEK293 cells with GFP or GFP-miR-218 constructs
and we treated cells with O/A in order to induce mitophagy. We then performed a mitochondrial
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fractionation in which we analyzed ubiquitylation by measuring the amount of total ubiquitin in
these extracts. The ubiquitylated mitochondrial proteins decreased upon miR-218 over-expression,
suggesting that the PRKN-dependent ubiquitin amplification signal is reduced (Figure 3c,d).

Our findings reveal that miR-218 over-expression promotes a reduction of PRKN levels during
mitophagy, leading to a decrease of PRKN translocation to mitochondria and most likely to a reduction
of PRKN mitophagy activity.
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Figure 3. (a) HEK293 cells overexpressing GFP or GFP-miR-218 vectors were treated with O/A for 2 h
and subjected to mitochondria purification. (b) The graph shows the mitochondrial PRKN normalized
on the mitochondrial loading control. (c) Representative image of HEK293 cells transfected with GFP
or GFP-miR-218 constructs and treated with O/A for 2 h in order to analyze total ubiquitin amount
in mitochondria. (d) The graph shows total Ub (Ubiquitin) normalized on the mitochondrial protein
HSP60 (Heat Shock Protein 60). All data represent the mean of three experiments (±s.e.m.). * p < 0.05.
Statistical analysis was performed using Student t-test with Welch’s correction. Mr(K) = relative
molecular mass expressed in Kilo Dalton.

2.4. miR-218 Inhibits Mitochondria Co-Localization with Autophagosomes

In order to demonstrate that miR-218 was able to negatively control a mitochondria clearance
related to the autophagy pathway, we transfected HEK293 cells with vectors encoding GFP or
GFP-miR-218 plasmids in order to determine the co-localization between the autophagy machinery
substrate (mitochondria) and the autophagosome marker protein MAP1LC3A, upon mitophagy
stimulation. As expected, we observed a high co-localization rate between mitochondria (in cyano) and
MAP1LC3A-labelled autophagosomes (in red) in GFP transfected cells treated with O/A, by performing
confocal microscopy analysis. Instead, by overexpressing miR-218, we observed no such increase in
mitochondria and autophagosome co-localization (Figure 4a,b). Moreover, since during mitophagy,
dysfunctional mitochondria, engulfed into autophagosomes, are delivered to lysosomes for degradation,
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we decided to verify whether miR-218 expression was e�cient like the e↵ect of Chloroquine (CQ),
a well-known inhibitor of the fusion between autophagosomes and lysosomes [35]. To address this
question, we transfected HEK293 cells with GFP or GFP-miR-218 and then we treated them or not
with CQ, (Figure 4c). Upon mitophagy stimulation (O/A treatment), we detected a decrease of the
mitochondrial marker SOD2 that was similarly rescued by overexpressing miR-218 or by blocking the
fusion of autophagosomes and lysosomes with CQ.

Together these results demonstrate that miR-218 exerts an inhibitory e↵ect on mitochondrial
clearance through the autophagic pathway.
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Figure 4. (a,b) Representative immunofluorescence image and related graph of HEK293 cells
transfected with GFP or GFP-miR-218 vectors were treated with O/A for 5 h and immunostained with
an anti-MAP1LC3A antibody (red) and an anti-TOMM20 (cyan) to detect mitochondria. Scale bar,
7 µm. The right panels report the magnifications (4X) of the images that are in the white dotted frames.
Data represent the mean of three di↵erent samples (±s.e.m.) and are representative of experimental
triplicate. * p < 0.05, n.s. (not significant). Statistical analysis was performed using One-Way ANOVA
with Sidak’s correction. (c) Representative image of HEK293 cells transfected as in (a) and treated with
O/A for 8 h in combination or not with the autophagosome-lysosome fusion inhibitor chloroquine (CQ),
were immunoblotted for the indicated antibodies.

3. Discussion

An involvement of microRNAs in regulating highly controlled systems such as mitochondrial
selective removal through autophagy pathway, also called mitophagy, has recently emerged [30–33].
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Here, we analyzed the role of miR-218 in mitophagy, discovering its new target PRKN. Interestingly,
we found that miR-218 is able to down-regulate PRKN mRNA in HEK293 cells demonstrating
a novel function of miR-218. PRKN is fundamental in various neurodegenerative diseases,
including Parkinson’s disease, Alzheimer’s disease, Amyotrophic Lateral Sclerosis and Huntington’s
disease [36–39]. Furthermore, several studies have reported the ability of PRKN to protect neurons
against neurotoxins and metallic ions [40]. Thus, maintaining an optimal PRKN expression and
function appears to be crucial for neuron homeostasis.

In addition, PRKN is also involved in cancer regulation and the levels of its mRNA and protein
are frequently down-regulated in ovarian and lung cancers [41–46].

Of note, the PRKN activity is strictly connected to mitochondria. In fact, in 2003, studies on
Drosophila documented that, in absence of PRKN, mitochondria present abnormalities [47]. In addition,
in 2008, Youle’s group demonstrated that PRKN regulates mitophagy in mammalian cells collaborating
with PINK1 [48,49]. In this study, we showed that miR-218 action on PRKN could, at least, a↵ect its
function during the mitophagy process; in fact, miR-218 over-expression in HEK293 cells suppresses
mitochondrial inhibitors-induced mitophagy by reducing the degradation of mitochondrial proteins.
Besides the mitophagic process, mitochondrial-derived vesicles (MDVs) are known to be involved in
the maintenance of mitochondrial homeostasis. MDVs are generated by selective incorporation of
mitochondrial cargo into small vesicles, which transit to the lysosome for subsequent degradation.
Interestingly, the MDVs transit to the lysosome is PINK1/PRKN-dependent [50]. Therefore, considering
that both MDVs and mitophagy share common regulation pathways, our work places miR-218 as
a novel attractive target in regulating the mitochondrial quality processes. Further studies are required
to investigate a putative link between miR-218 and MDVs transit to lysosomes.

Preserving a correct mitophagy process is necessary for limiting reactive oxygen species (ROS)
production, mitochondrial DNA mutations, metabolic inflexibility, and inflammation [51]. Upon PINK1
phophorylation, PRKN mediates the amplification of the ubiquitylation signal necessary for mitophagy
receptors recruitment to mitochondria [8–10]. We identified miR-218 as a promising candidate to switch
o↵ PRKN gene, thus inhibiting mitophagy. Of note, autophagy inhibition has been widely accepted as
a therapeutic strategy in cancer. In fact, autophagy regulators (e.g., chloroquine, hydrochloroquine)
are already used in clinical studies on anticancer therapy. Now a general interest in mitophagy
manipulation to improve cancer therapy is emerging. Indeed, inhibition of mitophagy (by targeting
di↵erent stages of the autophagic/mitophagic process, genetically or pharmacologically) enhances drug
sensitivity in several cases. For instance, the block of autophagosome formation and the inhibition
of autophagosomes-lysosomes fusion were investigated [52–54]. The block of mitophagy by BNIP3L
down-regulation enhanced doxorubicin sensitivity in colorectal cancer stem cells [55]. This said,
few tools are available in order to specifically modulate the mitophagy pathway (and not only the
general autophagy pathway). Here, we found that miR-218 is a novel powerful inhibitor of mitophagy
through PRKN down-regulation. Interestingly, miR-218 was found significantly decreased in breast
cancer tissues and negatively associated with Ki-67 [56]. The authors of this work demonstrated,
in vitro, that over-expression of miR-218 induces apoptosis and decreases cell proliferation. In this
regard, miR-218 mediated down-regulation of PRKN could be a potential mechanism that may
contribute to apoptosis in breast cancer cells. Further studies are required to investigate this point.

Since nanoparticles o↵er incredible opportunities for cell specific controlled delivery of miRNAs
in the treatment of cancer or neurodegenerative disorders [57], our findings thus provide a potential
therapeutic strategy for cancer, such as breast cancer. Moreover, inhibition of miR-218 (e.g., AntagomiR)
is expected to be beneficial in several neurodegenerative diseases in which the mitophagy process is
not su�ciently e�cient.

Interestingly, this E3 ubiquitin ligase is also the substrate of another miRNA, miR-181 [32]. It seems
that both miR-218 and miR-181 have the same function in mammalian cells; as such, it would be
interesting to understand if their functions are redundant or whether they could compensate each
other. Since miR-218 is down-regulated in several cancers [58–61], we can suppose that expression of
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miR-181 could compensate these defects. However, when a strong stimulus promotes mitochondrial
depolarization and thus powerful mitochondria selective removal is required, this pro-survival process
can exceed in deregulated clearance that leads to apoptosis [62]. In this context, over-expressing
miR-218 or generating a miR-218 agonist could turn out to be a promising weapon in order to combat
mitophagy system’s dysregulation.

Finally, it has been recently demonstrated that despite its function in targeting PRKN during
mitophagy, miR-181 control also genes implicated in mitochondrial biogenesis, functionality,
and antioxidant response [63]. In analogy with this microRNA, it would be interesting to study whether
miR-218 cover additional functions in controlling mitochondrial homeostasis beyond mitophagy.

In summary since PRKN and the mitophagy process play a pivotal role in neurodegeneration and
tumor progression, our findings identify in miR-218 a potential therapeutic target for counteracting
neurodegenerative and cancer diseases.

4. Materials and Methods

4.1. Cloning and Luciferase Assay

A portion of the 30UTR sequence containing two predicted binding sites for miR-218
was cloned in the pMiR reporter vector by using the following oligonucleotides: forward:
GCGCACTAGT-CGCACAACCTCAAGGGAAACTC (containing the cloning site for Spe I); reverse:
GCGCAAGCTT-GCAGCGTTCCTCAGATCTCAAG (containing the cloning site for Hind III). The assay
was performed by using the Luciferase Reporter Assay System (Promega, Milan, Italy), following
the manufacturer’s instructions. The 3’UTR-containing pmiR-Report was co-transfected with the
Tet-O-FUW miRNA-overexpressing vector and the rtTA-expressing vector in HeLa cells. A pRL-SV40
Renilla luciferase reporter vector (Promega, Milan, Italy) was also used to quantify the transfection
e�ciency. Firefly luciferase luminescent signal was normalized on the Renilla luciferase signal
(Promega, Milan, Italy). Control experiments using the empty pMiR-Report vector in presence or
absence of the microRNA were performed.

4.2. Cell Cultures and Transfection

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO 41966-029, Monza,
Italy) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, 10270-106, Monza,
Italy) at 37 �C under 5% CO2. Transient transfections of expression plasmids into Hek293 cells were
performed using TurboFect (Thermo Fisher Scientific, R0532, Monza, Italy).

4.3. Plasmids

The GFP-miR-218 construct was generated by cloning 400 bps encompassing the sequence for
miR-218-1 into a Tet-O- FUW-Ires-GFP vector under the control of the tetracycline operator. Proper
expression of mature miR-218 was tested by TaqMan (Thermo Fisher Scientific, Monza, Italy) assay as
previously described [64]. Transfection was performed in combination with the rtTA transactivator
supplied with doxycycline (2 mg/mL, Clontech, Mountain View, California, USA). An empty Tet-O-FW
GFP vector was used as control.

4.4. Cell Treatment

HEK293 cells were treated with the combined treatment O/A (2.5 and 0.8 µM) for the indicated
time. Autophagosome–lysosome fusion was blocked with CQ 20 µM for 1 h (Sigma-Aldrich, O9718,
Milan, Italy).

4.5. Quantitative PCR (qPCR)

cDNA was isolated from Hek293 cells using the ReliaPrep RNA Cell Miniprep System
(Promega, Milan, Italy) according to the manufacturer’s instruction. The quantitative analysis
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of PRKN was performed using quantitative real time polymerase chain reaction (PCR) for PRKN
(Primer FW: GGGTCGTGAACAAACTGCCGATCATT; Primer RV: AGGAGCCCCGTCCTGGTTTT).
We used B2M as housekeeping gene (Primer FW: CTCCGTGGCCTTAGCTGTG; Primer RV:
TCTCTGCTGGATGACGTGAG). Each 20 µL reaction contained 5 µL of template, 1 µL of each
primer (10 µM), 10 µL SensiFAST SYBR MIX 2⇥ (Bioline, Milan, Italy) and 3 µL of nuclease-free water.
The experiment was run in triplicate on a LC480 LightCycler (Roche, Milan, Italy). PRKN content was
calculated with the DDCt method after normalization on B2M.

4.6. Western Blot Analysis

Cells were rinsed in phosphate-bu↵ered saline (PBS) on ice and lysed in RIPA
(Radioimmunoprecipitation assay bu↵er) bu↵er supplemented with a protease inhibitor cocktail
(Sigma-Aldrich, P8340, Milan, Italy), Na4VO3 0.1 mM (Sigma-Aldrich, S6508, Milan, Italy), NaF 1 mM
(Sigma-Aldrich, S7920, Milan, Italy) and�-Glycerophosphate 5 mM (Sigma-Aldrich, G6376, Milan, Italy).
Cell extracts were centrifuged at 15,000⇥ g for 10 min at 4 �C. Protein concentrations were determined
with the Bio-Rad Protein Assay Kit (Bio-Rad, 5000001, Milan, Italy). Cell extracts were separated
by sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE). Primary antibodies
used were: anti-SOD2 (Enzo-Lifesciences, Milan, Italy), anti-TOMM20 (Santa Cruz Biotechnology,
Milan, Italy), anti-PRKN (Cell signalling, Milan, Italy), anti-VCL (Santa Cruz Biotechnology, Milan,
Italy), anti-Ub (Santa Cruz Biotechnology, Milan, Italy), anti-Ub (KK2, Enzo-Lifesciences, Milan,
Italy), anti-HSP60 (Santa Cruz Biotechnology, Milan, Italy). All uncropped images are illustrated in
Supplementary Figure S1).

4.7. Immunofluorescence Analysis

Cells were washed in PBS and fixed with 4% paraformaldehyde in PBS for 10 min.
After permeabilization with 0.4% Triton X-100 (Sigma-Aldrich, X-100, Milan, Italy) in PBS for
5 min, cells were incubated overnight at 4 �C with primary antibodies and 2% normal goat serum
(Sigma-Aldrich, G9023). Primary antibodies used were: anti-TOM20 (Santa Cruz Biotechnology, Milan,
Italy), anti-LC3 (Cell Signaling, Milan, Italy). Cells were then washed with PBS (GIBCO, BE17-512F,
Monza, Italy) and incubated for 1 h with labelled anti-mouse (Thermo Fisher Scientific, A11017-A21425,
Monza, Italy) or anti-rabbit (Thermo Fisher Scientific, A11070-A21430-A31573, Monza, Italy) secondary
antibodies. Nuclei were stained with 1 µg/mL DAPI (4’,6-diamidino-2-phenylindole) and examined
under a Zeiss LSM 700 63x oil-immersion objective (CLSM700; Jena, Germany). We used ImageJ
software for image analysis. We calculated the mito content as percentage of cytosolic area occupied
by mitochondria with Mitophagy macro [65,66]. Co-localization measurements were made through
the JACOP plugin of the NIH ImageJ software [67]. M1 manders co-localization coe�cients (MCC) of
mitochondria overlapping LC3. All acquisitions were performed by a blind approach in non-saturated
single z-confocal. The images in Figure 1a were captured with Zoe Fluorescence Cell Imager (Biorad,
Milan, Italy).

4.8. Statistical Analysis

All statistical analyses were performed and graphed using GraphPad Prism 6. Comparisons
between two groups were analyzed using two-tailed Student’s T-test with Welch’s correction. Three or
more groups comparisons were performed with one-way ANOVA with Sidak’s correction. Significance
is defined as * p < 0.05, ** p < 0.01 and *** p < 0.001. Standard error of the mean is indicated as s.e.m.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/1/355/s1.
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Abbreviations

PINK1HP TEN induced kinase 1
PRKN Parkin RBR E3 ubiquitin ligase
SOD2 superoxide dismutase 2
TOMM20 translocase of outer mitochondrila membrane 20
VCL vinculin
OPTN optineurin
CALCOCO2 calcium binding and coiled-coil domain 2
BNIP3L BCL2 interacting protein 3 like
AMBRA1 Autophagy and Beclin 1 regulator 1
FUNDC1 FUN14 domain containing 1
BCL2L13 BCL2 like 13
PHB2 Prohibitin 2
MAP1LC3A microtubule associated protein 1 light chain 3 alpha
UTR Un-translated Region
MDVs Mitochondrial-Derived Vesicles
GFP Green Fluorescent protein
Mr(K) Relative molecular mass expressed in Kilo Dalton
O/A Oligomycin/Antimycin A
CQ Cloroquine
s.e.m. Standard Error of the Mean
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Abstract

Mitochondria are highly dynamics organelles that provide the necessary energy for cel-
lular functions. However, when they are dysfunctional, they can, by contrast, be very
harmful for the cell. Mitophagy ensures their recycling and preserves cell performance.
This mechanism is particularly important in neurons because they use a lot of energy.
Failed mitophagy can thus affect the development of neurons and lead to brain prob-
lems. In this regard, a tight regulation of this process is needed. In recent years microRNAs,
as regulators of several biological processes, have attracted attention in the field of
mitophagy. In this review, we focused on the studies that highlight themiRNAs implicated
in the regulation of mitophagic pathways. In particular, we described the first study carried
out 7 years ago, in the context of mitophagy during erythroid differentiation. Next,
we have cited all the other works to date on microRNAs and mitophagy regulation.
Finally, we have underlined the importance of these discoveries in order to define new
therapeutic approaches in the context of age-related diseases involving mitochondrial
dysfunctions, such as cancers and neurodegenerative diseases.
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Abbreviations
AMBRA1 autophagy and beclin 1 regulator 1

Atg8 protein linked to autophagy 8
BNIP3L BCL2 interacting protein 3 like
CALCOCO2 calcium binding and coiled-coil domain 2

FUNDC1 FUN14 domain containing 1
HEK293 human embryonic kidney 293
HMBG1 high mobility group box 1
I/R ischemia/reperfusion

KRAB-ZFPs KRAB-containing zinc finger proteins
LC3 proteins associated with microtubules 1A/1B light chain 3B
LIR LC3 interaction region

OMM outer mitochondrial membrane (OMM)
OPTN optineurin
PD Parkinson’s disease

PINK1 PTEN-induced kinase 1
ROS reactive oxygen species
TRAF3 TNF receptor-associated factor 3
UBD ubiquitin binding domain

UTR untranslated region
VDAC1 voltage-dependent anion channel 1

1. Introduction

Autophagy is one of the processes of cellular degradation that has been

preserved in all eukaryotic organisms. It involves molecular machinery and

specific degradation compartments, which in mammals are represented by

lysosomes and by vacuoles in plants and yeast.

Three common forms of autophagic pathways are defined: micro-

autophagy, chaperone-mediated autophagy (CMA) and macroautophagy.

Microautophagy is mediated by direct engulfment of the cytoplasmic material

that needs to be degraded. Cytoplasmic material is trapped in the lysosome/

vacuole by a random process of membrane invagination. This pathway is cru-

cial for survival of cells under conditions of starvation, nitrogen deprivation, or

after treatment with rapamycin. CMA contributes to cellular quality control

through the removal of damaged or malfunctioning proteins through the

lysosome and this is performed specifically through a recognition motif in

the amino acid sequences of proteins. Macroautophagy is instead consi-

dered the main form of autophagy and is characterized by a discernible
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morphological feature. Indeed, it involves the formation of membranes, called

phagophores, which close by sequestering cytoplasmic content and form

vesicles, named autophagosomes. These autophagosomes will then merge

with the lysosome, their content being degraded due to the different enzymes

present in this compartment.Many diseases such as neurodegenerative diseases

and cancers have been associated with defects in autophagy.1,2

Autophagy has been long considered a mechanism used only for the

random degradation of cytosolic components (proteins, organelles, ribosomes,

etc.). However, numerous studies have now reported that autophagy degra-

dation can be selective for specific substrates, such as ribosomes, peroxisome,

nucleus, endoplasmic reticulum or mitochondria.3 Because maintaining dam-

aged mitochondria is harmful for cells, eukaryotic species have developed a

specific mitochondrial degradation process called mitophagy. It is a crucial

process for the specific removal of damaged or excess mitochondria by micro

or macroautophagy.4 Microautophagic pathways have been observed in yeast

cells following nitrogen deprivation. In this context, one mitophagic receptor

has been described as playing a key role and is called Uth1/taking part of the

SUN family proteinUTH1).5 Like for macroautophagy, themacromitophagy

is widespread in a variety of model organisms such as yeast, nematodes, flies

andmammals, making it the best pathmolecularly described to date. This pro-

cess is important to remove superfluous mitochondria that have no apparent

defects but also damaged mitochondria.6 The mitophagy process was intro-

duced in 2005 by John Lemasters.7 He observed, in rat hepatocytes placed

under deficiency conditions, that some of the mitochondria were sequestered

in autophagosomes.8 To be degraded by mitophagy, certain proteins of

the outer mitochondria membrane (OMM) must be labeled by ubiquitin.

Mitochondria are then recognized by proteins that specifically bind ubiquitin

orby specificmitophagy receptors present in theOMM.The interactionof these

effectors with LC3 (microtubule-associated protein 1A/1B-light chain 3), a

protein localized in the membranes of phagophores would allow the recruit-

ment and sequestration of mitochondria into autophagosomes (Fig. 1).

2. Mammalian key proteins in mitophagy

At the physiological level, the macroautophagic removal of mito-

chondria was revealed to be crucial in two contexts: (i) during maturation

of reticulocytes into erythrocytes. Indeed, mitochondrial clearance is

required during this differentiation process in order to deplete erythrocytes

from mitochondria. In such conditions, the NIX protein, also known as
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beclin-2 (BCL2)/adenovirus E1B 19 kDa protein interacting on proteins 3

(BNIP3L), increases and is responsible for the mitochondria elimination by

directly binding LC3B thanks to its LC3 interaction region (LIR)9;

(ii) during the first step of embryogenesis10,11 when paternal mitochondria

need to be removed. In this context, paternal mitochondrial which are frag-

mented and depolarised10,12 are removed thanks to some molecular players

such as endonuclease G in yeast,13 prohibitin 2 (PHB2),14 PTEN-induced

putative kinase 1 (PINK1), and Parkin (PARK2) in mammals that contrib-

ute to tag mitochondria to be removed.

In mammals, mitophagy has been extensively studied since 2007 and,

depending to the mitochondrial stress stimuli, various proteins that will

be mentioned below, were found to regulate this process.

Themain mitochondria degradation path described today occurs follow-

ing depolarization of mitochondria. It is governed after the activation of the

PINK1 kinase and the E3 Ubiquitin ligase, Parkin. After the loss of mito-

chondrial membrane potential, PINK1 accumulates in the OMM,15 this

in turn, allows PINK1-dependent recruitment of Parkin and its phosphor-

ylation at Serine 65,16 which promotes its dimerization and activation of its

Mitochondria

Mitophagic
receptor

Ub

LC3

Phagophore
Engulfment of damaged

mitochondria into
phagophore

Fusion of autophagosome
with lysosome- Degradation of

damaged mitochondria

Mitochondrial stress (eg:
hypoxia, ischemia etc.)

Autophagosome Lysosome

Loss of  ∆ψm
(mitochondrial

membrane potential)

Fig. 1 The mitophagy mechanism in mammalian cells. The molecular pathway of
mitophagy is illustrated. The principal major steps in the process are shown in red.
Ub: Ubiquitin.
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E3 ubiquitin ligase activity. Activation of Parkin is followed by the

ubiquitination of different OMM substrates. Afterwards, this phospho-

ubiquitin signaling induces the recruitment of mitophagy cargo receptors

such as SQSTM1 (also known as p62), Optineurin (OPTN) and

CALCOCO2/Nuclear dot protein 52 (NDP52). These receptors are capa-

ble of binding ubiquitylated mitochondria through their UBD (Ubiquitin

Binding domain) and thanks to a LIR (LC3-Interacting Region) motif,

they bind Atg8 (protein linked to autophagy 8) /LC3 (proteins associated

with microtubules 1A/1B light chain 3B) proteins on the membranes of

phagophore in order to deliver mitochondria in autophagosomes.17

Other “alternative” mitophagy pathways, PINK1/Parkin-independent,

have been described. For instance, in conditions of hypoxia, it has been

shown that FUNDC1 (FUN14 domain containing 1), a protein of the

OMM, activates mitophagy. In this context, FUNDC1 is mitophagic recep-

tor that directly binds LC3 via its LIR domain.18 Moreover NIX/Bcl-2-like

13 (BCL2L13), another mitophagic receptor of the OMM, is also known

to favor mitophagy following hypoxia through a direct binding with

LC3.9 In addition, AMBRA1 is a cytosolic protein that can be located on

damaged mitochondria after mitochondrial depolarization or ischemia,

and that directly binds LC3 via its LIR motif, stimulating mitophagy.19,20

This protein can be recruited to damaged mitochondria in contexts depen-

dent21 or independent of Parkin.19 In this latest condition, AMBRA1

cooperates with the E3 Ubiquitin ligase HUWE1 in order to induce

mitophagy.19,22 Some members of the Fanconi Anemia (FA) protein family,

Transglutaminase 2 (TG2), SMAD-specific E3 ubiquitin protein ligase 1

(SMURF1), peroxisomal biogenesis factor 3 (PEX3) and PEX13 also play

a role in the mitophagy regulation. Their exact role, however, needs to be

clarified.23–26

3. MicroRNAs

MicroRNAs (miRNAs or miRs), recently called “master regulators

of gene expression,”6 are a class of small non-coding RNAs (approximately

22 nucleotides long). They regulate the expression of genes via base

complementarity between the seed region of the microRNA and the

30-untranslated region (UTR) of the target mRNA.27,28 miRNA binding

induces degradation of the mRNA, translational repression, or both,

depending on their level of complementarity.29–31
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The post-transcriptional regulation of gene expression by microRNAs

is huge since it could reach 60% of all genes encoding human proteins.32

For this reason, miRNAs are involved in multiple cellular processes, such

as proliferation, differentiation, apoptosis, carcinogenesis and energy

metabolism.33–39

4. Mammalian mitophagy regulation by microRNAs
4.1 MicroRNAs and physiological mitophagy control

As said before, the mitophagy process is carried out by crucial proteins of

the OMM or by proteins that translocate from the cytosol to mitochondria

following mitochondrial stress. Hitherto it appears that mitophagy can be

actively regulated by miRNAs in several contexts.

The first study which linked microRNAs to mitophagy was carried out

in the context of erythroid differentiation, and therefore in a physiological

mitophagic context. Indeed, in 2013, Barde et al. demonstrated that, during

hematopoiesis, the mitophagy process is controlled through the induction

of specific members of the large family of KRAB-containing zinc finger

proteins (KRAB-ZFPs), which represses the expression of microRNAs

targeting the transcripts of mitophagy effector genes.40 Indeed, miR-351

and several other miRNAs, with predicted targets in the mitophagy path-

way, are up-regulated in kap1-deleted murine erythroblasts. In human

erythroblasts, the same authors demonstrated that KAP1 represses the

NIX-targeting miR-125a-5p. These results underline a tight transcriptional

regulation of mitophagy by microRNAs during hematopoiesis.

4.2 MicroRNAs that regulate mitophagy by directly targeting
some mitophagic players

Here we cite the microRNAs that have been revealed as directly targeting

some of the main players in mitophagy.

4.2.1 MicroRNAs and PINK1/Parkin-mediated mitophagy
Initially, miR-27a and miR-27b have been shown to regulate PINK1

expression at the translational level, which subsequently decreases the

mitophagy efficiency. In particular, the authors of the study demonstrated

that miR-27a,b expressions reduce ubiquitin phosphorylation, Parkin trans-

location, and LC3-II accumulation in damaged mitochondria.41 The same

year, miR-181a emerged as another inhibitor of mitophagy by targeting

Parkin expression and consequently blocking the co-localization of
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mitochondria and autophagosomes. On the other hand, the authors demon-

strated that the knockdown of miR-181 was sufficient to accelerate

mitophagy in neuroblastoma cells.42 More recently, miR-218 emerged as

another Parkin targeting microRNA, able to delay mitochondrial clearance

in HEK293 cells, by reducing Parkin expression to mitochondria,

ubiquitinylation of OMM proteins and mitochondria co-localization with

LC3-II.43

4.2.2 MicroRNAs and hypoxia-mediated mitophagy
In 2014, a study revealed a link between miR-137 and hypoxia-mediated

mitophagy. miR-137 was found to be a novel hypoxia-responsive

microRNA, which inhibits mitochondrial degradation by autophagy.

The authors demonstrated that miR-137 directly downregulates the

expression of the two main mitophagy receptors involved in hypoxia-

induced mitophagy: FUNDC1 and NIX. They showed that the defect

on mitophagy, due to the expression of miR-137, could be rescued by

re-introduction of FUNDC1 and NIX expression constructs that lack

the miR-137 pairing sites.44

4.2.3 MicroRNAs and starvation-mediated mitophagy
CREB1-driven expression of miR-320a was shown to promote mitophagy

in HeLa cells following serum deprivation. In this context, miR-320a

targets VDAC1 (voltage-dependent anion channel 1) expression and favors

mitochondrial clearance.45

In summary, almost all mitophagy pathways that have been hitherto

described can be regulated by microRNAs. This microRNAs/mitophagy

interconnexion in mammalian cells is illustrated in Fig. 2.

4.3 MicroRNAs that modulate mitophagy in pathological
condition

We report here some other microRNAs that can influence mitophagy

without acting on a known “mitophagic target” or acting indirectly on

mitophagy proteins.

4.3.1 MicroRNA and mitophagy mediated by injuries
Spinal cord injury. Liu and colleagues have postulated a protective role for

mitophagy in spinal cord injury. In particular, they demonstrated, in rats

with spinal cord ischemia-reperfusion (I/R), that the down-regulation of

miR-124 (using antagomiR-124) protects against spinal cord injury, by
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increasing mitophagy.46 Other studies are needed in order to understand the

inhibitory mechanism of miR-124 on mitophagy since the authors did not

analyze which target of miR-124 may be repressed following spinal cord

injury.

Cardiac injury. Mitochondrial dysfunctions are critical in the cardiac sys-

tem. Yang and coll. demonstrated that miR-410 inhibits mitophagy after

cardiac I/R injury by modulating the heat shock protein B1 activity

targeting HMGB1 (high-mobility group box 1 protein). This work opens

thus new path for mitophagy modulation in heart injury related to I/R.47

Liver injury. 2,20,4,40-Tetrabromodiphenyl ether (BDE-47) induces

mitochondrial dysfunction accumulation through a block of PINK1

Serum starvation
(Mitophagy stimulation)
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NIIX

NIIX
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miR-320a

miR-181a
miR-218
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Erythrocyte
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Fig. 2 Overview of the microRNAs controlling mammalian mitophagy pathways.
Following mitochondrial depolarization, miR-27 a/b inhibit mitophagy through PINK1
down-regulation, whereas both miR-181a andmiR-218 interfere with Parkin expression.
During hypoxia, miR-137 inhibits both FUNDC1 and NIX expression, thus interfering
with the main mitophagic receptor involved in hypoxia-mediated mitophagy. In the
context of erythrocyte differentiation, miR-125 blocks NIX expression and thus
mitophagy. Finally, following serum deprivation, miR-320 targets VDAC1 on the
OMM, so favoring mitophagy. See text for more details.
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mediated mitophagy in mouse liver and thus plays a role in liver injury. In

this context, miR-34a-5p-mediates mitophagy impairment by targeting

NAMPT expression reducing NAD production and favoring oxidation

injury in mouse livers. miR-34a-5p-mediated mitophagy defect thus

emerges as a potential target for the therapeutic intervention of BDE-47

toxicity.48

4.3.2 MicroRNA and mitophagy-related to inflammation
Adipose inflammation. In the context of obesity, miR-103 is a positive regu-

lator of adipose inflammation by blocking mitophagy through TRAF3

(Tumor necrosis factor receptor-associated factor 3) down-regulation.49

Further studies aiming to manipulate miR-103 and thus mitophagy could

offer new opportunities for improving adipose inflammation in obesity.

Facial neuritis. Inflammatory response is involved in the development

of facial neuritis. Liu and coll. explored the role of mitophagy in facial nerve

damage induced by tumor necrosis factor α (TNFα). They indicated that

TNFα treatment induces apoptosis in SH-SY5Y and suppressed mitophagy

by reducing the expression of Bnip3. Functional studies have indicated

that miR-145 inhibited Bnip3 transcription and expression, leading to

mitophagy inhibition. In this context, miR-145/Bnip3/mitophagy axis

may be considered as a potential target for the treatment of facial neuritis.50

Antiviral signaling pathways. During innate immune response, which plays

a crucial role in the host defense against pathogens, miR-33/33* targets

adenosine monophosphate activated protein kinase (AMPK), impeding

the formation of active aggregates done by the mitochondrial adaptor

mitochondrial antiviral-signaling protein (MAVS). This in turns inhibits

mitophagy and generates an imbalance mitochondrial homeostasis, which

is required for efficient MAVS activation. miR-33/33* thus emerges as a

negative regulator of the RNA virus-triggered innate immune response.51

4.3.3 MicroRNA, mitophagy and cancers
Several connections between miRNAs, mitophagy and cancers have been

discovered in the recent years, highlighting some potential new strategies

in cancer prevention or treatments.

Mitochondrial dynamics is a highly deregulated process in cancer.

Purhoit et al. have shown that miR-195 exerts pro-apoptotic effects in

breast cancer cells by targeting mitofusin2. This in turn, favors mitochondria

fission and cell death of breast cancer. Of note mitochondrial mass was

decreased in this context but without increase of PINK1. Even if the precise
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mitophagy path induced in this system needs to be clarified, it appears that

miR-195 expression could be used to fight breast cancer.52

Stem cell-based therapies are attractive for treating various human

diseases, including cancer. Among the cell types that can be used for this

end, mesenchymal stem cells (MSCs) are considered as promising source

of stem cells. It has been shown that miR-155 disturbs mitophagy in

MSCs.53 In particular, miR-155 targets Bcl-2 associated athanogene 5

(BAG5) and this destabilizes the PINK1 kinase and consequently disrupted

mitophagy. This study suggests a novel mechanism connecting mitochon-

drial dysfunction in stem cells through a miRNA-mediated mechanism and

could offer new strategy for cancer therapies.

Also, because cancer stem cells are often resistant to anti-cancer treat-

ment, modulation of their viability is becoming highly attractive. Zang

et al. demonstrated that overexpression of miR-1 induces mitochondrial

damage of cancer stem cells by targeting GPD2 (glycerol-3-phosphate

dehydrogenase 2), MINOS1 (mitochondrial inner membrane organizing

system 1) genes and interacting with LRPPRC (leucine-rich pentatrico

peptide-repeat containing) protein. The role of mitophagy induction in this

context is not well defined, but it suggests that miRNA-1-mediated regu-

lation of mitochondria morphology may be a strategy to modulate cancer

stem cells’ viability.54

Another miRNA has been connected to mitophagy regulation and

cancer, this in the context of lung tumors. In particular, in a mouse model

of silicosis, it has been demonstrated that the expression of miR-1224-5p

is increased both in lung tissues of silica-induced pulmonary fibrosis and

fibroblasts exposed to TGF-1. Repression of miR-1224-5p expression

attenuated silica-induced fibrotic progression in vivo and TGF-1-induced

myofibroblast differentiation in vitro. miR-1224-5p facilitated silica-

induced pulmonary fibrosis primarily by repressing one of target genes,

Beclin1, thereby blocking Parkin translocation to mitochondria and induc-

ing the accumulation of damaged mitochondria. These data indicate that

miR-1224-5p exerts key functions in silica-induced pulmonary fibrosis

and may represent a potential therapeutic target for lung tumors.55

Finally, because ROS production emerged as a strategy to kill cancer

cells, Guo et al. proposed a novel strategy for cancer prevention or

treatment through the use of miR-346.56 Indeed, they found that

following ER stress induced by thapsigargin treatment, the expression of

miR-346 was increased. They next demonstrated that miR-346 reduced

HeLa cell apoptosis following ER stress, this through a mechanism
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autophagy/mitophagy-dependent. In particular they found that miR-346

favors the expression of GSKβ, which disrupts Beclin1 (a well-known pro-

autophagy protein) from its inhibitor Bcl-2, favoring like this the

autophagy/mitophagy path and decreasing ROS production. The exact

induction of autophagy and/or mitophagy in this context needs to be clar-

ified but the reduction of Bcl-2 by miR-346 could be a therapeutic strategy

for cancer prevention or treatment.

In summary, mitophagy processes induced by several pathological con-

ditions such as spinal cord cardiac or liver injuries, inflammations or cancers

are widely controlled by microRNAs. We illustrated these regulations in

Figs. 3 and 4.
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Mitophagic
receptor X

Mitophagic
receptor X Mitophagic
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Mitophagic
receptor X
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Fig. 3 Overview of microRNAs controlling mitophagy in pathological conditions.
Following spinal cord, cardiac or liver injuries, protective mitophagy pathways are acti-
vated and can be repressed, respectively by miR-124, miR-410 and miR-34a. miR-410
targets HMBG1 which decreases its expression and inhibits mitophagy. In the context
of obesity, miR-103 represses TRAF3, which in turn inhibits mitophagy and participates
in adipose inflammation. Following BDE-47 treatment, miR-34a inhibits mitophagy and
favors liver injury. See text for more details.
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5. Interconnecting microRNAs and mitophagy to favor
new therapeutic approaches for neurodegenerative
diseases and cancers

Mitochondrial clearance efficiency declines with age, leading to

progressive accumulation of damaged and/or unwanted mitochondria,

deterioration of cellular function, and cell death. For this reason, mitophagy

modulation emerges as a potential therapeutic approach to tackle age-

associated pathologies such as neurodegenerative diseases and cancers.57

Because microRNAs are involved in several human diseases, such as cancer

and disorders of the brain58 their interconnection with the mitophagy

process may offer novel attractive therapies.

5.1 Neurodegenerative diseases
PINK1 and Parkin are genetically associated with Parkinson’s disease (PD)

and play critical role in the mitophagy process. Endogenous miR-27a

Breast cancer Mesenchymal Stem Cells

ER stressSilicosis model (lung cancer)

Cancer Stem Cells

miR-195

Mnf2

Beclin1

ROS

PINK1/Parkin-
mediated
mitophagy
stimulation

PINK1/Parkin-
mediated
mitophagy
inhibition

GSKβ

BAG5 GPD2
MINOS1
LRPPRC

PINK1-
mediated
mitophagy
inhibition

Mitochondria
dysfunctions

miR-1224 miR-346

miR-155 miR-1

Fig. 4 Overview of microRNAs controlling mitochondria function/mitophagy in
contexts related to cancers. Mir-195 expression induces cell death of breast cancer cells
through mitofusin2 (Mfn2) down-regulation and thus mitochondrial dysfunction induc-
tion. miR-155 expression targets BAG5 which in turn inhibits PINK1-mediated
mitophagy and favors cell death of mesenchymal stem cells. miR-1 targets GPD2,
MINOS1 and LRPRRC, inducingmitochondrial dysfunctions and thus cell death of cancer
stem cells. In the context of silicosis, miR-1224 targets Beclin1 and inhibits Parkin trans-
location to mitochondria, blocking mitophagy and favoring cell death. Following ER
stress, miR-346 favors the expression of GSKB, which disrupts Beclin1 from its inhibitor
Bcl2, favoring the autophagy/mitophagy path and decreasing ROS production. See text
for more details.
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and- miR-27b regulate PINK1 expression in human dopaminergic-like

M17 cells,41 suggesting that miR27a/b may regulate PINK1 expression

in dopaminergic neurons (main neurons involved in PD pathology).

Endogenous miR-181 has been shown to be responsive to mitophagic

agents in SH-SY5Y cells,42 which are neuronal-like cells commonly used

as an in vitro model of PD, suggesting a potential role of miR-181a in this

pathology. In order to investigate potential contributions of these

microRNAs in PD pathology, an accurate analysis of their specific brain

expression should be investigated in the course of PD progression. Of note

miR-181a, by targeting ATG5 mRNA and thus its protein level, has been

recently described as an important inhibitor of macroautophagy induced by

starvation and rapamycin in MCF-7, Huh-7 and K562 cells.59 Moreover a

key role of this microRNA has been demonstrated in mitochondrial

homeostasis. Indeed, by favoring mitochondrial biogenesis and mitophagy,

miR-181 inactivation delays neuronal death in two animal models of

mitochondrial diseases (Micropthalmia with linear skin lesions and Leber’s

hereditary optic neuropathy).60 This study thus highlights miR-181 as a

therapeutic target for mitochondrial diseases.

Moreover, it is important to bear in mind that miR-218 is found

enriched in motoneurons and mutant mice lacking miR-218 die neona-

tally and exhibit hallmarks of motoneuron diseases such as amyotrophic lat-

eral sclerosis and spinal muscular atrophy.61 In this regard, inhibition of

mitophagy mediated by miR-218 may play an important role in controlling

motoneurons homeostasis.

5.2 Cancers
Many studies have highlighted the role of autophagy in maintaining

proper mitochondrial function. Concerning the role of mitophagy,

some studies based on the analysis of the phenotypes in mice deleted

for Parkin or PINK1 or for the BNIP3 and NIXmitophagy receptors have

indicated a tumor suppressor function for mitophagy.62,63 Preserving a

correct mitophagy process is necessary for limiting reactive oxygen species

(ROS) production, inflammation etc. By contrast, a block of mitophagy

can lead to excessive ROS production and favor apoptosis. From this

point of view, a general interest in mitophagy manipulation in order to

improve cancer therapy is emerging. Indeed, taking advantage of the tech-

nological advances, chemotherapeutic agents can be administered with

miRNAs to provide synergistic effects on patient. Interestingly, inhibition
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of autophagy/mitophagy enhanced drug sensitivity in several cases in

which autophagosome formation or autophagosomes-lysosomes fusion

events were inhibited.64,65 The block of mitochondrial clearance by

BNIP3L down-regulation enhanced doxorubicin sensitivity in colorectal

cancer stem cells.66 Even if macroautophagy inhibition has been already

accepted as a therapeutic strategy in cancer, few tools that specifically

block selective autophagy of mitochondria are available. Therefore,

microRNAs that target mitophagy through PINK1, Parkin or mitophagic

receptors down-regulation, are attractive. Interestingly, miR-218 was

found significantly decreased in breast cancer tissues.67 The authors

demonstrated, in vitro, that miR-218 overexpression induces apoptosis.

miR-218 mediated down-regulation of Parkin could be thus a potential

mechanism that may contribute to apoptosis in breast cancer cells.

Further studies are required to investigate this point. This microRNA is

also strongly down-regulated in human glioma and it has been shown

to work as a tumor suppressor in glioma cells.68–70 Again, the role of

mitophagy mediated by Parkin should be investigated in this context in

order to understand whether mitophagy could regulate tumorigenesis in

glioma cells. Interestingly, both miR-181a and Parkin siRNA sensitizes

SH-SYSY cells to apoptosis in response to mitochondrial stresses.42

miR-181a mediated down-regulation of Parkin, as well as other potential

known targets (i.e., anti-apoptotic proteins) may thus contribute to apo-

ptosis and underline miR-181a as a potential therapeutic strategy for

neuroblastoma.

Finally microRNAs have emerged as key modulators of cellular senes-

cence.71,72 Since autophagy seems to be a causative agent for senescence,

it would be interesting to evaluate the role of microRNA that control

mitophagy in this context. Since autophagy induction is known to favor

the immunogenic cell death (ICD) and thus to help in the success of

chemotherapy,73 it would also be interesting to test the use of miRNA’s

modulators of mitophagy in order to elucidate the role of mitophagy in ICD.

6. Conclusions

Since miRNAs/AntagoMirs deliverances can be easily performed

through the use of nanoparticles, their application in cancer or neurodegen-

erative disorders has started to become highly attractive.74 However,

because miRNA-based therapeutic is quite recent, there are some challenges

and limitations in their application. One major point is the fact that the
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modulation of miRNAs expression could have undesirable actions due to

certain off-target effects (numerous mRNAs targets can be regulated by a

single miRNA75). Further investigation in this regard is thus required in

order to ensure a safe application of this kind of biotechnologies. Taken

together, by linking microRNAs and mitophagy modulation, the studies

cited in this review provide novel and promising therapeutic strategies for

the treatment of mitochondrial-related diseases.
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Abstract
The role of mitophagy, a process that allows the removal of damaged mitochondria from cells, remains unknown in multiple
sclerosis (MS), a disease that is found associated with dysfunctional mitochondria. Here we have qualitatively and
quantitatively studied the main players in PINK1-mediated mitophagy in peripheral blood mononuclear cells (PBMCs) of
patients with relapsing–remitting MS. We found the variant c.491G>A (rs550510, p.G140E) of NDP52, one of the major
mitophagy receptor genes, associated with a MS cohort. Through the characterization of this variant, we discovered that the
residue 140 of human NDP52 is a crucial modulator of NDP52/LC3C binding, promoting the formation of autophagosomes
in order to drive efficient mitophagy. In addition, we found that in the PBMC population, NDP52 is mainly expressed in B
cells and by ensuring efficient mitophagy, it is able to limit the production of the proinflammatory cytokine TNF-α following
cell stimulation. In sum, our results contribute to a better understanding of the role of NDP52 in mitophagy and underline,
for the first time, a possible role of NDP52 in MS.

Introduction

Multiple sclerosis (MS) is an autoimmune disease with a
chronic inflammatory response in the central nervous sys-
tem that leads to demyelination and axonal damage
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resulting in motor, sensory, and cognitive lost. The causes
of the inflammatory process are not yet known but a well-
accepted theory indicates that several factors are involved,
including genetic predisposition to develop the disease and
environmental agents able to stimulate the immune system
and trigger the autoimmune reaction. Among these
hypotheses, there is the involvement of bacterial or viral
infections [1, 2]. Immune responses are triggered and dri-
ven, upon microbial infection, by the recognition of
pathogen-associated molecular patterns (PAMPs), by means
of a broad spectrum of pattern-recognition receptors (PRRs)
expressed on several innate and adaptive immune cells [3].
Toll-like receptors (TLRs) are generally perceived as the
main PRRs and serve as immune sensors for the detection
of specific PAMPs related to different pathogens [4].

Another characteristic of MS is the presence of mito-
chondrial dysfunctions associated with the pathology [5–7].
A mechanism called mitophagy selectively eliminates
altered mitochondria, in order to regulate the functional
quality of mitochondria and to reduce oxidative stress [8].
This removal mainly happens by a selective form of
autophagy after activation of the kinase PINK1 and the E3
ubiquitin ligase PARKIN. Following the loss of mito-
chondrial membrane potential, PINK1 is stabilized on the
outer mitochondrial membrane where it phosphorylates
ubiquitin at Ser65 and recruits two crucial redundant
mitophagy receptors OPTINEURIN (OPTN) and CAL-
COCO2/Nuclear dot protein 52 (NDP52) [9, 10]. These
receptors bind ubiquitinated mitochondria through their
ubiquitin-binding domain (UBD) and thanks to a LC3-
interacting region (LIR) motif, they bind Atg8 (autophagy-
related protein 8)/LC3 (microtubule-associated proteins 1A/
1B light chain 3B) proteins onto autophagosome mem-
branes in order to deliver mitochondria to the autophago-
somes [11]. More recently, the LIR motif has been shown to
serve as amplifiers of mitophagy by recruiting additional
OPTN or NDP52 to growing phagophore membranes [12].

It has been demonstrated that ATG5, a protein involved
in autophagy, and PARKIN increase in cerebrospinal fluid
and serum of MS patients, highlighting these autophagy/
mitophagy elements as new molecular markers of the dis-
ease’s active phases [13, 14]. However, the role of PINK1-
mediated mitophagy pathway in MS remains obscure.

In the present work, we, quantitatively and qualitatively
analyzed three indispensable proteins for the PINK1-
mediated mitophagy pathway, i.e., PINK1, OPTN, and
NDP52, in peripheral blood mononuclear cells (PBMCs) of
relapsing–remitting (RR)-MS patients. We identified a pos-
sible protective variant of NDP52 associated with MS
pathology, by promoting a more efficient clearance of
damaged mitochondria with respect to the wild-type (WT)
form. Finally, we discovered that, among PBMCs, NDP52 is

mainly expressed in the B cell subpopulation ensuring
effective mitophagy following B cell stimulation and redu-
cing the release of the proinflammatory cytokine TNF-α.

Results

PINK1-mediated mitophagy genes are upregulated
in PBMCs of RR-MS patients and damaged
mitochondria are accumulated

We evaluated mRNA expression of PINK1, OPTN, and
NDP52, the three indispensable PINK1-mediated mito-
phagy genes in PBMCs isolated from RR-MS patients (n=
35) and healthy donors (HD, n= 24). Our data indicate that
PINK1 and NDP52 genes are upregulated in RR-MS
patients with respect to controls (Fig. 1a, b). Of note, no
particular increase in mRNA OPTN was observed (Fig. 1c).
We found that both PINK1 and NDP52 protein levels were
also increased in RR-MS subjects compared to HD (Fig. 1d,
e). Again, OPTN protein levels were unchanged between
HD and MS subjects (Fig. 1f).

These findings provide evidence that the production of two
main mitophagy elements of the PINK1-mediated mitophagy
is induced in PBMCs of MS patients, suggesting that mito-
phagy is most likely stimulated in PBMCs of RR-MS patients.

Since mitophagy induction is typically characterized by a
decreased mitochondrial mass, we thought to examine
mitochondrial content in PBMCs by checking the levels of
two inner mitochondrial membrane markers, the cyto-
chrome c oxidase subunit II (COXII) and cytochrome c
oxidase subunit IV (COXIV). We observed an increase in
both COXII and COXIV protein levels in MS patients
compared to HD (Fig. 1g), suggesting a putative block in
mitochondrial clearance. Consistent with this increase, we
observed an increase in the mitochondrial DNA (mtDNA)/
nuclear DNA ratio (mtDNA:nucDNA ratio) in RR-MS
patients compared to HD (Fig. 1h).

Our results show that mitochondria of RR-MS patients
display a reduced membrane potential (ΔΨm) compared to
HD (Fig. 1i), indicating that the accumulated mitochondria
in RR-MS patients were corresponding to damaged mito-
chondria. We next thought to assess whether such mito-
chondrial dysfunction was associated with oxidative stress
by evaluating the content of putative carbonyl groups
introduced into proteins. As shown in Fig. 1j, protein
extracts from PBMCs of RR-MS patients show an increase
in protein carbonylation compared to HD.

Altogether, these data indicate that, even if PINK1 and
NDP52 genes are induced in RR-MS patients, damaged
mitochondria are found accumulated, participating most
likely in oxidative stress production and in inflammation.
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Fig. 1 PINK1-mediated mitophagy genes are increased in PBMCs
of multiple sclerosis patients. a–c PINK1, NDP52, and OPTN mRNA
levels, respectively, were analyzed in PBMCs of healthy donors
(HD= 24) or multiple sclerosis patients (RR-MS= 35) by qPCR ana-
lysis. B2M was used as housekeeping gene. d PBMCs from HD or RR-
MS people were lysated and immunoblotted for PINK1 and Vinculin
antibodies (HD= 10; RR-MS= 28). The graph reports the PINK1/
Vinculin ratio. e PBMCs from HD or RR-MS people were lysated and
immunoblotted for NDP52 and Vinculin antibodies (HD= 10;
RR-MS= 28). The graph reports the NDP52/Vinculin ratio. f Protein
lysates from PBMCs were immunoblotted for OPTN (HD= 10;
RR-MS= 26). Vinculin was used as loading control. The graphs show
and OPTN/Vinculin ratio. g PBMCs from HD (n= 5) or RR-MS

(n= 28) subjects were lysated and immunoblotted for the indicated
antibodies. h The graph analyzed the mtDNA/nucDNA ratio in PBMCs
of HD (n= 4) or RR-MS patients (n= 28) by qPCR analysis. i Four HD
or 4 RR-MS PBMCs were stained with 10 nM of TMRM and analyzed
by flow cytometry to measure the fluorescence intensity of the dye. The
median FL-2A of HD patients were reported to 1 and compared to RR-
MS patients. j Representative image of protein carbonylation analysis
from HD or RR-MS PBMCs. The graph showing protein oxidation
status (a.u.). All the quantifications resulting as the mean of at least three
independent experiments (±SD). Statistical analysis was performed using
Student t-test with Welch’s correction (*P < 0.05; **P < 0.01; ***P <
0.001, n.s.: not significant).
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NDP52 G140E variant was associated and
genetically protective in MS

We next qualitatively analyzed the main mitophagy receptors
involved in PINK1-mediated mitophagy in RR-MS patients.
To this end, we extracted cDNA from PBMCs of RR-MS
patients and amplified the two main functional fragments of
both NDP52 and OPTN: the UBD and the LIR domains. We
sequenced the extracted cDNA of 35 RR-MS patients in
order to search for putative point mutations or specific
polymorphisms in these functional fragments. We did not
find any changes in the OPTN gene (data not shown).
Instead, we observed the presence of c.491G>A (rs550510, p.
G140E) variant in the LIR region of NDP52. We thus per-
formed a genotyping analysis on a cohort of 203 RR-MS
patients and 1000 control subjects. The frequency distribution
of the alleles showed a higher frequency of the variant allele
(A) in the control group with respect to cases. Similarly, the
frequency distribution of the genotypes in our cohort showed
a higher frequency of heterozygous (GA) and homozygous
(AA) genotypes in the control group. The biostatistical ana-
lysis revealed a statistically significant association of
c.491G>A variant with the disease (P= 0.007), with the A
allele being protective (odds ratio, OR, A= 0.65, 95% CI:
0.48–0.89) for MS (Table 1). The allele association has been
further confirmed by the genotype association, as shown by
the P and OR of GA and AA genotypes, respectively
(Table 1). Taken together, these results suggest that the
NDP52 variant may confer protection to MS.

NDP52 G140E substitution increases the binding
with LC3C

NDP52 is known to negatively regulate TLR-triggered NF-
κB activation and to be degraded in the course of TLR
activation [15]. Because enhanced immune response may
benefit MS patients by eliminating microbes, we first
anticipated that NDP52 G140E variant might be protective in
MS by being more stable than the WT form of the protein
after TLR3 stimulation and therefore by favoring activation

of NF-kB. In order to verify this aspect in cells, we generated
the NDP52 G140E mutant (hereafter called NDP52GE). We
evaluated the stability of NDP52GE under Polyinosinic:
polycytidylic acid treatment (Poly (I:C))-triggered TLR-
activating conditions and whether NDP52GE was capable of
dampening proinflammatory signaling. To this end, we
transfected HeLa cells (that are known to express TLR3)
with vectors encoding NDP52WT or NDP52GE and we treated
cells with Poly (I:C) in order to mimic viral infection. TLR
activation resulted in similar degradation of both NDP52WT

and NDP52GE variants (Supplementary Fig. 1a). Moreover,
by quantifying the ratio of nuclear/cytoplasmic presence of
p65/NF-kB in NDP52-expressing cells, we did not observe
differences of NF-kB activation between NDP52WT and
NDP52GE expressing cells (Supplementary Fig. 1b). These
data indicate that the substitution G140E of NDP52 did not
affect its function in regulating TLR signaling.

At this point we hypothesized that NDP52GE may miti-
gate MS disease by clearing more efficiently damaged
mitochondria compared to the WT form of the protein.
Since the NDP52GE variant is subjected to an amino acid
modification near its cLIR motif, we postulated that
NDP52GE may favor the binding between LC3C, its pre-
ferential LC3 binding partner [16]. By performing co-
immunoprecipitation experiments, we analyzed
NDP52–LC3C interaction in basal conditions. We co-
transfected HEK293 cells with a vector encoding HA-LC3C
and a vector encoding FLAG-NDP52WT or FLAG-
NDP52GE. We observed that G substitution in E at resi-
due 140 enhanced the ability of NDP52 to interact with
LC3C (Fig. 2a, b). We reinforced these data by performing
a confocal microscopy analysis in which we analyzed the
colocalization between NDP52 variants and LC3C. As
shown on Fig. 2c, d, the colocalization between NDP52GE

and LC3C is higher with respect to the one between
NDP52WT and LC3C.

To verify whether the highest ability of NDP52GE to bind
LC3C occurs also following mitophagy induction, we
checked for this binding following Oligomycin/Antimycin-
A treatment (O/A), two agents commonly used to induce

Table 1 NDP52 c.491G>A (rs550510, p.G140E) associates with a decreased susceptibility to MS.

Gene SNP Allele Allele frequencies (cases) Allele frequencies (controls) P OR (95% CI)

NDP52 rs550510 G/A G 0.870 0.814 0.007 G: 1.53 (1.12–2.08)

A 0.130 0.186 A: 0.65 (0.48–0.89)

Genotype Genotype frequencies (cases) Genotype frequencies (controls) P OR (95% CI)

GG 0.750 0.667 0.022 –

GA 0.240 0.293 GA: 0.73 (0.52–1.04)

AA 0.010 0.040 AA: 0.22 (0.05–0.92)

Results obtained by the biostatistical analysis performed on the genotyping results of 203 RR-MS patients and 1000 healthy control subjects.

SNP single nucleotide polymorphism, OR odds ratio, CI confidence interval.
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mitochondrial damage. We did not observe an increase of
binding between NDP52 and LC3C following O/A (Sup-
plementary Fig. 2a). We thus hypothesized that the stimulus
of mitophagy induction plus the variant NDP52GE was too
strong, accelerating the autophagy/mitophagy flux. We thus
blocked the autophagy flux by adding Chloroquine (CQ) to
O/A treatment and we found a stronger binding between

NDP52GE and LC3C under mitochondrial stress compared
with the NDP52WT condition (Fig. 2e, f). We confirmed
these data by performing confocal microcopy analysis
(Fig. 2g, h and Supplementary Fig. 2b).

Altogether, these results indicate that the amino acid on
position 140 of NDP52 influences its interaction with LC3C
both in basal condition and following mitophagy induction.
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NDP52 G140E substitution induces a conformational
changes around LIR motif, enhancing the binding
between NDP52 and LC3C

In order to characterize the interaction between NDP52 and
LC3C protein, we performed isothermal titration calorimetry
(ITC) experiments in which synthetic peptides spanning the
short NDP52 cLIR motif were titrated into LC3C protein.
We observed a very small increase in affinity for the mutated
NDP52 peptide (KD values are 5.4 µM for NDP52128–155,
and 4.5 µM for NDP52GE128–155) and decrease of unfavor-
able (positive) binding enthalpy (Fig. 3a). The same ten-
dency was observed in LC3B-based ITC experiments
(Supplementary Fig. 3a–d and Supplementary Table 2). The
decrease in unfavorable enthalpy indicates that the “enthal-
pically” favorable interactions could play a role in the
G140E-mediated NDP52 affinity increase to LC3C and
LC3B proteins. ITC results are in agreement with the affi-
nities reported previously and indicated preference of LC3C
for interaction with NDP52 cLIR [16].

In order to validate the ITC data and understand the
mechanism of the affinity increase, we performed nuclear
magnetic resonance (NMR) titration experiments, in which
we titrated non-labeled NDP52128–224 and NDP52GE128–224
into the 15N-labeled LC3C sample (Fig. 3b–d). Both titration
experiments showed that the chemical shift perturbations
(CSPs) undergo intermediate to slow exchange modes,
confirming low µM KD values for both NDP52 constructs.
The resonances in the most relevant LC3C regions (β-strand
2 and in close proximity to it, HP1 and HP2) disappeared
upon interaction with NDP52 and did not appeared again,
indicating specific dynamics of the NDP52 constructs with
equilibria between unfolded and α-helical conformations of

the fragments observed by 1D NMR spectra (Supplementary
Fig. 3e). It was possible to map CSPs on LC3C sequence
and 3D structure (Fig. 3c). We observed few differences
between the CSPs. The first difference is the CSP altitude—
addition of NDP52GE128–224 induced either larger CSP (like
R76 HN resonance, Fig. 3b) or different direction CSP (like
V89 HN resonance, Supplementary Fig. 3f) for a set of
LC3C residues. These differences are overviewed in Fig. 3d
where the different CSP values (ΔΔδ) were mapped on the
LC3C sequence and surface. The second difference is the
dynamic behavior of the CSPs—a number of LC3C reso-
nances showed more slow exchange mode upon titration
with NDP52GE128–224 construct when with NDP52128–224
(I73 HN resonance in Fig. 3b). The larger CSP values and
“slower” exchange mode indicate clear preference of LC3C
protein to the NDP52GE variant, while different direction
CSPs indicate changes in the resonance’s microenvironment
upon addition of mutated NDP52 fragment.

Since the data suggest that the NDP52 G140E mutation
affects intermolecular electrostatic interactions and con-
formational equilibria of close proximity to G/E140, we
used molecular modeling and simulations to address this
hypothesis. It is known that the C-terminal LIR extensions
can modulate its binding affinity to human ATG8 proteins
[17–21]. For example, FYCO1 LIR C-terminal extension
was reported to form an α-helix and a key network of
intermolecular electrostatic interactions was mediated by
E1246, forming intermolecular hydrogen bonds with LC3B
residue R70 [22]. G140 in NDP52 corresponds to E1246 in
FYCO1 with respect to the position in sequence of the LIR
motifs in these two proteins. We thus speculate that
increased affinity of the NDP52GE variant to LC3C could be
due to a similar scenario, including the formation of a salt
bridge between E140 in NDP52GE and LC3C R76. G140 is
located at the N-terminus of the predicted α-helical area
(coiled-coil (cc) region) and the G140E substitution could
also stabilize the helical structure.

We thus built a model for the LC3C8–127-NDP52
GE

125–147

complex and carried out unbiased molecular dynamics
(MD) simulations (see GitHub repository) (Fig. 3e). We
used MD simulations to see if conformational changes that
favor the formation of a salt bridge or other electrostatic
interactions in proximity of R76 are likely to occur. During
unbiased hundreds ns MD simulations, we observed a low
tendency for intermolecular salt bridge or hydrogen bond
formation for E140 with LC3C residues. For example, we
only found a salt bridge interaction between the charged
groups of R76 and E140, in less than 1% of the MD
structures (see GitHub repository). This is likely due to
inherent limitations in the sampling of the conformational
space that classical MD can provide [23], as our starting
structures did not feature the salt bridge in question. We
thus applied another approach based on the metadynamics

Fig. 2 The NDP52 G140E variant increases NDP52-LC3C bind-
ing. a Representative image of co-immunoprecipitation experiment in
which HEK293 cells were co-transfected with Flag-NDP52WT or Flag-
NDP52GE vectors in combination with HA-LC3C. b The graph
represents the ratio between LC3C and NDP52 (n= 4). c HEK293
cells co-transfected as indicated in (a) were subjected to confocal
immunofluorescence in order to evaluate LC3C-NDP52 colocaliza-
tion. Scale bar 8 μm. d The graph indicates the colocalization value
between LC3C and wild-type or mutant NDP52. e HEK293 cells co-
transfected with pcDNA3 (empty vector) or Flag-NDP52WT or Flag-
NDP52GE vectors in combination with HA-LC3C were treated with O/
A (10 μM/4 μM) and CQ (20 μM) for the indicated times and subjected
to co-immunoprecipitation analysis. f The graph represents the ratio
between LC3C and NDP52 in O/A+ CQ condition (n= 3). g
HEK293 cells co-transfected as indicated in (a) were treated with O/A
in order to induce mitophagy. Confocal immunofluorescence analysis
evaluates LC3C-NDP52 colocalization. Scale bar 8 μm. h The graph
indicates the colocalization (Pearson coefficient) between LC3C and
wild-type or mutant NDP52, upon mitophagy induction. All the
quantifications resulting as the mean of at least three independent
experiments (±SD). Statistical analysis was performed using Student t-
test (*P < 0.05; **P < 0.01).
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algorithm in the well-tempered ensemble flavor to boost the
sampling of the conformational space [24, 25]. We
observed two main free energy minima separated by other
less populated states. The first one is in the range of 3–5Å,
which is compatible with the salt bridge formation between
E140 and R76 and the second one is in the range of

16–18Å, which is similar to the distance between the two
groups at the beginning of the simulation. The latter is likely
to be overestimated due to the starting conformation of our
model (Fig. 3f).

Taken together, these results give a proof of concept that
the point mutation in G140 in “E” induces a specific
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conformation of the region near the NDP52-LIR domain,
which favor its interaction with LC3C (and most likely with
all mATG8 proteins).

NDP52GE promotes a more efficient initiation of
mitophagy compared to the wild-type form of
NDP52

Several studies have demonstrated the importance of the
LIR motif for selective autophagy [26, 27]. More recently,
the LIR motif has been shown to mediate the translocation
of autophagy receptors to mitochondria independently of

the ubiquitin binding [12]. Since NDP52 plays a key role
during autophagosome initiation by promoting the recruit-
ment of the ULK1 complex to mitochondria, thanks to its
LC3 binding [28], we hypothesized that NDP52GE, by
binding more efficiently LC3C, could be localized at the
mitochondrial surface at higher levels when compared to its
WT isoform. We thus checked, by performing confocal
microscopy analysis, NDP52 localization on mitochondria
in HEK293. Cells were transfected with vectors encoding
NDP52WT or NDP52GE and mitochondria were stained with
TOM20 antibody. We found a higher localization of
NDP52GE to mitochondria respect to its WT form in basal
condition (Fig. 4a–c). Moreover, we noticed that the mito-
chondrial network was reduced in NDP52GE positive cells
compared to the NDP52WT positive cells, suggesting a basal
mitophagy induction in NDP52GE positive cells.

These data indicate that NDP52GE, which binds LC3C
with a higher affinity, is more translocated to mitochondria
compared to the WT form.

We next postulated that NDP52GE may favor the
recruitment of the machinery necessary for autophagosome
formation. We thus quantified the formation of autopha-
gosome initiation dots containing the ULK1 complex sub-
unit ATG13 [28, 29] in cells expressing NDP52WT or
NDP52GE after O/A treatment. Our data indicate that the
overall number of ATG13 dots in cells expressing
NDP52GE was significantly higher than those expressing
NDP52WT (Fig. 4d). Consistent with this, the recruitment of
ATG16L1, a downstream autophagy effector, was also
enhanced in cells expressing NDP52GE (Fig. 4e). We next
assessed the mitophagy activity of LIR-mutant NDP52GE

and NDP52WT in endogenous NDP52-downregulated
HEK293 cells. We found that NDP52GE significantly
degraded COXII and COXIV compared to NDP52WT

(Fig. 4f). In agreement, we found that NDP52GE is degraded
to a higher level than the WT form of the protein following
O/A treatment (Supplementary Fig. 4). We confirmed these
data by evaluating the mitochondrial mass using the
MitoTracker-Green dye (Fig. 4g).

These results demonstrate that NDP52GE recruits, with
more efficiency, the platform necessary for autophagosome
formation during mitophagy and promotes a rapid clearance
of damaged mitochondria compared to the WT form
of NDP52.

NDP52, predominantly expressed in B cells, ensures
effective mitophagy and reduces secretion of the
proinflammatory cytokine TNF-α following B cell
stimulation

To better understand the role of NDP52 in blood cells, we
checked in which subpopulation of PBMCs NDP52 was
expressed. We discovered that NDP52 was highly expressed

Fig. 3 The NDP52 variant G140E shows propensity for an inter-
molecular salt bridge with R76 of LC3C. NDP52 G140E mutation
enhances interaction between NDP52 and LC3C. a ITC analysis of the
interaction between LC3C and peptides contained NDP52 LIR motif.
Titrations of the NDP52128–155 peptide (NDP52 WT, left panel) and
NDP52GE128–155 peptide (NDP52 G140E, right panel) to LC3C protein
showed slight preference of LC3C to the NDP52GE128–155 (KD values
and enthalpies for each interaction are indicated at the plots). The
upper graph shows the raw measurement; the lower diagram represents
the intergraded heat per injection (squares) and best fit function (solid
line). All thermodynamic parameters are summarized in Supplemen-
tary Table 2. b NMR titration of 15N-labeled LC3C with NDP52128–224
and NDP52GE128–224 peptides. The representative area (the “finger-
print” area, containing LC3C K55 and L64 HN resonances) of the
LC3C 15N-1H-TROSY-HSQC spectra upon titration with
NDP52128–224 (left panel) and NDP52GE128–224 (right panel). Increasing
concentrations of peptide are indicated with the rainbow color code
from red (free LC3C) to violet (four times peptides excess). Identified
CSP are highlighted by solid line arrows, the CSP exhibited difference
between NDP52128–224 and NDP52GE128–224 peptides are showed by
dashed arrows at the right plot. c CSP values (Δδ) for LC3C HN
resonances at the last titration stages with NDP52128–224 are plotted
against residues numbers. The bars for Δδ below standard deviation
value (σ, calculated for all identified CSPs) are colored gray; for σ <
Δδ < 2σ—yellow; and for Δδ above 2σ—red. Violet bars represent the
residues that resonances disappear upon addition of NDP52128–224 and
do not appear again (strong interaction with intermediate to slow
exchange mode). Their Δδ values are set to the Δδ values of neighbor
residues. The CSP values mapped on the LC3C protein structure
(ribbon diagrams, PDB ID 1GNU) are shown in the upper right corner
with the same color code. d Differences of CSP values (ΔΔδ) induced
upon titration of NDP52128–224 and NDP52GE128–224 into 15N-labeled
LC3C are mapped on the LC3C sequence and structure. The color
code is the same as at c. e The cartoon representation shows one of the
selected models of LC3C13–126-NDP52125–147 G140E as a reference
with a gradient of colors from N- to C-terminal (light blue to dark blue
for LC3C13–126 and yellow to green for NDP52125–147). The stick
representation highlights the residue E140 of NDP52 and R76 of
LC3C forming possible electrostatic interaction. The dotted line (hot
pink) indicates the distance between the atoms Cδ of E140 and Cζ of
R76. f The plot shows the one-dimensional free energy surface of the
distance between E140 of NDP52 and R76 of LC3C as calculated by
WTE-metaD simulation. The profile indicates two main minima,
separated by less populated states. We highlighted the first minima
(hot pink) in the range of distance (3–5Å) compatible with the for-
mation of a salt bridge for sake of clarity. The bottom panel highlights
the side chain of E140 (green) and R76 (blue) and the distance
between their Cδ and Cζ atoms (hot pink dotted line) that we used as a
collective variable in the well-tempered metadynamics simulation.
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in B cells compared to T cells or monocytes (Fig. 5a, b). In
order to exclude that the increase of NDP52 expression
found in MS patients (Fig. 1e) was due to an increase in B
cells population, we compared the number of B cells in
healthy patients versus MS patients. As illustrated in Sup-
plementary Fig. 5, no difference between the two popula-
tions was observed, confirming that NDP52 is upregulated in

B cells of MS patients compared to healthy controls. Since B
cells play a key role in MS disease [30], we checked the
levels of NDP52 after stimulation of B cells and found that
the expression of NDP52 was increased after stimulation
with PMA and Ionomycin (PMA/Iono) (Fig. 5c, d).

We thus hypothesized that NDP52 may be a key element
for correct mitophagy occurrence in B cells, reducing the
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release of proinflammatory cytokines that trigger inflam-
mation in MS patients. To test this, in order to manipulate
NDP52 expression, we moved to a lymphoblastoid cell line
(LCL) derived from a healthy patient. First, we checked
whether NDP52 could be also modulated following stimu-
lation of these cells. As illustrated in Fig. 5c, the PMA/Iono
treatment was sufficient to induce an upregulation of
NDP52. In addition, we found that NDP52 increase was
accompanied by a decrease of COXII protein, indicating
induction of mitophagy. By contrast, downregulation of
NDP52 favors COXII accumulation thus inhibiting mito-
chondrial clearance (Fig. 5e–g). Also, by performing
enzyme-linked immunosorbent assay (ELISA), we found
that human proinflammatory cytokine TNF-α was increased
in LCL cells downregulated for NDP52 compared to control
cells stimulated with PMA/Iono (Fig. 5h).

In summary, our data underline NDP52 as a novel reg-
ulator of the immune response in B cells. In particular, we
found that NDP52, by ensuring correct mitochondrial
clearance following B cell stimulation, limits proin-
flammatory cytokine production.

Altogether our data suggest that NDP52GE variant may
be protective in MS thanks to its higher ability to induce
mitophagy respect to the WT form and we can assume that,
by acting on B cells, this pro-mitophagic activity may
reduce inflammation in MS patients (Fig. 6).

Discussion

Our study reveals that PINK1 and NDP52 expressions are
induced in PBMCs of RR-MS patients. Since RR-MS

patients displayed an accumulation of NDP52 and a block
in mitochondrial clearance, we suggest that mitophagy
induction is not sufficient to remove damaged mitochondria.
In fact, we found an accumulation of mitochondria
accompanied by oxidative stress in PBMCs of RR-MS
patients. Interestingly, an increase of PINK1 protein has
been found in MS brain lesions [31]. These data suggest
that most likely, PINK1-mediated mitophagy may also be
stimulated in the brain of MS patients. Of note, we did not
find positive correlation between high expression of PINK1
and NDP52 in PBMCs of single MS patients (Supplemen-
tary Fig. 6). Moreover, we cannot exclude that an increase
in the OPTN mRNA levels is necessary for correct mito-
phagy induction in PBMCs of RR-MS patients. Therefore,
further investigation of this aspect may explain why mito-
phagy is not sufficient to remove damaged mitochondria in
PBMCs of RR-MS subjects.

Our results reveal a significant association of NDP52
c.491G>A (rs550510, p.G140E) with a decreased susceptibility
to MS. Interestingly, a risk polymorphism in the NDP52 gene
has been found to be associated with Crohn’s disease [32].
Functionally, the authors found that the NDP52 risk variant is
more stable compared to the WT form following TLR sig-
naling stimulation, favoring inflammation. We did not find
differences between our variants in regulating TLR signaling
but our data showed that the NDP52GE variant is more efficient
in mitochondria removal. We have identified an amino acid in
NDP52 sequence that is crucial in order to extend the cLIR
motif and favor its binding with LC3C, inducing a positive
feedback loop on phagophore formation and thus on mito-
phagy. Our data support the ubiquitin-independent mechanism
of autophagy receptor recruitment discovered by Padman et al.
[12]. The exact mechanism of the affinity enhancement still
needs a careful investigation. It is necessary to understand the
role of the G140E mutation in the stabilization of the predicted
NDP52 cc-region C-terminally to the cLIR motif. Interestingly,
another non-canonical LIR-like motif is located in the cc-
regions (residues 203-DYWE-206, [33]). This LIR-like motif
showed preference for LC3B protein and seems could prompt
autophagosome maturation. Indeed, NDP52 constructs pos-
sessing both cLIR and LIR-like motifs showed more complex
ITC profile (Supplementary Fig. 3c). We cannot exclude that
other signals could affect the length and stability of the cc-
region in order to induce a stronger pro-mitophagy activity of
NDP52GE. A more comprehensive computational study should
be carried to quantitatively estimate the propensity for hydro-
gen bonds or/and salt bridge formation.

Of note, available data on rs550510 variant (reported on
1000Genomes and GnomAD databases of genetic variants
annotation) indicate that the protective allele is more com-
mon in some populations (i.e., East Asian) than others (i.e.,
Europe). Since genetic features, environmental factors and
habits influence variant distribution, it is not a surprise that,

Fig. 4 The NDP52 G140E variant favors phagophore formation
and efficient mitophagy. a HEK293 cells transfected Flag-NDP52WT

or Flag-NDP52GE vectors were fixed and immunostained with anti-
bodies against TOM20 in order to label mitochondria and Flag to
detect NDP52 transfected cells. Scale bar 5 μm. b The graph represents
the colocalization (Pearson coefficient) between mitochondrial marker
TOMM20 and NDP52 evaluated on in single transfected cells from
three independent experiments. c The graph represents mitochondrial
content in Flag-NDP52WT or Flag-NDP52GE transfected cells (27 cells
in total from three independent experiments) following mitophagy
induction. d, e Representative confocal microscopy images in which
HEK293 cells transfected and treated as indicated in (a). Scale bar 8
μm. The graphs report the number of ATG13 (d) or ATG16L (e) foci
per cell (n= 23 cells), respectively. f HEK293 cells downregulated for
NDP52 using specific siRNA were next transfected with pcDNA3,
Flag-NDP52WT or Flag-NDP52GE vectors and treated with O/A (10
μM/4 μM) for 8 h. Mitochondrial markers COXII and COXIV were
detected by western blot. HSP90 was used as loading control. The
graphs represent the COXII/HSP90 or COXIV/HSP90 ratio in mito-
phagy condition, resulting as the mean of three independent experi-
ments (±SD). g Cell treated as in (f) were stained with the MitoTracker
Green probe and analyzed by FACS analysis. All statistical analysis
were performed using Student t-test (*P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001).
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Fig. 5 The NDP52 G140E substitution decreases the production of
proinflammatory cytokine in B cells. a Total PBMCs, monocytes, B
or T cells from healthy donors (HD) were lysated and immunoblotted
for NDP52 and Vinculin antibodies (HD= 3). b The graph reports the
NDP52/Vinculin ratio of three independent experiments. c Immuno-
blotting image of B cells from HD were stimulated with PMA (20 ng/
ml) and Ionomycin (200 ng/ml) treatment for 12 h. d The graph reports
the NDP52/Vinculin ratio in basal or PMA/Iono condition of three
independent experiments. e LCL cells were downregulated or not for
NDP52 using specific siRNA and then stimulated with PMA (20 ng/ml)

and Ionomycin (200 ng/ml) treatment for 12 h. The levels of NDP52,
COXII and Vinculin (as a loading control) have been detected by
western blot. f The graph reports the NDP52/Vinculin ratio of three
independent experiments. g The graph reports the COXII/Vinculin ratio
of three independent experiments. h The graphs report the results of
ELISA test performed to detect TNF-α in the supernatant of LCL cells
(n= 4). All quantifications resulting as the mean of at least three
independent experiments (±SD). Statistical analysis was performed
using Student t-test (*P < 0.05; **P < 0.01).
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like other genetic polymorphism, the NDP52GE variant
shows a variable frequency distributions among the
worldwide populations. It should be interesting to investi-
gate, in the future, why such an efficient variant has not
been selected too much in the European population.

Our results highlight that NDP52 protein is mainly expres-
sed in B cell subset. We found that the absence of NDP52 is
associated with a block in mitochondrial clearance and an
increased production of the proinflammatory cytokine TNF-α
following B cell stimulation, underlying a critical role of
NDP52 in regulating mitophagy in B cells. Interestingly,
defects in mitochondrial clearance predispose human mono-
cytes to interleukin-1β hyper-secretion [34]. In the future, it
would be interesting to check whether B cells isolated fromMS
patients bearing the NDP52GE variant exhibit a particular
cytokines profile. Since we found that NDP52GE is more
“mitophagic” than the WT form of the protein, we believe that
this variant may prevent the release of proinflammatory cyto-
kines (and maybe mitochondrial factors) that trigger inflam-
mation in MS patients and most likely in other autoimmune
diseases. However, we cannot exclude that, as a mitophagy and
xenophagy receptor, NDP52 has other protective effects.
Hence, additional studies will be needed to clarify this point.

Our work indicates that small molecule development to
treat complex diseases, such as MS, may focus on com-
pounds enhancing/stabilizing LIR-dependent interactions
between NDP52 and human ATG8-family proteins, thereby
opening an important path for the generation of therapeutic
agents in addition to compounds that can enhance autop-
hagy/mitophagy process.

Materials and methods

Human samples

Blood samples were collected from 238 untreated patients
(females and males, age mean: 35 years) admitted to the
neurological clinic of Santa Lucia Foundation of Rome or
already stored in its biobank, and diagnosed as suffering
from RR-MS, according to internationally established cri-
teria [34]. The diagnosis of MS was established at the end
of the diagnostic protocol by clinical, laboratory, and
magnetic resonance imaging parameters, and matched
published criteria. The Expanded Disability Status Scale
scores were always <3 for RR-MS. All RR-MS patients

Fig. 6 The “protective” variant NDP52GE potentiates PINK1-
mediated mitophagy and may reduce inflammation in RR-MS
patients. The PBMC inflammatory state in RR-MS patients induces a
robust production of PINK1-mediated mitophagy elements (PINK1
and NDP52). Despite this fact, we noticed a block in mitochondrial
clearance and thus an accumulation of dysfunctional mitochondria.
The defect in mitochondrial clearance may thus favor a feedback

inflammation loop in PBMCs of RR-MS patients. The substitution
G140E of NDP52 (NDP52GE, protective variant in MS) improves the
efficiency of mitophagy compared to the WT (NDP52WT) form of the
protein (by binding more LC3C and thus favoring phagophore for-
mation) and this allows most likely B cells to decrease their proin-
flammatory cytokine production thus reducing inflammation.

2510 A. Di Rita et al.



were treatment-naive, and blood collection was performed
at least 1 month after the last corticosteroid therapy [35]. All
peripheral blood samples were collected after obtaining the
written informed consent of the study participants, in
accordance with the Helsinki Declaration. Most of the
samples were stored in the Biobank and a small part of them
comes from the project CE/AG4-PROG.246–121. The
study protocol was approved by the local ethic committee of
the recruitment center.

PBMCs were separated by density gradient over Ficoll-
Hypaque, according to standard procedures. Briefly,
heparinized blood was diluted with one volume of PBS and
gently layered over the Ficoll. Following centrifugation at
660 g for 30 min, cells at the interface of the gradient were
collected and washed three times.

Sorting of cells

To separate the different immune populations present in the
peripheral blood, we used magnetic beads for cell isolation of
Miltenyi Biotec. Specifically, we used anti human antibodies
CD19 PE, CD3 PE, and CD14 PE followed by anti-PE
Microbeads to separate B lymphocytes, T lymphocytes, and
monocytes, respectively. After separation the samples were
analyzed by CytoFLEX cytometer (Beckman Coulter) and
only samples with a purity greater than 90% were considered
for the study.

Count of B cells

Antibodies against CD45, CD3, CD19 and CD20 were
added to 1 ml of whole blood from 31 HD and 24 patients
with MS at the predetermined concentrations. After lysis of
the red blood cells they were resuspended in 1 ml of PBS
and analyzed by CytoFLEX (Beckman Coulter) flow cyt-
ometer that allows to have the event count per microliter.

Quantitative real-time PCR (qRT-PCR)

RNA from thawed PBMCs samples of MS and HD subjects
was isolated and then retro-transcribed using the ReliaPrep
RNA Cell Miniprep System (Promega) according to the
manufacturer’s instruction.

The quantitative analysis of cDNA in PBMCs was per-
formed using quantitative real-time polymerase chain reac-
tion (PCR) for PINK1 (Primer FW: GGGAGTATGGA
GCAGTCAC; Primer RW: AGCACATCAGGGTAGTCG),
NDP52 (Primer FW: CCTTTCCAATTCCGTCCAG; Pri-
mer RW: TGAGTTCTGCTTCTGGAGG), OPTN (Primer
FW: GGAGCACAGAGAAAGAGAATG; Primer RW:
CGCTGAGTTTTGTATGAGCC), and the housekeeping
gene B2M (Primer FW: CTCCGTGGCCTTAGCTGTG;
Primer RW: TCTCTGCTGGATGACGTGAG). All genes

content were calculated with the ΔΔCt method after nor-
malization on B2M.

mtDNA levels assessment

We checked for the mtDNA/nuclear DNA ratio (mtDNA:
nucDNA ratio) levels in PBMCs by performing RT-PCR
for mitochondrial COXII (Primer FW: GTCCTGTATGC
CCTTTTCCTAACACTC; Primer RV: GACCTCGTCT
GTTATGTAAAGGATGCG). We used B2M as house-
keeping gene (Primer FW: CTCCGTGGCCTTAGCTGTG;
Primer RV: TCTCTGCTGGATGACGTGAG). DNA were
isolated from PBMCs using the ReliaPrep RNA Cell
Miniprep System (Promega) according to the manu-
facturer’s instruction. COXII content was calculated with
the ΔΔCt method after normalization on B2M.

Measurement of the mitochondrial membrane
potential and mitochondrial mass

Mitochondrial membrane potential (ΔΨm) was estimated by
probing the fluorescent intensity. PBMCs were washed and
incubated at 37 °C with 10 nM of TMRM+ for 30min in
DPBS. After the incubation, cells were washed with PBS and
trypsinized off and resuspended in 0.5ml of DPBS. TMRM+

were excited at 488 nm, and fluorescence emitted at 588 nm
were measured with (FL2) channel by FACS using the Cyto-
FLEX flow cytometer (Beckman Coulter). For each sample,
approximately 300,000 lymphocytes were selected based on
physical size (FSC) and grain size (SSC) parameters, and
analysis was conduced using the FlowJo v10.5 software
(TreeStar, Ashland, OR). The data were expressed in mean
fluorescence intensity. Mitochondrial mass was analyzed by
FACS analysis by using the MitoTracker Green FM dye
(Thermo Fisher). HEK293 cells were exposed to 150 nM
MitoTracker Green FM for 30min at 37 °C, washed in PBS
and analyzed by flow cytometry. FACS analysis were con-
ducted using the FlowJo v10.5 software (TreeStar,
Ashland, OR).

Protein oxidation assay

PBMCs from healthy or MS subjects were lysed in RIPA
buffer as described above. The DPN-derivatized proteins
containing carbonyl groups were evaluated by using the
OxyBlot Protein Oxidation Detection Kit (Millipore
S7150), according to the manufacture’s protocol.

Cell lines and primary cells cultures

HeLa and HEK293 cells were cultured in Dulbecco mod-
ified Eagle medium (GIBCO 41966-029) supplemented
with 10% fetal bovine serum (FBS) (Thermo Fisher
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Scientific, 10270-106) at 37 °C under 5% CO2. These cells
were coming from an in-house stock. All cell lines were
routinely tested for mycoplasma contamination. B cells
(isolated by FACS from healthy patients) and LCL cell line
(kind gift form Dr Battistini Lab, IRCCS Fondazione Santa
Lucia) were cultured in RPMI 1640 medium (Thermo
Fisher 21875) supplemented with 10% FBS.

Cells transfection, cell interference, and treatment

Transient transfections of WT or mutant plasmids or siRNA
oligo were performed using Lipofectamine 2000 according
to the supplier’s instructions (Invitrogen, 11668019). Cells
were treated with the combined treatment O/A [10 μM
Oligomycin (Calbiochem)/4 μM Antimycin A (Sigma)] in
order to induce mitophagy. Cells were treated with PMA/
Iono (Sigma, 20 and 200 ng/ml, respectively) in order to
stimulate B cells or with Poly (I:C) (Sigma, 50 μg/ml) in
order to mimic viral infection in HeLa cells.

Plasmid, cloning, and siRNA

3x-Flag-NDP52 plasmid into p3xFLAG CMV10 vector,
kindly donated by Prof. Honglin Luo (Vancouver, Canada)
was subjected to mutagenesis in order to generate the 3x-
FLAG-NDP52GE mutant according to the manufacture’s
protocol of QuickChange site-directed mutagenesis kit
(Stratagene).

(Primer FW: CAATCTCTTCCACCTCTTCCTGAGT
GGTAACAACC; Primer RV: GGTTGTTACCACTCAG
GAAGAGGTGGAAGAGATTG). The sequence was ver-
ified using the primer: GCATGTCTGAGTTCTGCTTC
TGGAG by DNA sequencing (BioFab Research, Rome,
Italy). The oligonucleotides used for mutagenesis, PCR, and
DNA sequencing were purchased from Sigma. HA-LC3C
vector was a gift from Dr Christian Berhendts (Boston,
USA). PcDNA3 empty vector was used as control plasmid.
The oligo siRNA-NDP52 was purchased from Santa Cruz
Biotechnology (sc-93738).

Western blot analysis

PBMCs of RR-MS or healthy subjects were lysed with 100
μl of RIPA buffer (50 mM Tris HCl pH 7.4, 1% Triton X-
100, 0.5% NP40, 150 mM NaCl, 10% Glycerol) plus pro-
tease and phosphatase inhibitor cocktail (Sigma-Aldrich).
After 15 min on ice, cells were centrifuged at 11,000 g for
10 min at 4 °C. HeLa and HEK293 cells lysed in RIPA
buffer plus protease inhibitor cocktail (Sigma-Aldrich,
P8340), Na4VO3 0.1 mM (Sigma-Aldrich, S6508), NaF 1
mM (Sigma-Aldrich, S7920), β-Glycerophosphate 5 mM
(Sigma-Aldrich, G6376) were centrifuged at 13,000 rpm for
10 min at 4 °C. PBMCs or cell lines protein concentrations

were determined with the Bio-Rad Protein Assay Kit (Bio-
Rad, 5000001). Proteins were separated by SDS-PAGE and
transferred into PVDF membranes (Millipore). We next
incubated membranes with the following antibodies: anti-
PINK1 (Novus #BC100-49455), anti-NDP52 (Cell Signal-
ing, #60732), anti-OPTN (Abcam, Ab23666), anti-FLAG
(Sigma-Aldrich, F7425), anti-HA (Sigma-Aldrich, H3663),
anti-TOMM20 (Santa Cruz Biotechnology, sc-FL145), anti-
HSP90 (Santa Cruz Biotechnology, sc-7947), anti-COXII
(Abcam, ab110258) anti-COXIV (Abcam, Ab33985), anti-
Vinculin (Santa Cruz Biotechnology, sc-73614).

Densitometry analyses of the western blot were per-
formed using the ImageJ software.

Co-Immunoprecipitation (Co-IP)

After HEK293 cell lysis, proteins were incubated with
primary antibody (anti-Flag rabbit) for 24 h. Then 20 µl of
protein A agarose beads (Roche, 11719408001) was added
for 1 h. The beads were collected by centrifugation and
washed three times with the RIPA buffer. Finally, immuno-
complexes were eluted with 20 µl of SDS sample buffer and
heated to 95 °C for 10 min.

Immunofluorescence analysis

HEK293 cells were washed in PBS and fixed with 4% paraf-
ormaldehyde in PBS for 10min. After permeabilization with
0.4% Triton X-100 (Sigma-Aldrich, X-100) in PBS for 5min,
cells were incubated at 4 °C with primary antibodies (24 h)
with 2% normal goat serum (Sigma-Aldrich, G9023). Cells
were then washed with PBS (GIBCO, BE17-512F) and incu-
bated for 1 h with labeled anti-mouse (Thermo Fisher Scien-
tific, A11017-A21425) or anti-rabbit (Thermo Fisher Scientific,
A11070-A21430-A31573) secondary antibodies. Then cells
were stained with 1 μg/ml DAPI in order to detect the nuclei
and analyzed with Zeiss LSM 700 63x oil-immersion objective
(CLSM700; Jena, Germany). Colocalization measurement
were performed for each transfected individual cells using
ImageJ colocalization 2 plugin (Pearson value). In order to
measure cellular mitochondrial area, RGB images captured
were processed using ImageJ software that calculates total area
occupied by mitochondria particles in the cell of interest using
the outline algorithm of the “Analyse particles.” The count of
ATG13 and ATG16L foci was performed using the same
“analysis particles” with ImageJ software. All acquisitions were
performed in non-saturated single z-confocal planes.

Genotyping and association analysis

Samples from 203 RR-MS patients and 1000 healthy
controls have been subjected to automated DNA extrac-
tion, in accordance with the Declaration of Helsinki. All
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subjects were asked to provide written and signed
informed consent. The extracted DNA was employed for
the genotyping analysis through a predesigned TaqMan
assay on QuantStudio® 5 Real-Time PCR System
(Applied Biosystems). Each real-time PCR run was per-
formed using a negative control and three positive sam-
ples that were previously tested by direct sequencing
(BigDye Terminator v3.1) and run on ABI3130xl
(Applied Biosystems) [36]. The genotyping results have
been subsequently tested for biostatistical analysis, in
order to evaluate the association and the effect of the
identified variants. The Hardy–Weinberg equilibrium was
confirmed in both cases’ and controls’ cohorts. In parti-
cular, the obtained data were evaluated by calculating the
P value through a 2 × 2 (allele association) and 2 × 3
(genotype association) contingency tables. The statistical
associations were considered significant for P < 0.05 with
a 95% confidence interval. The strength of association
was established by calculating the OR [37].

ITC and NMR samples preparation

For ITC and NMR experiments, the non-labeled or 15N-
labeled LC3C and LC3B proteins were obtained based on
the protocols described elsewhere [38]. The shortest NDP52
LIR-contained peptides (with Trp residue added to the N-
terminus of each peptide in order to calculate peptides
concentration):

NDP52128–152WENEEDILVVTTQGEVEEIEQHNKEL
NDP52128–155WENEEDILVVTTQGEVEEIEQHNKE
LCKE
NDP52GE128–152WENEEDILVVTTQEEVEEIEQHN
KEL
NDP52GE128–155WENEEDILVVTTQEEVEEIEQHN
KELCKE
were purchased from GenScript Inc (NJ, USA). The

longer NDP52 fragments (WT or with mutation) were
subcloned into pNIC28_Ub19_Bsa4 vector by ligation-
independent cloning technology. The expression, isolation,
and purification of the NDP52 fragments were performed
based on the protocols described elsewhere [37]. The
NDP52 constructs used in this study are overviewed in
Supplementary Table 1 and presented schematically at
Supplementary Fig. 3a. Before experiments, all proteins and
peptides were equilibrated with a buffer containing 25 mM
HEPES, 100 mM NaCl, pH 7.0; and supplied with 5 mM
protease inhibitors cocktail.

Isothermal titration microcalorimetry (ITC)

The ITC experiments were performed at 25 °C using a
MicroCal VP-ITC microcalorimeter (Malvern Instruments
Ltd., UK). The peptides at concentrations of 0.3 mM were

titrated into 0.015 mM LC3 proteins in 21 steps. The ITC
data were analyzed with the ITC-Origin 7.0 software with a
“one-site” binding model. The proteins and peptides con-
centrations were calculated from the UV-absorption at 280
nm by Nanodrop spectrophotometer (Thermo Fisher Sci-
entific, DE, USA).

Nuclear magnetic resonance spectroscopy

All NMR experiments were performed at a sample tempera-
ture of 298 K on Bruker Avance III spectrometer operating at
a proton frequencies of 950MHz. Titration experiments were
performed with a 0.190mM 15N-labeled LC3C protein sam-
ples to which the non-labeled NDP52128–224 and
NDP52GE128–224 constructs were added stepwise until four
times excess to LC3C protein. CSP analysis was done
according to the most recent review [39]. CSP values were
calculated for each individual backbone HN resonance using
the formula: Δδ= [ΔδH2+ (ΔδN/5)2]1/2. The obtained CSP
values were mapped on LC3C (PDB ID 3WAM [40])
structure.

Molecular modeling

We modeled the three-dimensional structure of the complex
between LC3C8–127 and the cLIR of NDP52 (NDP52125–147)
using a multi-step procedure based on MODELLER version
9.15 [41]. In the first step, we collected a model of the
complex with WT NDP52 using the X-ray structure of
LC3C13–126-NDP52125–141 as partial template (PDB entry
3VVW, [16]) to reconstruct the missing coordinates for the
N- and C-terminal residues of LC3C. We generated a set of
structures and selected one, as detailed in the GitHub
repository associated with the publication. We performed
another round of modeling using the model collected at the
first step for LC3C8–127-NDP52125–141 and the X-ray struc-
ture of the complex between FYCO11235–1253 and LC3B4–120

(PDB entry 5WRD, [21]) as templates. The alignment
between LC3B and LC3C to guide the modeling was pro-
vided by Clustal Omega [42]. The crystal asymmetric unit
of 5WRD contains two conformations of the FYCO1-LC3C
complex; therefore, we carried out this procedure as two
independent MODELLER runs using each of them as
templates and generating 1000 models for each. We then
selected the model having the shortest distance between the
Cα atom of G140 in NDP52 and the Cζ atom of R76 in
LC3C from each run. We introduced the mutation of
interest (G140E) in both structures using PyMOL, selecting
the rotamer of E140 characterized by the lowest number of
interatomic clashes with the surrounding atoms.

Notably, as the C-terminal region of FYCO1 corre-
sponding to our region of interest in NDP52 with respect to
the core LIR motif (residues 1235–1239) is in a helical
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conformation which is stabilized by intermolecular elec-
trostatic interactions [21], we constrained the helical con-
formation for NDP52 C-terminal region (residues 138–147)
during the modeling procedure.

Molecular dynamics and metadynamics simulations

Using the two models selected above for the complex of
LC3C13–126-NDP52125–141, we carried out all-atom 250-
ns MD simulations in explicit solvent using GROMACS
version 5.1.5 [43]. We employed the CHARMM22*
force field [44] together with the TIPS3P water model
[45]. To avoid artificial interactions formed by charged
N- and C- terminal groups, we used a N- and C-terminal
capping for both LC3C and NDP52 (see GitHub repo-
sitory for details). We performed the MD simulations
employing a dodecahedral box of water to solvate the
protein, with a minimum distance between protein atoms
and the box edges of 18 Å using periodic boundary
conditions. We applied different steps of energy mini-
mization, solvent equilibration, thermalization, and
pressurization to prepare the systems for simulation (see
GitHub repository). We performed the productive MD
simulations using an integration step of 2 fs in the
canonical ensemble with the Bussi thermostat [46] at a
temperature of 298 K. We used a 9-Å cutoff for both Van
Der Waals and short-range Coulomb electrostatic inter-
actions. We also applied the particle mesh Ewald scheme
for electrostatics [47]. Additional details are reported in
the input files in the GitHub repository.

We used the well-tempered metadynamics (WTE-
metaD) [23] to enhance the sampling of the free energy
surface of salt bridge formation by adding the history-
dependent bias potential on the distance between E140
Cδ of NDP52 and R76 Cζ of LC3C. Gaussians with
width of 0.1 nm and height of 2.5 KJ/mol were added
every 500 simulation steps (1 ps). The bias factor (γ= 10)
and temperature (298 K) were kept constant throughout
the simulations. A restraining potential was used to limit
the sampling of the CV below 1.7 nm, with a force con-
stant of 10,000 kJ/(mol nm2). We collected two WTE-
metaD simulations starting from the two selected models
of the complex LC3C8–127-NDP52125–147, to ensure con-
vergence—in fact, two independent simulations starting
from different starting structures should converge to the
same free energy surface. Simulations were performed
using GROMACS 2019.4 and PLUMED 2.5.3 [48].

Simulations analyses

We estimated the occurrence, in the unbiased MD ensem-
bles, of intermolecular salt bridge and hydrogen bonds
using PyInteraph [49]. We applied a distance cutoff of 4.5

and 3Å, respectively. We also tested higher cutoffs for salt
bridges (i.e., 5–6Å) to rule out that the charged groups of
E140 and positively charged residues of LC3C could be
overlooked.

The free energy landscape was reconstructed from the
deposited bias during the metadynamics simulation using
the sum_hills tool available in PLUMED using a stride of
1000. We have used three different strategies to assess the
convergence of our metadynamics simulations. The details
are reported in the GitHub repository.

Detection of human TNF-α by ELISA

Human TNF-α Quantikine ELISA kits (Invitrogen) was
used according to the manufacturer’s protocol. Absorbance
was measured by Thermo Multiskan EX Microplate Pho-
tometer (Thermo Fisher Scientific) at 450 nm with wave-
length correction set at 540 nm.

Statistical analysis

All statistical calculations were performed and graphed
using GraphPad Prism 6. Comparisons between two groups
were analyzed using unpaired Student t-test. Significance
were defined as *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.

Data availability

All the software used is freely available. The scripts, input,
and outputs files generated during the study will be freely
available in a GitHub repository associated with our pub-
lication (https://github.com/ELELAB/LC3C_NDP52_GE_
mutant). The MD trajectories will be available in Open
Science Framework (OSF): https://osf.io/48wzq/.

Acknowledgements We wish to thank Dr Christian Behrends for
kindly providing us the construct encoding HA-LC3C; Prof. Honglin
Luo for the gift of 3x-Flag-NDP52 plasmid; Dr Anna Kabanova for
granting the execution of some revision experiments in her laboratory;
Krenare Bruqi for her technical assistance and D.Hodder for his
proofreading. We are grateful to Meike Crecelius, Natalia Rogova, and
Viktoria Morasch for their help with cloning of NDP52 fragments for
ITC and NMR experiments, protein/peptide sample preparation, and
ITC data collection.

Author contributions FS designed the project. ADR and FS wrote the
paper. ADR performed analysis in MS patients (Fig. 1), on B cells
(Fig. 5a–d) and performed the cloning of NDP52GE. TM investigated the
role of NDP52 variants in the TLR signaling (Supplementary Fig. 1) and
helped FS in performing Immunofluorescences of Figs. 2, 3, and 5e–g. FS
characterized the binding between LC3C and NDP52 variants, performed
the mitophagy analysis and Fig. 5e–g. MC helped FS in the character-
ization of LC3C-NDP52 interaction. PDA participated in the amplification
of NDP52-LIR motif from MS patients and HD donors. DFA and LB
provided PBMCs of MS patients and the LCL cell line. VC provided

2514 A. Di Rita et al.

https://github.com/ELELAB/LC3C_NDP52_GE_mutant
https://github.com/ELELAB/LC3C_NDP52_GE_mutant
https://osf.io/48wzq/


PBMCs of HD and MS patients and helped in preparing some cDNAs
(Fig. 1). DFA performed FACS analysis (TMRM) and sorted monocytes,
B and T cells from healthy patients (Fig. 5a). GC, RC, and VC performed
the genetical study. MK, MT, ML, FL, VD, and EP performed Fig. 3e, f.
The ITC and NMR experiments were designed by VD and VVR, and
performed by NW and FL (Fig. 3 and Supplementary Fig. 2). ADR, EP,
VVR, EG, and FS analyzed data. All authors commented on the final draft
of the paper.

Funding This work was supported by grants: ROCHE (Roche per la
ricerca 2017) and 5XMILLE Italian Ministry of Health (2017) to FS. The
study was partially supported by the Italian Ministry of Health (Progetto di
ricerca Finalizzata RF-2018-12366111) and by the Italian Foundation for
Multiple Sclerosis (Fism Progetto Speciale 2018/S/5) to LB. The work of
NW, VD, and VVR was supported by the DFG-funded Collaborative
Research Centre on Selective Autophagy (SFB 1177 “Molecular and
Functional Characterization of Selective Autophagy”), Germany. VD and
VVR also received funding from Structural Genomic Consortium (SGC).
The SGC is a registered charity (no: 1097737) that receives funds from
AbbVie, Bayer AG, Boehringer Ingelheim, Canada Foundation for
Innovation, Eshelman Institute for Innovation, Genentech, Genome
Canada through Ontario Genomics Institute [OGI-196], EU/EFPIA/OICR/
McGill/KTH/Diamond, Innovative Medicines Initiative 2 Joint Under-
taking [EUbOPEN grant 875510], Janssen, Merck KGaA (aka EMD in
Canada and USA), Merck & Co (aka MSD outside Canada and USA),
Pfizer, São Paulo Research Foundation-FAPESP, Takeda and Wellcome
[106169/ZZ14/Z]. The work of VC was supported by Italian Foundation
of Multiple Sclerosis (FISM grant 2017/R/08) and by Ministry of Health,
Progetto Giovani Ricercatori (GR-2016-02362380). The work of MK,
MT, ML, FL, VD, and EP is supported by Danmarks Grundforsknings-
fond (DNRF125) and a Carlsberg Foundation Distinguished Fellowship
(CF18-0314) to EP’s group. Moreover, the project has been supported by
a Netaji Subhash ICAR international fellowship, Government of India to
MK to work in EP group. The calculations described in this paper were
performed using the DeiC National Life Science Supercomputer Com-
puterome at DTU (Denmark), and a DeiC-Pilot Grant on Abacus
(Denmark).

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Ethical approval Refer to Human samples paragraph in the Materials
and methods section.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Compston A, Coles A. Multiple sclerosis. Lancet.
2002;359:1221–31.

2. Noseworthy JH, Lucchinetti C, Rodriguez M, Weinshenker BG.
Multiple sclerosis. N Engl J Med. 2000;343:938–52.

3. Dendrou CA, Fugger L, Friese MA. Immunopathology of multi-
ple sclerosis. Nat Rev Immunol. 2015;15:545–58.

4. Brown J, Wang H, Hajishengallis GN, Martin M. TLR-signaling
networks: an integration of adaptor molecules, kinases, and cross-
talk. J Dent Res. 2011;90:417–27.

5. Su K, Bourdette D, Forte M. Mitochondrial dysfunction and
neurodegeneration in multiple sclerosis. Front Physiol.
2013;4:169.

6. Chiurchiu V. Novel targets in multiple sclerosis: to oxidative
stress and beyond. Curr Top Med Chem. 2014;14:2590–9.

7. Gonzalo H, Nogueras L, Gil-Sánchez A, Hervás JV, Valcheva P,
González-Mingot C, et al. Impairment of mitochondrial redox
status in peripheral lymphocytes of multiple sclerosis patients.
Front Neurosci. 2019;13:938.

8. Lou G, Palikaras K, Lautrup S, Scheibye-Knudsen M, Tavernar-
akis N, Fang EF. Mitophagy and neuroprotection. Trends Mol
Med. 2020;26:8–20.

9. Koyano F, Okatsu K, Kosako H, Tamura Y, Go E, Kimura M,
et al. Ubiquitin is phosphorylated by PINK1 to activate parkin.
Nature. 2014;510:162–6.

10. Kazlauskaite A, Kondapalli C, Gourlay R, Campbell DG, Ritorto
MS, Hofmann K, et al. Parkin is activated by PINK1-dependent
phosphorylation of ubiquitin at Ser65. Biochem J.
2014;460:127–39.

11. Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C, Burman JL,
et al. The ubiquitin kinase PINK1 recruits autophagy receptors to
induce mitophagy. Nature. 2015;524:309–14.

12. Padman BS, Nguyen TN, Uoselis L, Skulsuppaisarn M, Nguyen
LK, Lazarou M. LC3/GABARAPs drive ubiquitin-independent
recruitment of Optineurin and NDP52 to amplify mitophagy. Nat
Commun. 2019;10:408.

13. Patergnani S, Castellazzi M, Bonora M, Marchi S, Casetta I,
Pugliatti M, et al. Autophagy and mitophagy elements are
increased in body fluids of multiple sclerosis-affected individuals.
J Neurol Neurosurg Psychiatry. 2018;89:439–41.

14. Castellazzi M, Patergnani S, Donadio M, Giorgi C, Bonora M,
Fainardi E, et al. Correlation between auto/mitophagic processes
and magnetic resonance imaging activity in multiple sclerosis
patients. J Neuroinflammation. 2019;16:131.

15. Inomata M, Niida S, Shibata KI, Into T. Regulation of toll-like
receptor signaling by NDP52-mediated selective autophagy is
normally inactivated by A20. Cell Mol Life Sci. 2012;69:963–79.

16. von Muhlinen N, Akutsu M, Ravenhill BJ, Foeglein Á, Bloor S,
Rutherford TJ, et al. LC3C, bound selectively by a noncanonical
LIR Motif in NDP52, is required for antibacterial autophagy. Mol
Cell. 2012;48:329–42.

17. Skytte Rasmussen M, Mouilleron S, Kumar Shrestha B, Wirth M,
Lee R, et al. ATG4B contains a C-terminal LIR motif important
for binding and efficient cleavage of mammalian orthologs of
yeast Atg8. Autophagy. 2017;13:834–53.

18. Wirth M, Zhang W, Razi M, Nyoni L, Joshi D, O’Reilly N, et al.
Molecular determinants regulating selective binding of autophagy
adapters and receptors to ATG8 proteins. Nat Commun.
2019;10:2055.

19. Cheng X, Wang Y, Gong Y, Li F, Guo Y, Hu S, Liu J, Pan L.
Structural basis of FYCO1 and MAP1LC3A interaction reveals a
novel binding mode for Atg8-family proteins. Autophagy.
2016;12:1330–9.

20. Kirkin V, Rogov VV. A diversity of selective autophagy receptors
determines the specificity of the autophagy pathway. Mol Cell.
2019;76:268–85.

21. Johansen T, Lamark T. Selective autophagy: ATG8 family pro-
teins, LIR motifs and cargo receptors. J Mol Biol.
2020;432:80–103.

22. Sakurai S, Tomita T, Shimizu T, Ohto U. The crystal structure of
mouse LC3B in complex with the FYCO1 LIR reveals the
importance of the flanking region of the LIR motif. Acta Crys-
tallogr F Struct Biol Commun. 2017;73:130–7.

23. Laio A, Parrinello M. Escaping free-energy minima. Proc Natl
Acad Sci USA. 2002;99:12562–6.

24. Bonomi M, Barducci A, Parrinello M. Reconstructing the equili-
brium boltzmann distribution from well-tempered metadynamics.
J Comput Chem. 2009;30:1615–21.

Characterization of a natural variant of human NDP52 and its functional consequences on mitophagy 2515



25. Bussi G, Laio A. Using metadynamics to explore complex free-
energy landscapes. Nat Rev Phys. 2020;2:200–12.

26. Richter B, Sliter DA, Herhaus L, Stolz A, Wang C, Beli P, et al.
Phosphorylation of OPTN by TBK1 enhances its binding to Ub
chains and promotes selective autophagy of damaged mitochon-
dria. Proc Natl Acad Sci USA. 2016;113:4039–44.

27. Moore AS, Holzbaur ELF. Dynamic recruitment and activation of
ALS-associated TBK1 with its target optineurin are required for
efficient mitophagy. Proc Natl Acad Sci USA. 2016;113:3349–58.

28. Turco E, Fracchiolla D, Martens S. Recruitment and activation of
the ULK1/Atg1 kinase complex in selective autophagy. J Mol
Biol. 2020;432:123–34.

29. Karanasios E, Stapleton E, Manifava M, Kaizuka T, Mizushima N,
Walker SA, et al. Dynamic association of the ULK1 complex with
omegasomes during autophagy induction. J Cell Sci. 2013;126:5224–38.

30. Sabatino JJ, Pröbstel AK, Zamvil SS. B cells in autoimmune and
neurodegenerative central nervous system diseases. Nat Rev
Neurosci. 2019;20:728–45.

31. Wilhelmus MM, van der Pol SM, Jansen Q, Witte ME, van der
Valk P, Rozemuller A, et al. Association of Parkinson disease-
related protein PINK1 with Alzheimer disease and multiple
sclerosis brain lesions. Free Radic Biol Med. 2011;50:469–76.

32. Ellinghaus D, Zhang H, Zeissig S, Lipinski S, Till A, Jiang T,
et al. Association between variants of PRDM1 and NDP52 and
crohn’s disease, based on exome sequencing and functional stu-
dies. Gastroenterology. 2013;145:339–47.

33. Verlhac P, Grégoire IP, Azocar O, Petkova DS, Baguet J, Viret C,
Faure M. Autophagy receptor NDP52 regulates pathogen-containing
autophagosome maturation. Cell Host Microbe. 2015;17:515–25.

34. van der Burgh R, Nijhuis L, Pervolaraki K, Compeer EB, Jon-
geneel LH, van Gijn M, et al. Defects in mitochondrial clearance
predispose human monocytes to interleukin-1β hypersecretion. J
Biol Chem. 2014;289:5000–12.

35. McNicholas N, Hutchinson M, McGuigan C, Chataway J. 2017
McDonald diagnostic criteria: a review of the evidence. Mult Scler
Relat Disord. 2018;24:48–54.

36. Cascella R, Strafella C, Ragazzo M, Manzo L, Costanza G, Bowes
J, et al. KIF3A and IL-4 are disease-specific biomarkers for
psoriatic arthritis susceptibility. Oncotarget. 2017;8:95401–11.

37. Cascella R, Strafella C, Longo G, Ragazzo M, Manzo L, De Felici
C, et al. Uncovering genetic and non-genetic biomarkers specific
for exudative age-related macular degeneration: significant asso-
ciation of twelve variants. Oncotarget. 2018;9:7812–21.

38. Rogov VV, Rozenknop A, Rogova NY, Löhr F, Tikole S, Jaravine V,
et al. A universal expression tag for structural and functional studies of
proteins. ChemBioChem. 2012;13:959–63.

39. Williamson MP. Using chemical shift perturbation to characterise
ligand binding. Prog Nucl Magn Reson Spectrosc. 2013;73:1–16.

40. Suzuki H, Tabata K, Morita E, Kawasaki M, Kato R, Dobson RC,
et al. Structural basis of the autophagy-related LC3/Atg13 LIR
complex: recognition and interaction mechanism. Structure.
2014;22:47–58.

41. Webb B, Sali A. Comparative protein structure modeling using
MODELLER. Curr Protoc Bioinformatics. 2016;54:5.6.1–5.6.37.

42. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al.
Fast, scalable generation of high-quality protein multiple sequence
alignments using Clustal Omega. Mol Syst Biol. 2011;7:539.

43. Abraham MJ, Murtola T, Schultz R, Pall S, Smith JC, Hess B,
et al. Gromacs: high performance molecular simulations
through multi-level parallelism from laptops to supercomputers.
SoftwareX. 2015;1:19–25.

44. Piana S, Lindorff-Larsen K, Shaw DE. How robust are protein
folding simulations with respect to force field parameterization?
Biophys J. 2011;100:47–9.

45. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein
ML. Comparison of simple potential functions for simulating
liquid water. J Chem Phys. 1983;79:926.

46. Bussi G, Donadio D, Parrinello M. Canonical sampling through
velocity rescaling. J Chem Phys. 2007;126:014101.

47. Harvey MJ, De Fabritiis G. An implementation of the smooth
particle mesh Ewald method on GPU hardware. J Chem Theory
Comput. 2009;5:2371–7.

48. Tribello GA, Bonomi M, Branduardi D, Camilloni C, Bussi G.
PLUMED 2: new feathers for an old bird. Comput Phys Commun.
2014;185:604–13.

49. Tiberti M, et al. PyInteraph: a framework for the analysis of
interaction networks in structural ensembles of proteins. J Chem
Inf Model. 2014;54:1537–51.

2516 A. Di Rita et al.



Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=kaup20

Autophagy

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/kaup20

A protective variant of the autophagy receptor
CALCOCO2/NDP52 in Multiple Sclerosis (MS)

Anthea Di Rita & Flavie Strappazzon

To cite this article: Anthea Di Rita & Flavie Strappazzon (2021) A protective variant of the
autophagy receptor CALCOCO2/NDP52 in Multiple Sclerosis (MS), Autophagy, 17:6, 1565-1567,
DOI: 10.1080/15548627.2021.1924969

To link to this article:  https://doi.org/10.1080/15548627.2021.1924969

Published online: 10 May 2021.

Submit your article to this journal 

Article views: 349

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=kaup20
https://www.tandfonline.com/loi/kaup20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15548627.2021.1924969
https://doi.org/10.1080/15548627.2021.1924969
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=kaup20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15548627.2021.1924969
https://www.tandfonline.com/doi/mlt/10.1080/15548627.2021.1924969
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2021.1924969&domain=pdf&date_stamp=2021-05-10
http://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2021.1924969&domain=pdf&date_stamp=2021-05-10


AUTOPHAGIC PUNCTUM

A protective variant of the autophagy receptor CALCOCO2/NDP52 in Multiple 
Sclerosis (MS)
Anthea Di Ritaa and Flavie Strappazzonb

aReiThera Srl, Rome, Italy; bIRCCS Fondazione Santa Lucia, Rome, Italy

ABSTRACT
Multiple sclerosis (MS) is an autoimmune disease of the central nervous system, which has been 
found associated with dysfunctional mitochondria. In order to advance our understanding of 
the complex molecular mechanisms underlying this disease, we analyzed mitophagy, a process 
fundamental for the elimination of damaged mitochondria through the autophagic process, in 
peripheral blood mononuclear cells (PBMCs) of MS patients. Through a genetic analysis carried 
out on 203 MS patients and 1000 healthy controls, we identified a natural variant of 
CALCOCO2/NDP52, a well-known autophagic receptor, associated with and protective in MS. 
Structural modeling of the CALCOCO2 variant and functional studies highlighted an amino acid 
substitution (G140E) located near the LC3-interacting region (LIR) motif of CALCOCO2, crucial in 
controlling mitophagy. In addition, we found that among PBMCs, CALCOCO2 is mainly 
expressed in B cells and, by mediating mitophagy, it reduces pro-inflammatory cytokine 
production following stimulation of these cells. Here we summarize these recent findings, 
discuss the putative protective roles of CALCOCO2 in B cells and its novel association with 
an autoimmune disease such as MS.

Abbreviations: LIR: LC3-interacting region; MS: multiple sclerosis; PBMC: peripheral blood mono-
nuclear cells; RR-MS: relapsing-remitting MS; TLR: toll like receptor.
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Multiple sclerosis (MS) is a very debilitating chronic auto-
immune disease. Depending on the region of the world, 
the incidence is of 50 to 300 per 100,000 individuals. MS 
generally affects young adults with a prevalence of 3 
female patients for every male patient. Currently, the pro-
cesses that trigger the disease are not known, but genetic 
predispositions, environmental agents (such as bacteria or 
virus infections) and social components (such as tobacco 
consumption) participate in the pathogenesis of MS.

There are three types of MS. A cyclic or remitting form 
(relapsing-remitting MS, RR-MS), which affects 80–85% of 
patients without progression of the handicap between 
relapses. This MS can progress to secondarily progressive 
MS (or MS-SP). There is also a primary progressive form 
(or PP-MS) in which the phases of the disease are not inter-
spersed with phases of remission, affecting approximately 15% 
of patients.

In all cases, the disease is characterized by the onset of 
varying disabilities all due to the progressive infiltration of 
cells of the adaptive immune system, T and B lymphocytes, 
into the central nervous system. These activated cells are 
responsible for the destruction of the myelin sheath of 
neurons and the development of neuronal and axonal 
damage.

One characteristic of MS is the presence of oxidative stress 
and mitochondrial dysfunctions associated with the pathol-
ogy. However, the role played by mitophagy – a process that 
selectively eliminates altered mitochondria through the 

autophagic process to regulate the functional quality of mito-
chondria and to reduce oxidative stress – remains completely 
obscure in MS pathogenesis.

In our recent article [1], we identified and characterized 
a variant of the autophagic receptor CALCOCO2/NDP52 
that links mitophagy and MS pathogenesis. Indeed, by 
sequencing the DNA coming from peripheral blood mono-
nuclear cells (PBMCs) of 203 RR-MS patients with specific 
probes for the genes encoding two main mitophagic recep-
tors, CALCOCO2 and OPTN, we revealed a significant asso-
ciation of CALCOCO2 c.491 G > A mutation (rs550510, p. 
G140E) with a decreased susceptibility to MS, suggesting 
that the CALCOCO2 variant CALCOCO2G140E may confer 
protection to MS. Functional analyses were performed for 
the two CALCOCO2 forms, wild-type (WT) CALCOCO2 
and protective CALCOCO2G140E, using overexpression of 
tagged protein variants in a human cell line under different 
conditions.

First, because enhanced immune response may benefit MS 
patients by eliminating microbes and because CALCOCO2 
negatively regulates TLR (toll like receptor)-triggered NFKB 
activation, we thought to test whether the CALCOCO2G140E 

variant was protective in MS by favoring activation of NFKB, 
following TLR stimulation. However, our data indicate that 
the substitution of G140E of CALCOCO2 does not affect its 
function in regulating TLR signaling.

Second, because mitochondrial dysfunctions are related to 
MS pathogenesis and CALCOCO2 serves as a bridge between 
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mitochondria and phagophores during degradation of 
damaged mitochondria by autophagy, we then decided to 
focus our attention on the role played by CALCOCO2G140E 

in mitophagy.
Our study showed that the CALCOCO2G140E variant is 

more efficient in removing damaged mitochondria compared 
with WT CALCOCO2. The single amino acid substitution in 
the CALCOCO2 sequence is crucial for extending its nonca-
nonical LIR motif (cLIR) and promoting its binding with 
LC3C, thus favoring mitophagy.

Our structural and biochemical analysis indicated that the 
CALCOCO2G140E variant exhibits a better affinity with the 
LC3C protein. Further studies will be necessary to quantita-
tively estimate the propensity to form hydrogen bonds and/or 
to the formation of salt bridges induced by this point 
mutation.

We demonstrated that, despite the efficiency of the protective 
CALCOCO2G140E variant, the available data on the rs550510 
variant (reported on 1000Genomes and GnomAD databases of 
genetic variants annotation) indicate that the protective allele is 
more common in some populations (i.e., East Asian) than others 
(i.e., European). This correlates with the global distribution of 
MS; however, from a genetic point of view, the cause of the lower 
distribution of CALCOCO2G140E in the European population 
will be an interesting point to examine in future studies.

We discovered that among PBMCs, CALCOCO2 is mainly 
expressed in B cells. In MS pathology, B lymphocytes are involved 
in the secretion of pro-inflammatory cytokines, in the presenta-
tion of autoantigens to T lymphocytes and in the secretion of 
autoantibodies. Depleting B-cells, using specific antibodies in RR- 
MS patients, leads to the suppression of an inflammatory 
response, thus reducing the formation of new lesions. 

B cells

mitophagy

inflammation

inflammation

mitophagy

B cells

CALCOCO2G140E

protective 
variant

Dysfunctional
mitochondria

WT CALCOCO2

Dysfunctional
mitochondria

MAP1LC3C

MAP1LC3C

MAP1LC3C

MAP1LC3C

Multiple sclerosis

Figure 1. Hypothetical model of the protective role of CALCOCO2G140E variant in B cells of RR-MS patients. In multiple sclerosis, the protective variant of CALCOCO2 
(CALCOCO2G140E) can inhibit pro-inflammatory cytokine production (TNF) in B cells by increasing its binding with MAP1LC3C and thus favoring the selective 
degradation of damaged mitochondria (mitophagy) (upper panel). WT CALCOCO2, instead, has a restricted interaction with MAP1LC3C, and this can reduce the 
elimination of dysfunctional mitochondria and enhance inflammation in MS patients (lower panel).

1566 A. DI RITA AND F. STRAPPAZZON



Interestingly, our findings pointed out that, following B cell sti-
mulation, CALCOCO2 ensures effective mitophagy thus reducing 
the release of a pro-inflammatory cytokine, TNF/TNF-α.

We do not exclude the possibility that, despite our findings 
that highlight a pro-mitophagy function of CALCOCO2G140E 

in MS, this variant may also emerge as a novel link among 1) 
xenophagy, a form of selective autophagy of pathogens (such 
as bacteria and virus), 2) B cells and 3) viral infections known 
to be associated with MS (i.e., Epstein-Barr virus, one of the 
main environmental risk factors for MS). Hence, future stu-
dies will be required to better characterize and understand the 
molecular mechanisms underlying the novel function of 
CALCOCO2 in B cells in the context of MS.

In conclusion, our results allow us to propose a model in 
which the variant G140E of CALCOCO2 may prevent the 
release of pro-inflammatory cytokines from B cells (and 
maybe mitochondrial factors such as mitochondrial DNA) 
that trigger inflammation in MS patients and most likely in 
other autoimmune diseases (See Figure 1).

Altogether, this work highlights a potentially druggable 
mechanism that links CALCOCO2-mediated mitophagy to 
fine tuning pro-inflammatory signaling cascades in 
B lymphocytes. Small molecule development may focus on 
compounds enhancing/stabilizing LIR-dependent interactions 
between CALCOCO2 and human LC3 in B cells, thereby 
opening an important path for the generation of new ther-
apeutic tools.
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ONGOING PROJECTS  
 
 
 

My current research is aimed at studying the cellular and molecular mechanisms 

underlying selective autophagy in two physiopathological contexts. In particular, in 

2020 (the same year I applied to the CRCN-CNRS context), as a PI (under 40 years 

old), I was granted by the Italian Association to fight Alzheimer disease (Airalzh-Grants-

for-Young-Researchers) and the Italian Association to fight Cancers (My first AIRC) in 

order to: 

 

1) Investigate the putative beneficial role of the autophagy receptor NDP52 

in the context of Alzheimer Disease (AD); 

 

2) Investigate the putative beneficial role of mitophagy inhibition in the 

context of resistance to Breast Cancer (BC) therapy. 

 
 

These grants provided me the necessary financial, instrumental and human 

resources to perform these two on-going projects described below. The two projects 

are carried out at the IRCCS Santa Lucia Foundation (Rome, Italy) with the help of two 

post-doc fellows. I thus periodically organize meetings with the team in order to 

evaluate the state of advancement of the projects and to plan the programmed 

activities. 
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ONGOING PROJECT N°1:  A natural variant of the autophagic receptor NDP52 as a 

possible target for novel treatments in Alzheimer's disease (2021-2022). 
 

 
 
Background  
In Alzheimer's disease (AD), the Tau protein (Microtubule Associated Protein Tau) 

becomes aberrantly phosphorylated and oligomerized, which contributes to neuronal 

dysfunction [1]. It is thus important to develop therapeutic approaches that may favour its 

selective elimination.  

 

 

 

 

 

 

 

 

 

 

Pathological Tau can be degraded through the autophagic pathway [2]. During this 

process, an autophagy receptor directly links the cargo and brings it into a double 

membrane vesicle called autophagosome that fuse then with lysosome to degrade the 

engulfed material [3]. To do so, the autophagy receptor binds, on one side its cargo (ie: 

proteins, organelles) and on the other side, through a LIR (LC3-Interacting Region) motif, it 

binds Atg8 (autophagy-related protein 8)/LC3 (Microtubule-associated proteins 1A/1B light 

chain 3B) proteins onto autophagosome membranes in order to deliver its cargo to the 

autophagosomes [4]. Interestingly, NDP52 (Nuclear dot protein 5), one of the major 

autophagy receptors in mammals, has been found to play a potential protective role in AD 

pathogenesis by directly binding pathological Tau and facilitating its autophagic clearance 

[5] (Figure 2). 
 

Tau Hyper-
phosphoryl
ated Tau Tau 

aggregates 

Figure 1: Accumulation of 
phosphorylated Tau is a 
key pathological feature of 
Alzheimer's disease.  
 
Phosphorylated tau accumulation 
causes synaptic impairment, 
neuronal dysfunction and formation 
of neurofibrillary tangles 
(aggregates of Tau) that are toxic 
for neurons. 

Neuron	of	
healthy	
donor	
neuron	
	

Neuron	of	
AD	patient	
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Figure 2: A schematic illustration of pathological Tau clearance mediated by the 
autophagic receptor NDP52.  
By binding phospho-Tau through its SKICH domain, NDP52 brings pathological Tau into autophagosomes, 
which then fuse with lysosomes to degrade their contents. 
 
 
General objectives of the project 
The LIR motif of the autophagy receptors is crucial for their function in autophagy. It has 

been demonstrated that post-translational modifications of residues flanking the LIR motifs 

of known autophagic receptors are key processes regulating autophagy, by inducing 

specific conformational changes, that favour their binding with LC3 and thus their 

autophagic activity [6]. 

Since we found in 2021 (in the context of MS) in a natural variant of NDP52 (rs550510), an 

amino acid modification near its canonical LIR motif (G140E) that favours its binding with 

LC3 [7], we hypothesised that this amino acid change (compared to the WT form of 

NDP52) may modulate its binding with LC3C also in the context of neuronal cells. In 

addition, because NDP52 plays an important role in the clearance of phosphorylated Tau 

[5], we anticipated that the NDP52GE variant may be able to mitigate AD disease by 

clearing more efficiently Tau protein compared to the WT form of NDP52, and this through 

its higher capacity to bind LC3C.  

 

The project was designed to investigate this hypothesis by addressing the following 
issues:  
 
1-Demonstrate in neuronal-like cells, that NDP52GE binds more efficiently LC3C 
compared to the WT form of the protein; 
2- Demonstrate that NDP52GE induces a robust clearance of phospho-tau  compared 
to the WT form of the protein. 
 

We are currently concluding this project (Manuscript Mattioni et al. in preparation). Here 

bellow, a sum of the results already obtained. 
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Results 
 
The cLIR motif of NDP52 is required for hTau degradation.  
NDP52 is known to be a crucial autophagy receptor that facilitates the recognition of 

infected pathogens and damaged mitochondria [8]. Since the cLIR motif of NDP52 is 

required for its function in selective autophagy of these cargos, we wondered whether the 

effect of NDP52 on Tau clearance was cLIR-dependent. To this end, we generated a 

construct encoding for NDP52WT lacking the LC3-binding (NDP52 V136S) [9], and we 

assessed its effect on Tau degradation. As expected, the point mutation V136S was 

sufficient to strongly reduce the binding of NDP52 with LC3C (Figure 3A) and 

interestingly, this mutation inhibits hTau degradation by NDP52. In fact, NDP52WT 

overexpression in combination with hTau is sufficient to induce a degradation of Tau but, 

NDP52V136S mutant is almost unable to degrade hTau (Figure 3B), indicating that the 

LIR motif and thus the binding between NDP52 and LC3C, is required for hTau 

degradation. 

 

 

 

 

 

 

	
 
 
 
 
 
 

 
Figure 3: NDP52 requires its binding to LC3C in order to induce degradation of 
hTAU. A. Representative image of co-immunoprecipitation experiment in which SH-S5SY cells were co-

transfected with Flag-NDP52WT or Flag-NDP52GE vectors in combination with HA-LC3C. We used an 

antibody anti-HA to immunoprecipitate LC3C. B. SH-S5SY cells were co-transfected with a Flag-empty 

vector, Flag-NDP52WT or Flag-NDP52V136S vectors in combination with the longest human brain tau protein 

Total	Extracts	IP	HA-LC3	
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splice variant (HA- 4R2N-Tau). hTau levels were detected by western blot using antibody anti-HA. VINVULIN 

was used as loading control. The graphs represent the hTAU/VINCULIN, resulting as the mean of three 

independent experiments (±SD). Statistical analysis was performed using Student t-test (***P < 0.001; ns: 

non statistical). 
 

NDP52GE binds more efficiently LC3C compared to the WT form of the protein also 
in neuronal-like cells.  

Milestone 1 of Aim1 was dedicated to investigate the binding between the 2 allelic 

variants of NDP52 and LC3C in neuronal like cells. As predicted, we achieved this task 1. 
Briefly, human neuroblastoma SH-SY5Y cells were cultured in Dulbecco’s modified 

Eagle’s medium supplemented with 10% FBS at 37°C in a humidified atmosphere of 5% 

CO2. We co-transfected these cells with vectors encoding Flag-NDP52WT or GE with a 

vector encoding HA-LC3C and by performing co-immunoprecipitation (Co-IP) experiments, 

we analysed NDP52–LC3C interaction. As shown in figure 4A, we found that NDP52GE 

binds LC3C in a higher manner compared to the WT form of the protein, confirming our 

previous data obtained in HEK293 cells [7]. We next reinforced these data by performing a 

confocal microscopy analysis in SH-S5SY cells in which we analysed the co-localization 

between NDP52 variants and LC3C. As shown in figure 4B, the co-localisation between 

NDP52GE and LC3C is higher than with NDP52WT.  

Altogether, these data demonstrate that G substitution in E, at residue 140 enhances 

the ability of NDP52 to interact with LC3C in neuronal-like cells. 
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Figure 4. The NDP52 G140E variant increases NDP52-LC3C binding in neuronal-like 
cells. A. Representative image of co-immunoprecipitation experiment in which SHS5SY cells were co-
transfected with Flag-NDP52WT or Flag-NDP52GE vectors in combination with HA-LC3C.  The graph 
represents the ratio between LC3C and NDP52 (n = 3). B. SHS5SY cells co-transfected as indicated in (A) 
were subjected to confocal immunofluorescence in order to evaluate LC3C-NDP52 co-localization. The 
graph indicates the co-localization value between LC3C and wild-type or mutant NDP52. All the 
quantifications resulting as the mean of at least three independent experiments (±SD). Statistical analysis 
was performed using Student t test (**P < 0.01). Scal bar 10 uM 
 

NDP52GE is a powerful “cleaner” of pathological tau  
The fact that the cLIR motif of NDP52 is required for hTau degradation, lead us to 

anticipate that NDP52GE may be able to enhance clearance of pathological Tau thanks to 

its higher binding with LC3C. In order to evaluate the effect of NDP52 variants on Tau 

clearance, we generated an in vitro model in order to mimic the accumulation of phopsho-

Tau in SH-S5SY cells by using Okadaic acid (Oka) treatment, an inhibitor of phosphatase-

2A, the most effective phosphatase in dephosphorylating hyperphosphorylated Tau from 

AD brains [10,11]. We showed that treatment of SH-S5SY cells with Oka for 1h or 2h is 

sufficient to induce a hypermobility shifts of endogenous hTau at 50 kDa and 70 kDa 

which correspond to the molecular weights of the main group of isoforms of Tau (Figure 
5A). These hypermobility shifts suggest that Tau isoforms could be hyperphosphorylated 

under OkA treatment. To ascertain this, we treated our cells with OkA in combination with 

lambda phosphatase (PP), a Mn2+-dependent protein phosphatase with activity towards 

phosphorylated serine, threonine and tyrosine residues. As shown in figure 5B, treatment 

with lambda PP is sufficient to reduce the hypermobility shifts of Tau, confirming that 

theses shifts were due to hyperphosphorylations of Tau. We also checked the efficiency of 

lambda PP on a specific phosphorylation site of Tau on Serine 396, a phosphorylation 

known to correlate with cognitive decline in AD patients [12] and that we found up-

regulated after Oka treatment (figure 5A, C).  
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Figure 5: Okadaic Acid treatment induces hyperphosphorylation of Tau in SH-S5SY 
cells. A) Treatment of SH-SY5Y cells with Oka (100nM) induces a higher mobility shift of Tau proteins 

(indicating a putative hyperphosphorylation of endogenous forms of tau) as well as phosphorylation of Tau at 

S396, a site known to be higher phosphorylated in AD brain respect to developing brain.  B) The lambda 
phosphatase treatment of SH-SY5Y cells in combination with OkA treatment at 1h and 2h abrogates 

hyperphopsphorylation of Tau proteins, as well as C) the S396 phosphorylation site of Tau. 
 

Having validated the in vitro model, we tested the effect of NDP52GE and NDP52WT 

overexpressions on a putative degradation of hyperphosphorylated forms of Tau in that 

system. As shown in figure 6A, SH-SY5Y cells overexpressing NDP52WT and treated with 

Oka, show lower levels of total Tau than in control cells. Most interestingly, overexpression 

of NDP52GE further decreases hyperphosphorylated Tau as indicated by a decrease in the 

mobility shift of total Tau. The graphic illustrates the quantification of total Tau on vinculin 

in cells expressing the empty vector or NDP52 variants. These data indicate that the 

variant NDP52GE is a powerful “cleaner” of pathological Tau and thus could be a protective 

factor for AD. 

We are currently showing that this effect of NDP52GE is autophagy-dependent through the 

generation of a construct encoding for NDP52GE lacking LC3-binding and assessing its 

effect on Tau degradation. In addition, by performing confocal microscopy analysis we 

observed that the NDP52GE variant has a powerful effect on P-S396 Tau since almost no 

accumulation of P-S396 Tau was found in NDP52GE-postive cells under Oka treatment 

(Figure 6B). 

A.                                                                                                                         B. 

 
 

 

 

 

 

 

 

 

 

 

FIGURE 6. NDP52GE favours degradation of pathological Tau in a higher manner 
than NDP52WT. A) SH-SY5Y cells overexpressing FLAG-NDP52WT or –GE were treated with Oka and we 
checked for Tau accumulation in these cells. As illustrated on the western-blot and the corresponding 



	 32	

graphic, NDP52GE clears more efficiently hyperphosphorylated tau compared to NDP52WT following Oka 
treatment. B) Illustration of the powerful effect of NDP52GE on P-396-Tau clearance under Oka treatment 
(arrows indicate untransfected- versus NDP52-transfected cell (green). All the quantifications are the mean 
of three independent experiments (±S.D.). Statistical analysis was performed using Student t-test (*P<0.05; 
**<0.01; ***<0.001). 
 

In sum, our data indicate that G substitution in E, at residue 140 enhances the 

ability of NDP52 to interact with LC3C also in neuronal-like cells. Moreover, we 

demonstrated that NDP52WT favours degradation of phospho-Tau and that NDP52GE 

robustly degrade Tau protein compared to NDP52WT. The higher ability of NDP52GE to 

drive pathological tau degradation seems to indicate that the point mutation near the LIR 

motif of NDP52 is essential for optimal tau clearance. These results indicate that the 

variant NDP52GE is a powerful and promising candidate able to mitigate the early events of 

AD disease and thus could be a novel target to improve the quality of life of AD patients. 

These data prompted us to directly move to an in vivo model of AD in order to 

obtain the proof-of-concept that 1) NDP52WT may be able to reduce neuronal Tau toxicity 

in vivo and 2) the NDP52GE variant may enhance this beneficial effect of NDP52 on AD.   

Since Drosophila has been extensively used to study Tau biology, we generated 

transgenic drosophila co-expressing NDP52WT or -GE and human Tau (in collaboration with 

GL. Cestra, CNR- Rome and Best Gene Inc Compagny, USA). For this we cloned 

NDP52WT and -GE into the pUASTattB vector	 and generated UAS-hNDP52WT or -GE 

Drosophila fly lines. Next, we crossed these lines with UAS-hTAU (2N4R) flies and used 

the eye-specific Eyeless-Gal4 promoter to expressed hTAU and NDP52 genes in the eyes.  

The expression of human Tau in the eyes of drosophila (which represent a simple 

nervous system) is known to generate an abnormal eye phenotype, named “rough eye” 

and this is due to neuronal Tau toxicity (Figure 7).  

         A.                                                                                                  B. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. hTau in the eyes of Drosophilia induces rough eyes. 
A. Accumulation of phospho-Tau in the eyes induces neuronal death and “rough eyes” of the transgenic 
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drosophila.  B. We crossed Drosophila fly lines transgenic for NDP52 variants with UAS-hTau (2N4R) 
Drosophila fly line, a well-known AD model. 
 

We first checked in our new transgenic drosophila for NDP52 expression. Both variants of 

NDP52 are well expressed in Drosophila using the eye-specific Eyeless-Gal4 promoter. 

Moreover, we did not detect any sign of eye alteration following NDP52 expression in the 

eyes (data not shown). We next monitored adult eye morphology in drosophila expressing 

hTau alone or in combination with NDP52WT or -GE. As expected, we found that the co-

expression of NDP52 increased the area of the eyes compared to hTau controls, and that 

NDP52GE ameliorates this phenotype better than NDP52WT (Figure 8A, B). 
 

A.                                                                                                                       B. 

 
          Control                     Eyeless>Tau        Eyeless>Tau-NDP52WT   Eyeless>Tau-NDP52GE 

 
 
 
 
 
 
 

 
Figure 8: NDP52 expression improves the Tau Rough Eye Phenotype 
A. Images of adult eye morphology in drosophila expressing hTau alone or in combination with NDP52WT or –
GE.  The overexpression of hTAU in Drosophila eyes using the eye-specific EYEless-GAL4 promoter 
decreased eye size. The Eye specific overexpression of NDP52 WT or GE together with hTau increased 

eye size relative to hTau controls. B. The graph represents the area of the eye quantification. Statistical 

analysis was performed using Student t-test (*P<0.05; **<0.01; ***<0.001; ****<0.0001). 

 

 
Conclusion 

Altogether, this work is very innovative because it highlights the contribution of a 

specific polymorphism of NDP52 in the pathology of AD, thus tackling a new subject both 

in the field of autophagy and AD. In particular, the project has demonstrated that G 

substitution in E, at residue 140 enhance the ability of NDP52 to interact with LC3C in 

neuronal cells. Moreover, we found that NDP52GE robustly degrades Tau protein 

compared to NDP52WT. The higher ability of NDP52GE to drive pathological Tau 

degradation indicates that the point mutation near the LIR motif of NDP52 is essential for 

optimal Tau clearance. Finally, we discovered for the first time that NDP52 is beneficial in 
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an in vivo model of AD and that the variant NDP52GE is able to almost completely recover 

eye phenotype of AD’s Drosophila. This project turns the spotlight on NDP52GE, as a 
powerful “cleaner” of pathological Tau and thus as a potential protective factor for 
AD.  
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ONGOING PROJECT N°2: Dissecting the role of mitophagy in breast cancer therapy 
resistance 
 

 

 

 

The duration of this project is 5 years (2020-2025). 

 

State-of-the-art 
Breast cancer (BC) is the most frequently diagnosed cancer in women and its 

treatment remains challenging due to drug resistance [1]. It is thus crucial to discover new 

players in this context in order to provide new therapies for durable disease remission and 

long-term survival of cancer patients. Several reports suggested that mitophagy, a 

selective form of autophagy aimed to degradate damaged mitochondria, contributes to 

drug resistance in several cancers such as Melanoma, Glioma or colorectal cancer [2,3,4]. 

In the context of BC, Liensinie, an isoquinoline alkaloid, sensitizes BC cells to 

chemotherapy by accumulating autophagosme/mitophagosomes, suggesting a putative 

block of autophagy/mitophagy by this agent [5]. However, the role of mitophagy in BC 
treatment remains largely unclear and this is due in part to the fact that specific 
inhibitors of this selective autophagy, are lacking. The main mitophagy path described 

today is governed after the activation of the PINK1 kinase and the E3 Ubiquitin ligase 

Parkin. After mitochondrial damage, PINK1 accumulates in the outer mitochondrial 

membrane (OMM) and this in turn, allows PINK1-dependent recruitment of Parkin and 

activation of its E3 ubiquitin ligase activity, which is followed by the ubiquitination of 

different OMM substrates. Afterwards, ubiquitin signalling induces the recruitment of 

mitophagy cargo receptors capable of delivering mitochondria into double membrane 

vesicles called autophagosomes, which fuse then with lysosome to degrade their contents 

[6].  In 2021, we discovered that miR-218, a small non-coding RNAs, is a powerful inhibitor 

of mitophagy in mammalian cells. We reported that miR-218 expression reduces Parkin 

mRNA and protein levels and deregulates its E3 ubiquitin ligase action. Consequently, 

following mitochondrial stress, miR-218 expression is sufficient to reduce ubiquitylation of 

mitochondria and the autophagy machinery fails to proceed with a correct mitochondrial 

clearance [7]. Interestingly, miR-218 expression has been found reduced in BC cells and 

its expression favours cell death of BC cells [8]. However, its role as a putative tumor 
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suppressor in vivo and in cancer treatment resistance has not been yet investigated. 

 
Preliminary data 

Since we demonstrated that miR-218 impairs mitophagy in HEK293 by inhibiting 

Parkin expression [7], we hypothesized that miR-218 expression could inhibit mitophagy 

also in BC cells and this could be a way to deprive cells from energy (blocking the removal 

of mitochondria), to favour accumulation of reactive oxygen species (ROS) and thus their 

death. To test this hypothesis, we checked, by performing qPCR (Figure 1A) and western-

blot analysis (Figure 1B,C), whether miR218 was able to target Parkin expression also in 

breast cancer MCF7 cells. As shown in Figure 1, miR-218 is able to inhibit Parkin 

expression in MCF7 cells as well. 

A.                                          B.                                            C. 

 

 

 

 

 
Figure 1: miR-218 targets Parkin in BC MCF7 cells  
A) qPCR analysis representative graph of mRNA level of Parkin in control versus miR-218 transfected cells. 

Normalization of Parkin was done on B2M (loading control). (B, C) Western blot analysis of the protein level 

of Parkin in control versus miR-218 overexpressing cells and the representative graph of Parkin/HSP90 ratio 

(HSP90 was used as loading control). All data represent the mean of experimental triplicate (±s.e.m.). 

Statistical analysis was performed using t-test  * p< 0.05. 

 

We next investigated whether miR-218 was able to block mitophagy in BC cells. As shown 

in Figure 2 A,B cells overexpressing miR-218, upon mitophagy induction 

(Oligomycin/Antimycin (O/A) treatment), show a higher level of the two mitophagy markers 

(MnSOD and TOMM20), compared to control GFP positive cells, indicating an inhibition in 

the mitochondrial clearance pathway.  

A.                                                     B. 
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Figure 3. miR-218 inhibits mitophagy induced by O/A in MCF7 cells. A) Confocal 
microscopy analysis of MCF7 cells transfected with GFP or GFP-miR-218, treated or not with O/A (10 μM; 
4 μM; overnight) and stained for mitochondria (TOMM20). B) The content of mitochondria/ cells was 
evaluated in 3 independent experiements in transfected cells. Statistical analysis was performed using 
Bonferroni corrected t-test. * p < 0.05; ** p < 0.01. 
	

Figure 2: miR-218 inhibits mitochondrial clearance induced by O/A treatment in 
MCF7 cells. Western blot analysis image of MnSOD and TOMM20 protein level of MCF7 transfected cells 

treated with O/A (10 μM; 4 μM), overnight and the corresponding graphs for MnSOD and TOMM20 protein 

level normalized on HSP90 (loading control), representing the mean of experimental triplicate (±s.e.m.). 

Statistical analysis was performed using Bonferroni corrected t-test. * p < 0.05; ** p < 0.01. 

 
We strengthen our results by performing a confocal microscopy analysis. For this, 

transfected GFP or GFP-miR-218 cells have been subjected to O/A treatment. Untreated 

cells show a normal mitochondria network (TOM20, red staining) typical of cells grown in 

normal condition. Meanwhile, upon stimulation of mitophagy (+O/A), mitochondria content 

is decreasing in GFP positive cells but expression of miR-218 is sufficient to block the 

mitochondrial clearance (Figure 3 A, B). 

A.                                                                                      B. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

We next hypothesized that Doxorubicin (DXR), a common chemotherapeutic agent in 

cancer treatment, which has been shown to induce mitophagy in Cancer Stem Cells (CSC) 

of colorectal cancer [3], may stimulate mitophagy in BC cells and that miR-218 could block 

this putative mitophagy. As illustrated in figure 4 (A-D), DXR treatment of MCF7 cells 

favours mitochondria clearance and underline miR-218 as a novel inhibitor of mitophagy 

induced by DXR.  
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A.                                                             B.                                                                               

 

 

 

 

 

C.                                                                                 D. 

 

 

 

 

 

 

 

 

 

 

 

We next anticipated that miR-218, by blocking mitophagy may favor cell death induced by 

DXR treatment. Indeed, our preliminary data suggest that, by inhibiting mitophagy, miR-

218 improves DXR-mediated cell death (figure 5A, B). Such data point the possible and 

promising role of mitophagy inhibition in improving treatment efficiency in BC. 

 

A.                              B. 

 

 

 

 

Figure 4. miR-218 inhibits Doxorubicin-induced mitophagy in MCF7 cells.  A. 
Western blot images of mitophagy related proteins, MnSOD and TOMM20 in GFP versus miR-218 
transfected cells in basal condition and following DXR treatment (30 μM; 24hrs) B. Representative 
graphs of the protein level of MnSOD and TOMM20 normalized on HSP90 representing the mean of 
experimental triplicate (±s.e.m.). C-D. Immunofluorescence analysis and corresponding graph of 
mitochondria content in GFP and miR-218 transfected cells. Statistical analysis was performed using 
Bonferroni corrected t-test. . * p < 0.05; ** p < 0.01.  
 
	

Figure 5. miR-218 decreases cell viability in 
MCF7 cells in combination with DXR A.MTS 
assay representative graph showing the viability of GFP 
and miR-218 transfected cells treated with DXR (20 μM) 
for 48hrs. B. Pyknotic nuclei of GFP and miR-218 
transfected cells treated with DXR (10 μM) for 48h and 
the corresponding graph. Statistical analysis was 
performed using Bonferroni corrected t-test * p < 0.05; ** 
p < 0.01; *** p < 0.001.  
	

b	
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At this point we hypothesised that PARKIN expression may be correlated to DXR-

resistance in patients affected with BC. To place PARKIN in a wider context of molecular 

connections, we preliminary combined the mithophagic genes from three lists of relevant 

human genes in public databases (Gene Ontology, KEGG, Reactome): by this analysis we 

found that PARKIN is part of a complex biological network of 101 highly connected 

proteins (prot-prot interaction enrichment p-value<1.0*10-16, StringDB database). 

 

Overall, our preliminary data indicated that miR-218 targets Parkin and impair mitophagy 

in MCF7 cells. Most importantly, we discovered that DXR treatment of MCF7 BC cells 

induces mitophagy, suggesting that mitophagy induction could be a pro-survival path 

induced by DXR, hence favoring drug resistance. We here anticipate that BC cells may 
avoid the effect of drug treatment by enhancing their mitophagy activity. Our goal is 
to identify a novel relationship between mitophagy gene expressions and drug 
resistance in BC cells and to mechanistically confirm our hypothesis by interfering 
with mitophagy proteins in BC (i.e Parkin) and to investigate cell response to drug 
treatment. 
 
The project was designed to investigate this hypothesis by addressing the following 

issues: 

1. Demonstration that it exists a relationship between mitophagic genes and DXR 

resistance.  

2. Demonstration that DXR induces mitophagy PINK1-Parkin dependent in two luminal 

subtypes of cell lines, MCF7 and SKBR3 and a basal subtype cell line, MDA-MB-231 cells 

and in stem like cells growth as mammospheres. 

3. Demonstration that mitophagy inhibition through miR-218 expression can improve the 

sensitivity to the chemotharepeutic agent DXR in BC cell lines. In this context we will 

elucidate which molecular mechanism is responsible for cell death increase. The same 

study will be performed in stem like cells growth as mammospheres derived from BC cells  

4. Demonstration, in vivo, using conditional miR-218 knouck-out mice that miR-218 

expression could be crucial to fight mammary tumors  

5. Considering that nanoparticles (NPs) offer excellent opportunities for cancer cell specific 

controlled delivery of miRNAs but also for chemotherapeutic agents, we plan to synthetize 

miR-218/DXR NPs and to intratumorally inject them to target, in vivo, the mitophagy 

PINK1/Parkin-dependent and to improve therapy efficiency in a BC mouse model. 
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Impact: By performing a global mitophagy genes analysis, the project has a high potential 

to demonstrate that it may exist a strong relationship between expression of mitophagic 

genes and DXR resistance. Mitophagy genes could thus become novel specific targets for 

BC treatment. In 2020 my team discovered a powerful inhibitor of mitophagy (miR-218) 

that will be used in the present project in order to interfere with the mitophagic E3 ubiquitin 

ligase Parkin. To the best of our knowledge, this project could be the first report able to 

demonstrate the effectiveness of specific mitophagy inhibition in BC therapy. Indeed, 

blocking this ligase might make cancer cells more sensitive to DXR treatment in BC cells 

in vitro and in vivo both in stem and non-stem BC cells. Our approach will combine two 

ways of tumor cell killing (mitophagy inhibition and chemotherapy) and could represent a 

new strategy for clinical practice when injecting nanoparticles intratumorally. Moreover, by 

using conditional miR-218 KO mice, we could provide the innovative proof-of-concept that 

miR-218 is involved, in vivo, in BC tumorigenesis. Also, by using miR-218/DXR 

nanoparticles, we hope to target both tumors and their resident stem cells and this could 

have the potential to improve survival of patients. If successful, this proposal will thus not 

only enhance our knowledge on the mitophagic process related to BC cells but will also 

provide novel target for therapeutic intervention. 

 
Experimental Design and results  
 
TASK1. Is there a relationship between mitophagic genes and DXR resistance in 
breast cancer?  
 
Description/methods 
Resistance to DXR is the most common clinical problem in breast cancer therapy, and the 

underlying molecular mechanisms remain to be investigated. With this task we aim to 

demonstrate that mitophagy-induced by DXR may be a novel way of resistance to 

chemotherapy. This part of the project could provide crucial information of how parental 

BC cells but also stems like cells could resist to therapy.  
 
Milestone a. Does mitophagic genes are found up-regulated in BC patients treated 
with DXR? 
In order to investigate whether mitophagic genes may be modulated in BC patients treated 
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with DXR, we performed a bioinformatical analysis in collaboration with Dr Ivan Arisi, a 

Bioinformatics scientist (EBRI, Rome, Italy). To this end, the list of mitophagic genes has 

been extracted from several lists of RNA profiles coming from BC patients from the KEGG, 

Reactome and AmiGO databases using the mitophagy-related keywords. We analyzed the 

expression of main mitophagic genes (ie: PINK1, PARKIN, NDP52, OPTN, p62, AMBRA1, 

LC3 etc.) in transcriptomic datasets extracted from the Gene Expression Omnibus and 

ArrayExpress public databases and from the scientific literature. Filtered normalized 

expression data downloaded from these databases have been analyzed by R-

Bioconductor. Differentially expressed genes have been selected using the R packages 

Limma for microarray data and edgeR or DESeq2 for RNA-Seq data. As illustrated in 

figure 6 the main genes involved in PINK1-mediated mitophagy such as the kinase 

PINK1, the autophagic receptor Optineurin (OPTN), LC3B (MAP1LC3B), GABARAPL2 or 

TBK1 are found up-regulated following DXR treatment in MCF7 cells suggesting that this 

pathway may be stimulated.  

Interestingly, our analysis indicates that a part of these genes are up-regulated in 

the polysomal fraction, suggesting that mitophagic gene levels may be finely regulated 

during DXR response in BC cells and thus that the mitophagy response may be finely 

regulated at the transcriptional and translational levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. DXR treatment modulates mitophagy-related genes expression in MCF7 
BC cells. Heatmap showing the fold change expression of representative mitochondrial quality 

control/autophagy-related genes in MCF7 cells treated with different timings and concentrations of DXR vs 

untreated culture. Up-regulated genes are shown in red, down-regulated genes are in green. The table 
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shows the datasets used for the analysis.  

 
Milestone b. Does mitophagic gene expression increase in BC cells following DXR 
treatment? 

We next analysed the effect of DXR treatment on mitophagy gene expression, on 

MCF7 cells. For this, we treated human MCF7 cells with DXR and by performing a 

microarray analysis, we evaluated a potential increase of genes encoding key proteins 

regulating the mitophagy pathway in the cells treated with DXR compared to control cells 

treated with vehicle. Briefly, RNA has been extracted from these cells, three biological 

replicas have been produced and the analysis has been performed in collaboration with Dr 

M. D’Onofrio (EBRI, Roma, Italy). Of note, the same procedure will be repeated on MCF7 

resistant to DXR (generation of these cells in progress) and on MCF7 cells grown as 

mammospheres (in progress).   

Our data indicate that around 5000 genes are up- or down-regulated following DXR 

treatment. Among genes up regulated, we confirmed, in our hands, that the kinase PINK1 

is up-regulated together with LC3B and p62 (Figure 7). Interestingly MFN1 and 2, two 

genes, involved in the elongation of mitochondria, appeared down-regulated, supporting 

the idea of the presence of a fragmented mitochondrial network (which is required for 

mitophagy). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Symbol Log2fc FDR
ATG12 1.3E-14
ATG5 8.0E-09
CSNK2A1 6.4E-13
CSNK2A2 4.5E-16
CSNK2B 4.4E-17
FUNDC1 1.7E-04
MAP1LC3B 5.3E-13
MFN1 5.2E-14
MFN2 5.3E-11
MTERF3 3.0E-10
PGAM5 3.2E-12
PINK1 1.7E-05
RPS27A 2.2E-17
SQSTM1 1.1E-07
SRC 1.5E-15
TOMM20 8.9E-12
TOMM22 1.5E-16
TOMM40 7.3E-10
TOMM5 2.7E-16
TOMM6 3.0E-16
TOMM7 4.0E-19
TOMM70 8.2E-17
UBA52 1.9E-20
UBB 5.9E-05
UBC 1.6E-20
ULK1 2.4E-13
VDAC1 3.6E-17
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Figure 7. PINK1-mediated mitophagy genes expression are up-regulated in MCF7 
treated with DXR. The table shows the mitophagy-related gene list from the database Reactome. Fold 

change of each gene has been represented with bar green (down-regulated) and red (up-regulated). FDR 

values are shown. 

 

 We are currently validating up-regulation of mitophagic genes by carrying out by 

qRT-PCR on BC cells treated or not with DXR. We next plan to downregulate the 

candidate genes with siRNAs and to evaluate the putative cell death improvement by 

performing MTT assays and quantifying, by microscopy, the pycknotic nuleci in transfected 

cells. 

 
TASK2. Does DXR induce mitophagy PINK1-Parkin dependent in BC cells and in 
stem like cells derived from parental BC cells?  
 
Description/methods 

Interestingly, we discovered that DXR treatment of MCF7 BC cells induces the clearance 

of two mitochondrial markers (Figure 4). Since mitophagy is often acting as a prosurvival 

pathway, this suggests that induction of mitophagy could be a DXR-induced pro-survival 

pathway, thereby promoting drug resistance.  

Here we confirmed that DXR induces mitophagy dependent of PINK1/Parkin, in the 

luminal subtype of cell line MCF7 (we are also checking this aspect in the basal subtype, 

triple negative cell line MDA-MB-231). By performing FACS analysis and confocal 

microscopy, we found that DXR treatment induces mitochondrial superoxide generation 

and mitochondrial degradation in MCF7 cells (Figure 8). 

A.                                                                          B. 
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Figure 8.  DXR treatment induces ROS generation and mitochondria degradation. A. 

FACS analysis of mitochondrial superoxide (MitoSOX). The histogram shows the intensity of the signal in the 

indicated condition. B. Illustration of the mitochondrial network in untreated (CTR) and treated (DXR) 

cultures. The graph shows the area of mitochondrial network quantified in the indicated condition. Standard 

deviations (S.D.) are shown in red. Statistical analysis was performed using one way ANOVA (A) and Mann-

Whitney test (B); **** p<0.0001. 
 
We next check for autophagosome formation following DXR treatment through confocal 

microscopy analysis using anti-LC3 antibody. As shown in Figure 9, DXR induces LC3 

dots formation that is further increased with Ammonium chloride (NH4Cl), a well-known 

autophagy inhibitor, confirming that an autophagy flux is induced following DXR treatment 

in BC cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. DXR induces LC3 dots formation. Each dot in the graphic represents the number of 

autophagosomes for cell. Standard deviations (S.D.) are shown in red. Images illustrate LC3 dots 

accumulation following DXR treatment and NH4Cl. Statistical analysis was performed using t-test **** 

p<0.0001. 

 

To ascertain that mitochondria degradation is occurring through the autophagy/lysosomal 

degradation, we treated our cells with NH4Cl. As shown in Figure 10, NH4Cl treatment is 

sufficient to inhibit degradation of both COXII and COXIV, confirming that mitochondria are 

degraded through the autophagy pathway following DXR treatment.   
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Figure 10. DXR-mediated mitochondria degradation requires autophagy. Western blot 

analysis of mitochondrial markers in cells treated with DXR and DXR+NH4Cl. Histograms represent the 

mean of at least 4 experimental replicates of COXII and COXIV level normalised with Actin, in treated (DXR 

or DXR+NH4Cl) vs untreated sample (CTR). Standard deviations (S.D.) are shown in red. Statistical analysis 

was performed using t-test ***p<0.001; **** p<0.0001.   
 

 Afterwards we checked for PINK1 accumulation on mitochondria following DXR, 

which is a hallmark of mitophagy induction together with the modulation of the two main 

mitophagic receptors involved in PINK1-mediated mitophagy, which are NDP52 and 

Optineurin (OPTN). As expected, PINK1 levels increase following DXR treatment and both 

NDP52 and OPTN levels are accumulating following DXR treatment in combination with 

NH4Cl, indicating that these two autophagic receptors are involved in the mitophagic 

pathway stimulated by DXR.  
 To reinforce these data, we are currently analysing PINK1 activity (phospho-

PINK1) and the translocation of the E3 Ubiquitin ligase Parkin to mitochondria after DXR 

treatment. We are also testing the potential induction of mitophagy in stem like cells 

growth as mammospheres [8].  

A.                                                                      B. 
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C. 

 

 

 

 

 

Figure 11: DXR induces PINK1 accumulation and autophagy receptor expression 
modulations in MCF7 cells. The Western-blot shows stabilisation of PINK1 after DXR treatment (30 

µM, 1h) A. Main mitophagic receptors Optineurin and NDP52 decrease in presence of DXR (30 µM, 24h) 

and accumulate with NH4Cl (20 µM, 24h) B-C. Histograms represent the mean of at least 3 experimental 

replicate of the indicated protein level, normalized with actin (A,B) or vinculin (C), in treated (DXR or 

DXR+NH4Cl) vs untreated sample (CTR). Standard deviations (S.D.) are shown in red. Statistical analysis 

was performed using t-test. n.s. not significant; * p<0.05; **p<0.01; *** p<0.001. 

 

Finally, to understand whether mitophagy should be a real mechanism of resistance to 

treatment, we generated MCF7 cells resistant to DXR. To this end, we treated the cell 

culture with low doses of DXR, increasing the concentration until cells have shown an 

adaptation (restart to grow). When cells survive to specific high concentration of DXR for 

several weeks, we call them “resistant”. We performed a confocal microscopy on DXR-

sensitive MCF7 or DXR-resistant MCF7 cells with antibodies against TOM20 and LC3 in 

order to stain mitochondria and autophagosomes, respectively. In basal condition, few 

dots of LC3 are found colocalized with mitochondria in sensitive-MCF7cells (Figure 12A). 

However, this colocalisation is strongly up-regulated in resistant-cells (Figure 12B). We 

are currently quantifying TOMM20-LC3 colocalization in these two conditions. This 

preliminary data indicate that mitophagy is a process that could be strongly stimulated in 

cells resistant to DXR. We are also reinforcing these results by performing qPCR of 

mitophagic genes and mir-218 in resistant cells. We expect that mir218 will be inversely 

correlated with PINK1-mediated mitophagy genes.                        
         A.                                                B. 
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Figure 12. DXR resistant MCF7 cells display an increase colocalization between 
mitochondria and autophagosomes. Confocal images of sensitive-MCF7 cells (A) stained with 

anti-LC3 (green) and TOMM20 (red) or resistant cells to 160 nM DXR (B).  

 
TASK3. Does mitophagy inhibition through miR-218 expression improve the 
sensitivity to the chemotherapeutic agent DXR in BC cell lines?  
 
Description/methods 
We found that miR-218 overexpressing cells, by inhibiting DXR-induced mitophagy, 

improves BC cell death (Figure 5), thus, supporting our hypothesis, that inhibition of 

mitophagy could further improve the efficacy of the chemotherapeutic agent. Of note, 

autophagy inhibitors such as chloroquine, hydrochloroquine already find a wide application 

in cancer therapy [9], meanwhile the role of mitophagy inhibition in this context, remains 

complex, partly due to the fact that inhibitors of mitophagy are lacking. Our preliminary 

data put thus under the spotlight miR-218 as a novel inhibitor of mitophagy that could be 

useful in fighting resistance to chemotherapy treatment in BC. This task is aimed to test 

this hypothesis. Considering that CSC play a pivotal role in cancer development and 

regeneration, we plan to study the role of miR-218 in combination with DXR also in stem 

like cells grown as mammosphere.  

 

 
TASK4 and TASK 5 described bellow were planned for the third to fifth year of the 
project (2023-2025). 
 
Task 4 is dedicated to demonstrate, in vivo, that miR-218 expression is crucial to 
fight against breast tumorigenesis.  
Milestone a. Does loss of miR-218 predispose the mammary gland to spontaneously 

induce mammary tumour formation 

 
Description/methods 
It has been demonstrated that miR-218 expression is reduced in BC cells and its 

expression favors their death [10]. To gain insight into the function of miR-218 in mammary 

gland, we will generate a mammary-specific miR-218 knockout mouse model. To this end, 

we will take advantage of conditional miR-218 knock-out mice, already generated by our 
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collaborator Dr GC Bellenchi (Institute of Genetics and Biophysics"Adriano Buzzati 

Traverso", CNR, Naples, Italy) and which are available in the host institution. Of note, two 

identical isoforms for miR-218 are present in the mammalian genome, named miR-218-1 

and miR-218-2. While miR-218-1 KO is vital, fertile and does not show any phenotype [11, 

Bellenchi, unpublished observation] miR-218-2 is perinatal lethal. Thus to study the 

biological role of miR-218, our collaborator generated a mouse line with the following miR-

218s genotype: miR-218-1-/-; miR-218-2 flox/flox, where the first isoform is constitutively 

deleted and the second isoform can be deleted by using a tissue-specific Cre deleter. 

From hereafter, we will refer to this mouse line as conditional miR-218 (miR-218 fl/fl).     

 Since we don’t know which isoform of miR-218 is mainly expressed in the 

mammary gland (mostly because they produce identical mature miR-218), it will be first 

necessary to discriminate which miR-218 is highly expressed in the mammary gland. To 

this end, our collaborator, Dr Bellenchi, will perform real-time PCR (RT-PCR) using the 

Taqman array system and focalizing on the promoter regions of each isoform. If the results 

obtained will indicate that miR-218-1 is the main miR218 expressed in the mammary 

gland, since we already possess the constitutive knock out mice for Mir218-1, we plan to 

directly analyse mammary tumors development in these mice (Milestone b). By contrast, if 

we find that miR-218-2 (together with mir 218-1 or not), is expressed in the mammary 

gland, we will have to interfere specifically with this isoform in the mammary gland. To this 

end, we plan to use a conditional knockout mouse where the Cre transgene will be under 

the control of the β-lactoglobulin (BLG) promoter [12]. In order to induce activation of the 

BLG promoter and subsequent complete miR-218 knockout, a pituitary isograft will be 

surgically inserted into the renal capsule of 6-week-old BLG-Cre; miR-218 fl/fl (Cre+) and 

miR-218 fl/ fl (Cre-) control mice [13]. The pituitary transplant containing prolactin and 

ovarian hormones will trigger epithelial proliferation and lobuloalveolar differentiation in the 

mammary gland. The presence of milk in the mammary glands will indicate the correct 

activation of the BLG promoter approximately 50 days after pituitary implantation [14]. 6 

BLG-Cre; miR-218 fl/fland miR-218fl/flmice that had undergone at least 2 pregnancies will 

be monitored for spontaneous mammary tumour formation. We will check in Cre-positive 

mice for miR-218 downregulation from isolated mammary epithelial cells by performing 

WB of isolated mammary epithelial cells at multiple stages of mammary development and 

immunohistochemical staining in the mammary epithelium. We will estimate the number of 

potential spontaneous developed mammary tumors in Cre+ and Cre- mice. All mice will be 

monitored weekly by palpation for evidence of mammary tumour formation. Mice will be 
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sacrified when the largest of the tumors will have a final volume of 1cm3 (tumors volumes 

will be calculated according to the formula V = (4/3) πR12R2 (radius R1< R2)). All mammary 

tumors and normal mammary glands will be dissected. For histological studies, needed to 

analyse which subtypes of BC tumour will be developed (i.e. adenocarcinoma, 

carcinosarcoma), half of the tumors will be fixed in 10% formalin buffer, embedded in 

paraffin wax, and then stained with hematoxylin and eosin (H&E) and the other half of the 

tumors will be frozen in liquid nitrogen and stored in −70 °C for Western-blot analysis. 

Milestone b. Does loss of miR-218 predispose the mammary gland to chemically induced 

mammary tumour formation. 

Description/methods 

We plan here to check whether loss of miR-218 predisposes the mammary gland to 

chemically induced mammary tumour formation. We anticipate that miR-218-mammary 

gland deficient mice will have a greater susceptibility to breast tumorigenesis or aggressive 

breast cancer progression. 

 For mammary tumors induction, mice (8 BLG-Cre; miR-218fl/fl mice and 8 miR-218 
fl/fl control mice), will be treated once a week with the carcinogen 7,12-

dimethylbenz(α)anthracene (DMBA) or corn oil for 5 weeks (1mg per 25g) by gavage. We 

will check in Cre-positive mice for miR-218 downregulation from isolated mammary 

epithelial cells by performing WB of isolated mammary epithelial cells at multiple stages of 

mammary development and immunohistochemical staining in the mammary epithelium. 

We will also estimate the number of developed primary mammary tumors, as well as 

developed multiple tumors in DMBA-treated Cre+ mice compared to Cre- mice. Lungs will 

be also evaluated for evidence of metastases. All mice will be monitored weekly by 

palpation for evidence of mammary tumor formation. Mice will be sacrificed when the 

largest of the tumors will have a final volume of 1cm3. All experimental procedures will be 

approved by the Committee on the Ethics of Animal Experiments and the number of 

animals planned for this task has been justified in the 3R section using the power analysis. 

 
TASK 5 is dedicated to  demonstrate that miR-218/DXR lipid-based nanoparticules 
intratumorally injected in vivo, may improve therapy efficiency in BC mouse model  
 
Description/methods  

We preliminarily discovered that DXR treatment of MCF7 BC cells induces mitophagy 

(Fig.4). In addition, miR-218 overexpressing cells by inhibiting DXR-induced mitophagy, 
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improves BC cell death (Fig.5), thus, supporting the fact that inhibition of mitophagy could 

further improve the efficacy of the chemotherapeutic agent. In view of the drug-resistant 

BC cells, there is a need for therapeutic alternatives. Keeping this in mind, the task 5 will 

be aimed at testing the synergism between miR-218 (a powerful inhibitor of mitophagy) 

and DXR against BC tumorigenesis. Since nanotechnology-mediated drug deliveries of a 

combinatorial drug have shown to be promising in multiple cancers [15], we aim to develop 

nanoparticles for co-encapsulation and co-delivery of miR-218/DXR (milestone a). We will 

then check the correct co-delivery of miR-218 and DXR into DXR-resistant MCF7 cells and 

wild-type MCF7 cells and we will evaluate the effect of NPs on cell proliferation and 

apoptosis in vitro (Milestone b). We will then check whether the co-delivery of miR-218 and 

DXR by NPs can synergistically have anti-proliferative effects, tumor inhibition, in 

MCF7/resistant-bearing nude mice. Finally, we will test whether NPs can prolong the 

average survival time of tumor-bearing mice (Milestone c).   

Milestone a. Synthesis of miR-218/DXR nanoparticles 

Nanoparticles improve the bioavailability of the drug as well as the selectivity of the 

anticancer drug [16]. They have sizes between 1 and 1000 nm and among the many 

nanoformulations used in oncology, in order to achieve the goal of the project, three 

suitable drug delivery systems will be considered based on three different type of 

nanoparticles: i) polymeric (such as alginate and chitosan) [17] ii) lipid (such as Cetyl 

Palmitate and proper emulsifiers) [18,19], iii) inorganic (such as graphene quantum dots, 

GQD) nanoparticles [20,21]. 

All the selected nanoparticles have shown successful application as drug delivery 

system in many cancer types. Polymeric and lipid systems are remarkable for the 

biocompatible matrix, protection from degradation, sustained release of the encapsulated 

drug, reduced cytotoxicity as well as cell uptake. On the other hand, GQD nanoparticles 

have shown low cytotoxicity (up to 100μg mL-1) and ability to penetrate effortlessly tumor 

cells, especially MCF7 BC [21]. Moreover, the GQD fluorescence properties make it a 

good candidate for imaging/detection issue, too. 

 We plan to synthesize in collaboration with Prof S Bellucci (INFN-Laboratori 

Nazionali Di Frascati, Rome, Italy), miR-218/DXR nanoparticles. For this aim, nano-

complexes will be prepared using the proper method (i.e. i) gelation process for polymer, 

ii) cold water of oil-in-water microemulsions for lipid iii) liquid exfoliation for GQD), which 

simultaneously encapsulate positive charged DXR and negative charged miR-218. In 

order to achieve the double encapsulation, proper functionalization of the nanomaterials 



	 51	

will be designed to modify surface charge and hydrophobicity. The NPs will be prepared 

and optimized, and the physicochemical properties of nanoparticles will be characterized 

from morphological and spectroscopic point of view. The DXR/miR-218 encapsulation 

efficiency, particle stability in various solutions and in vitro release will be analyzed. The 

most promising drug delivery system will be chosen (milestone a) and tested in vitro/in vivo 

studies. 

 

Milestone b. Does miR-218/DXR nanoparticles increase, in vitro, cell death of BC cell 

compared to DXR treated BC cells?  

In order to verify the intracellular co-delivery efficiency of nanoparticles in MCF7 BC 

cells, miR-218 will be labeled with GFP in order to visualize the cell uptake of miR-218 

compared with red fluorescence of DXR. We will follow the cellular uptake of the miR-

218/DXR complex by fluorescent microscopy for 48 h. qPCR of miR-218 expression will be 

performed to confirm that NPs can be used as efficient miRNA delivery systems, using 

miR-218 oligonucleotides, in comparison with that of a classical transfection using 

RNAiMAX Lipofectamine. We will check by western-blot analysis and confocal microscopy 

for miR218 efficiency on Parkin expression and thus on mitophagy inibition in nanoparticle-

postive cells. Toxicity and apoptosis assays: human BC cells MCF7 but also MCF7/DXR-

resistant will be incubated with miR-218 and DXR for 24 h or 48 h, respectively. 100 nM of 

miRNA will be constantly used, while DXR will be loaded with 3 different drug 

concentrations 0.1, 0.5 and 2.5 mM, which correspond to low, moderate and high doses of 

DXR. Control cells will be cultured in the same conditions without nanoparticles treatment. 

Cell viability will be determined at indicated time points using MTT assay. We plan also to 

use the AnnexinV/propidium iodide (PI) apoptosis detection kit for apoptosis assessment. 

At 48 h post treatment, cells will be harvested and processed by using 

AnnexinV/propidium iodide (PI) apoptosis detection kit and will be subjected to flow 

cytometric analysis. Each experiment will be performed in triplicate. 

 

Milestone c. Does miR-218/DXR nanoparticles reduce, in vivo, breast tumorigenesis more 

than the DXR treatment alone? 

 To further study the in vivo anti-tumor effects of miR-218/DXR NPs in DXR-

resistant tumors, we plan to establish a xenograft model by orthopic injection of MCF7 

resistant cells into the abdominal mammary gland of eight-week-old nude female mice (1 x 

106 cells, mixed with 50uL of Matrigel) will be subcutaneously injected into nude female 
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mice (BALB/c). When the tumor will reach approximately 50 mm3, the mice will be 

randomly divided into groups, with 7 per group (saline, blank NPs, DXR, miR-218/DXR 

NPs). The mice will be treated four times by intratumoral injection of miR-218/DXR NPs 

every 3 days and the tumor growth (size and weight) will be analysed after 21 days of 

treatment.  

 

 

 

 

 

 

 

 

 

 

 

 
 

The tumors volume and body weight will be measured every other day. The tumor 

volume will be monitored using calipers and calculated using the approximate formula V ~ 

1/2 * (length*width2)  [mm3] derived from the ellipsoid volume [22]. The tumors of the four 

groups will be dissected and weighed at 3 days after the last administration. A TUNEL 

assay will be performed in order to quantify apoptotic tumor cells. Elimination of actively 

dividing tumor cells will be analysed by performing immunofluorescence of Ki67 staining. 

The survival time of tumor-bearing mice will be evaluated. By using miR-218/DXR NPs, we 

hope to target both tumors and their resident CSCs. To check this later aspect, 

downregulation of BC CSC markers such as Aldehyde Dehydrogenase 1-A1 (ALDH1), 

CD44+/CD24- will be analysed by performing FACS analysis. All experiments will be 

performed in accordance with the procedures and protocols of the Animal Ethics 

Committee and the number of animals planned for this task has been justified in the 3R 

section using the power analysis.  

 

Statistical analysis: Statistical tests will be performed using GraphPad Prism. To analyse 

the percentage of tumor free mice over time, Kaplan-Meier curves will be used and the 
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logrank test will be performed to compare two different conditions. In vitro mitophagy, cell 

death, palpable tumour, average number of tumour/ mouse and average growth rate will 

be evaluated using the two tailed Mann-Withney test to compare two independent groups. 

Kruskal-Wallis with Tukey’s post hoc tests will be used to compare more than two 

independent groups. In case of multiple testing, Bonferroni correction will be applied to p-

values. For any statistical design, p-value < 0.05 will be considered significant. 

 

Risk assessment and contingency plans:  

Modulation of miRNAs expression could have undesirable actions due to certain off-target 

effects. However, in the context of BC, miR-218 has already been shown to target 

Survivin, a protein involved in drug resistance of BC cells. We can thus hope to obtain a 

positive dual effect of miR-218 in targeting both a pro survival protein and mitophagy. We 

may also consider that mitophagy inhibition will not improve cell death of stem like cells 

grown as mammopsheres as we preliminary obtained in MCF7 cells. In this case we could 

think to change the nanoparticles strategy in order to avoid side effects, for example, by 

engineering nanoparticles that can target only parental cells and not stem like cells. 
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PROPOSED PROJECTS 
 

Along my “small career” I acquired a strong expertise in autophagy and 

neurosciences. I became independent in 2018 working in my own laboratory in Rome. 

As a PI, I obtained 5 grants among which the Neuroscience prize from ROCHE and 

AGYR grant (Alzheimer Italian Association). In 2022, as a newly recruited CR-CNRS, 

I joined the team of J. Courchet at INMG (Lyon), a centre dedicated to study the 

pathophysiology of the nervous system and muscles.  

I plan to develop my sub-group to pursue the project on Alzheimer disease 

(project N°1) and to develop new projects that will be in perfect harmony with the 

laboratory directed by J Courchet and my Host Institution (See project N°2 and N°3). 

 

The research project N°1 detailed below constitutes the core of my current 

team’s activity that has been under support from AGYR. I hope to obtain soon from 

“France Alzheimer”, the necessary necessary financial and human resources to 

perform the proposed project n°1 (The time-frame planned is 2022-2024).  

The project N°2 corresponds to my CRCN-CNRS proposed project. I plan to 

obtained robust preliminary data in these months in order to next apply to funding’s 

including national grants such as ANR, FRM and AFM. This project has been initiated 

directly following my relocation from Rome (Italy) since I performed myself a part of the 

experiments described in this proposal. In addition, I plan to recruit a Master and PhD 

student to assist me on this project.  

Furthermore, our team belongs to the MyoNeurAlp alliance, a research 

consortium gathering teams from the Rhone Alpes Auvergne region and focusing on 

the study of neuromuscular diseases under the impulsion of the AFM-Telethon.  It is a 

multi-PI grant and is given in a global envelope for the team (450k€ including 150k€ of 

funds for me (PhD grant + consumable).  I am thus PI of the research proposed project 

N°3 detailed below and that will be conducted under the MyoNeurAlp consortium.  
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PROPOSED PROJECT 1:  

NDP52, a protein that protects against Alzheimer's 

(Acronym “VITAL”- Time frame: Jan 2023- Jan 2025) 

 

With project N°1, we plan to provide evidence that the variant NDP52GE, that we 

are currently demonstrating to be beneficial in vitro and in vivo in two AD-related models 

(Neuroblastoma cells + Drosophila), could be also beneficial in an in vivo mouse model of 

Tau-related AD. Due to the close evolutionary relationship of mice with humans, this part 
of the project could bring the innovative proof-of-concept that NDP52 is a novel 
therapeutic target in mammals.  

Moreover, through a genetic analysis, we plan to show that NDP52 G140E variant 
may be protective for AD patients. This project could undoubtedly highlight NDP52GE 

as a new target for AD patients. 

To do so, I plan to combine my unique knowledge on NDP52GE with the expertise of 

my host team (stereotaxic injections; cognitive tests) and with Dr D Blum, an expert in Tau-

related AD. Also, the host institution has state-of-the-art Biochemistry, Cellular and 

Molecular Biology facilities, an animal house facility and is equipped with a confocal 

microscope and a 2-photon microscope with a stereotaxic frame adapted to live imaging in 

the mouse brain. Overall, I am in a highly favourable environment to successfully reach the 

proposed objectives. 

 

AIMS 

Because NDP52 plays an important role in the clearance of phosphorylated Tau [5,6], we 

here anticipate that the NDP52GE variant may be able to mitigate AD by clearing more 

efficiently Tau proteins as compared to the WT form of NDP52 through a higher capacity 

to bind LC3C.  Our data indicate that NDP52GE is able to bind more LC3C in neuronal-like 

cells and that it induces, in vitro, a robust clearance of phospho-Tau compared to its WT 

form (See Ongoing Project 1). In addition, we preliminary suggest that the variant 

NDP52GE could be genetically associated to AD as a protective factor. 

	
In that context, the present project is designed to investigate this hypothesis as 
follows:  
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1. Demonstrating that NDP52GE may be beneficial in vivo, in a hTau mouse 
model of AD (Aim1); 

2. Demonstrating that NDP52 G140E variant is genetically protective in AD 
patients (Aim2).  

 

Aim1: We will investigate the beneficial impact of the NDP52GE variant in an in vivo 

model of AD-like Tau pathology, the THY-Tau22 (Tau22) strain, developed by our partner 

laboratory, which progressively develops hippocampal Tau pathology and memory deficits 

[10]. We aim at demonstrating that NDP52GE neuronal expression mitigates the 

development of hippocampal Tau pathology, related synaptic loss and subsequently 

improves cognitive features of these mice (spatial and non-spatial memory). 

 
Aim2: Because NDP52GE variant is naturally presents in human, we plan to demonstrate 

that it could be a novel protective factor for AD patients. To this end, through genotyping of 

the rs550510 (G/A) variant, c. 419 G> A, p.Gly140Glu of the NDP52 gene , we plan to 

compare the presence of the variant in healthy donors versus AD patients.  Our 

preliminary results allow us to anticipate that, by increasing the number of AD patients in 

our cohort, the variant NDP52GE could result as a genetic protective factor for AD 

patients. 

 

Methodology and experimental plan  
 

AIM1. Demonstration that NDP52GE may be beneficial in vivo, in a hTau mouse 
model of AD  
 

We plan to test the beneficial effect of NDP52GE variant in a hTau mouse model of AD 

(THY-Tau22) kindly provided by our partner Dr Blum (UMR-S1172 LilNCog - Alzheimer & 

Taupathies, Lille, France).  THY-Tau22 mice ((B6.Cg-Tg(Thy1- MAPT)22Schd) express 

mutant human 4R Tau (G272V and P301S) driven by a neuron-specific promoter (Thy1.2). 

These mice are maintained in the C57BL/6J background [10]. They are a classical model 

for Tau aggregation, a pathological hallmark of AD as well as numerous tauopathies. With 

age these mice develop a variety of Tau-related neuropathological changes, including Tau 

hyperphosphorylation, neurofibrillary-like Tau inclusions and tangles. Tau pathology is 

generally mild at three to four months of age, moderate at six to seven months, and 
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extensive at nine months and beyond.  Behaviourally, these mice display progressive 

learning and memory impairments, including deficits in spatial, social, and contextual 

learning. Non-spatial memory is affected as early as six months, whereas spatial is 

impaired later, from 8.5 months [16]. 
We plan to use Adeno-associated virus (AAV) as a shuttle vector in order to deliver 

NDP52 safely and effectively in mice [17]. We will generate AAV2/5 encoding GFP as a 

control, NDP52WTp2AGFP or NDP52GEp2AGFP under synapsin neuronal promoter 

(Addgene AAV production). To test the effect of NDP52 variants, we will inject, through 

stereotaxy (n=15 /group), AAV encoding “GFP control”, NDP52WTp2AGFP or NDP52GE 

p2AGFP in the hippocampus of adult mice (Both females and males, 3 months of age).   

 

We next plan to analyse mice phenotype with the help of our partner, Dr Blum, expert in 

Tauopathy:  

 

-Non-spatial memory (known to be affected already at 6 months) and spatial memory 

(known to be affected after 9 months) [10] will be evaluated through cognitive tests 

mastered in the host laboratory. In particular, we plan to perform several behavioural tests 

such as the Y-Maze and Barns Maze. 

 

-Once behavioral analysis is completed, we will sacrify animals and the hippocampal Tau 

pathology will be investigated as described [18-20]: i) Tau immunohistochemistry against 

hyperphosphorylated (AT8) and conformational epitopes (MC1, AT100); ii) 2D and 

Western blot using against hyperphosphorylated (T181,S199,S262,S396,S404) or 

abnormally phosphorylated epitopes (AT100); iii) Sarkosyl fractionation of insoluble Tau.  

 

-Further, since it has been shown that diminished levels of total spines is a characteristic 

of the CA1 regions of THY-Tau22 mice [21,22], we plan to check whether NDP52 

expression prevents Tau-induced synaptic loss. To this end, we will quantify on brain 

slices the number of dendritic spines in GFP-positive neurons by performing stainings 

against VGluT1 and PSD-95, respectively pre- and post-synaptic markers of excitatory 

synapses, predominantly affected in Thy-Tau22 mice. The number of synapses will be 

quantified through the colocalisation of the two markers following images acquisitions of 

dendritic segments of GFP-labeled CA1 pyramidal neurons using a confocal microscope 

(Nikon C2) equipped with 63 objective and Imaris software.   
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-Finally, we plan thus to check, at that time, for a putative neuronal loss in the 

hippocampus by using NeuN immunohistochemistry and Nissl/cresyl-violet [10]. 

 

All animal studies will be conducted following the protocols approved by the Institutional 

Animal Care and Utilization Committee.  

 
AIM2. Demonstration that NDP52 G140E variant is genetically protective in AD 
patients  
 
Preliminary observations  
We recently performed a genotyping of the rs550510 (G/A) variant, c. 419 G> A, 

p.Gly140Glu of the NDP52 gene in 189 AD and 1000 matched-control subjects. The allelic 

association is (weakly) significant (p = 0.03 approximately) and the A allele is "protective" 

with OR A = 0.69, which is in line with our molecular hypothesis.  

 

 

 

 

 

 

 

 

 

These preliminary data indicate an allelic association between NDP52GE variant and AD 

patients, however we do not obtained an association at the genotype level and this is most 

likely due to the limited number of patients analysed until now.  

 

In order to obtain more robust results, we plan to improve our preliminary genetic 

analysis by increasing our cohort of AD patients. For this, 220 additional blood samples 

have been already collected from sporadic AD patients (In collaboration with Dr Gabelli, 

Padou, Italy). The selection of AD patients was made on the basis of the clinical criteria of 

the National Institute on Aging and the Alzheimer's Association [23]. Samples have been 

subjected to DNA extraction. These DNA will be employed for the genotyping analysis 
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through a predesigned TaqMan assay (in collaboration with Dr Giardina, Rome, Italy). The 

genotyping results will be tested for biostatistical analysis to evaluate the association and 

the effect of the identified variants. We will calculate the P value through a 2 × 2 (allele 

association) and 2 × 3 (genotype association) contingency tables. The statistical 

associations will be considered significant for P < 0.05 with a 95% confidence interval. The 

strength of association will be established by calculating the OR. 

 

Expected results  

The “VITAL” program could demonstrate the effectiveness of NDP52GE to drive 

pathological Tau degradation in in vitro and in vivo models of AD and define this factor as 

protective in AD patients. The project is innovative for two reasons. First, so far, no data 

have been reported on the role of the specific polymorphism of NDP52 “GE” in Tau 

clearance. Second, this variant is present naturally in human, hence supporting a great 

potential for therapeutic interventions for AD in patients. The project will thus tackle a new 

subject both in the field of autophagy and AD. Also, since there is currently no in vivo 

evidence for the role of NDP52 in defence against pathological Tau, this project may bring 

to the scientific community the innovative proof-of-concept that NDP52 is beneficial in AD. 

Our proposal, initiated in cell culture will take advantage of a robust transgenic mice 

model, which recapitulates the main features of Tau pathology [10]. Moreover, through a 

genetic analysis on AD patients, the VITAL project could further support that NDP52GE is 

a protective factor in AD patients, opening exciting avenues for novel therapeutic 

strategies. Overall, this work may serve as a template for future explorations in the field of 

translational medicine for improving AD patients ‘life (i.e.: drug development that could 

activate NDP52 such as small molecule that may enhance interactions between NDP52 

and LC3 proteins). Having already demonstrated, in vitro, that NDP52GE is a powerful 

cleaner of pathological Tau, the present project is highly relevant and has a strong 

potential for providing important results that can be translated to therapy in human in the 

future. Since we plan to use the mouse as the next model of Alzheimer's, if usccessful, this 

project will be a key step to next make possible to test the approach with AAV-NDP52 in 

humans suffering from the AD. 

Organizational issues  
As PI, (Physiopathologie Génétique du Neurone et du Muscle, INMG Lyon, France), I will 

take responsibility of the training and professional growth of a Master II student involved in 
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the project. I have indeed this ability since I already trained/supervised 9 master students, 

1 PhD and 1 Junior fellow and 2 post-doctoral fellows. One young technician with will be 

hired. I will supervise the work of the young technician involved in this project.  Expert in 

autophagy and neurodegeneration, I will also actively participate to some experiments 

(see below). Finally, I will coordinate Aim2 that will be performed in collaboration with Dr 

Emiliano Giardina (Rome, Italy). 

 

AIM1: Is NDP52GE beneficial in an in vivo mouse model of AD? (0-24 months) 
 

Milestone 1. After production of AVVs, the PhD Student Salma Ellouze (Team Courchet, 

Lyon France), expert in stereotaxic injections in mice, will perform AVVs injections in the 

hippocampus of THY-22 mice. One young technician and FS will technically help S 

Ellouze (0-6 months).  

 

Milestone 2. Geraldine Meyer-Dilhet, engineer expert in Neurosciences (strong 

experience in mice breeding, behavioural tests) (team Courchet, INMG Lyon, France) will 

perform the cognitive tests that she perfectly knows on mice at 9 months of age. Dr David 
Blum, expert in Tau-related AD will provide the Thy-22 mice and will contribute to this 

task by sharing his strong knowledge on Thy22 mice, on behavioural tests and 

biochemical approaches (i.e: 2D western-blot, Sarkosyl fractioning). 

One young technician (experience less than 3 years, to be determined) with cellular and 

molecular skills and experience with mice, will be hired.   She/he will be full-time involved 

on this project for 18 months and will assist G. Meyer-Dilhet and Salma Ellouse in 

performing breeding mice, stereotaxic injections of AVV and behavioural tests. 

At 9 months of age, FS with the expertise of DB and the technical help of the young 
technician will analyse the number of dendritic spines and cell death in CA1 

hippocampus. 

 

AIM2: Is NDP52GE a protective factor against AD? (from 6 to 10 months) 
FS will coordinate the genetic analysis. She will provide Dr Emiliano Giardina (Expert in 

genetic, IRCCS Santa Lucia, Rome, Itlay) with 220 additional DNAs coming from AD 

patients (from Dr Gabelli, Padova, Italy). In collaboration, these DNAs will be employed for 

the genotyping analysis. 
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Risk assessment:  

Since NDP52 is involved in selective autophagy of mitochondria, its expression could have 

“undesirable” actions on this selective autophagy. However, in the context of AD, it is 

known that Tau accumulation may damage mitochondria. Because we previously 

demonstrated that NDP52 is also more “pro-mitophagic” compared to its WT form [8], we 

can thus hope to obtain a positive dual effect of NDP52GE in targeting both damaged 

mitochondria and pathological Tau in AD context. 
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PROPOSED PROJECT N°2: “Local modulation of mitophagy and 

refinement of cortical connectivity during axonal development” 

(Time Frame 2022-2027) 

 

  

 My current research is mainly aimed at studying the cellular and molecular 

mechanisms underlying mitophagy regulation in physiopathological contexts. The team 

“Energy Metabolism and Neuronal Development” (PI: Julien Courchet, hereafter J. 

Courchet’s team) recently highlighted the crucial role that mitochondrial metabolism plays 

in circuit formation in the developing brain. Having a strong expertise to study mitophagy 

and a particular interest in neurobiology since my PhD, I would like to combine my 

expertise with the one of J Courchet in order to explore the involvement of mitophagy in 

axonal branching during neurodevelopment of the brain. 

 

Scientific context of the project 

 The cerebral cortex is the siege of higher cognitive functions such as attention, 

perception, language, memory and consciousness. It is established by coordinated 

developmental processes leading to the formation of a functional network of several 

billions of neurons connected by thousands of synapses. The wiring of the cortex relies on 

energy consuming cellular mechanisms, which are exacerbated during the phase of 

remodelling of neural circuits in young children [1]. If these mechanisms go wrong, 

neuronal circuit formation can be impaired, potentially leading to NeuroDevelopmental 

Disorders (NDD) such as Autism Spectrum Disorders (ASD), schizophrenia, epilepsy or 

intellectual disability [2].	
 If axon growth and branch addition are critical steps to make new connections 

supporting circuit formation, it is equally crucial to eliminate supernumerary connections. 

Indeed during the normal course of development, there is a significant physiological 

removal of axonal branches, a process known as pruning, and allowing the refinement of 

neural circuits. Many examples in the literature demonstrate that axon pruning can occur 

on a large scale to eliminate long-range connections (e.g. the pruning of the infrapyramidal 

tract from neurons of the Dentate Gyrus, or the pruning of spinal projections of Layer V 

cortical neurons from the visual cortex) or to refine local connections [3]. Despite these 

marked differences in scale, pruning events rely on largely conserved cellular 
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mechanisms, which often engage metabolic molecules revolving around the mitochondria 

such as NAD+ or caspases [4].  

 

Objectives and hypothesis 

 It is now well established that mitochondria play an essential role in neuronal 

development and cortical circuits formation. Mechanistically, mitochondria are actively 

transported to and captured at presynapses [5,6] and this allows maintaining a correct 

presynaptic metabolism for short-term synaptic plasticity and prolonged synaptic efficacy 

[7,8]. 

 In order to maintain their crucial functions, mitochondria must constantly be 

qualitatively and quantitatively well-controlled. For a rapid removal of dysfunctional or 

excessive mitochondria, cells employ the so-called mitophagy process, a selective form of 

autophagy allowing removal of organelles in a lysosome-dependent manner [9]. In the 

axon, mitophagosomes are retrogradely transported to be degraded in the soma, where 

the mature lysosomes are predominantly located [10]. However, it has been reported that 

PINK1 and PARKIN can mediate mitophagy in response to local damage in hippocampal 

axons suggesting that mitophagy could also occur in the axon, and suggesting that 

mitophagy could be regulated locally [11].  

 Data from the Courchet team underline a crucial role for mitochondria in axonal 

development. They identified that the signaling pathway formed by the kinases LKB1 

(STK11) and NUAK1 (ARK5) controls cortical axon branching through an original cellular 

mechanism involving the regulation of mitochondria capture at immature presynaptic sites 

[12]. NUAK1 belongs to the so-called AMPK-related kinases (AMPKRK) family [13], which 

is formed by 14 kinases related to the metabolic regulator AMPK (PRKAA). NUAK1 is an 

autism-associated kinase [14] and strongly expressed in the mouse-developing cortex 

[18]. Recent evidence from the team demonstrate that NUAK1 controls not only the proper 

localization of mitochondria, but also mitochondrial metabolic activity, and that both are 

required to support axon branching [8]. Because a healthy mitochondrial population 

preserve intact energy metabolism it is therefore expected that a basal mitophagy, by 

allowing a correct mitochondrial turnover, may be required for early axonal branching. 

Interestingly, data from Courchet’s team also indicate that the removal of mitochondria 

from axonal branches is a prerequisite for their elimination (see Figure 1). This data raises 

the hypothesis that a stronger local induction of mitophagy is rather necessary to remove 
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excessive mitochondria from axonal branches before their elimination during early 

development.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Timing of mitochondria recruitment and removal in relation with branch 

growth or retraction. (Left) Mitochondria trafficking was observed in cultured cortical neurons by time-

lapse imaging over 24 hours. Short periods of high frequency imaging were alterned with 20 minutes pauses 

with low frequency imaging, to avoid phototoxicity and preserve a normal axon growth. (Right) Position of 

mitochondria in the branches on one representative axon. (bottom left) quantification of the average number 

of mitochondria per axonal branch, during growth or retraction phase. 

  

In the first part of the present project I propose to investigate the importance of 

mitochondria turnover to refine axonal arborizations. I anticipate that mitophagy 

could be a physiologically regulated process for axonal growth and pruning (Aims 

1+2). To do this I will take advantage of the NUAK1 conditional knockout mouse model 

(already present in the host laboratory) in which axonal branching and cortical circuits 

formation are affected [5,12]. Although the results of the host laboratory underline a central 

role of NUAK1 in the regulation of mitochondrial homeostasis, a possible "mitophagic" 

activity of NUAK1 and if a deregulation of this mitophagic activity could contribute to the 

axonal defects in NUAK1 knockout animals has never been analysed. I discovered that 

NUAK1 is predicted to contain a LIR motif, which suggests it can play a role in selective 

autophagy. This also led me to observe some interesting homologies between the kinase 

NUAK1 and ULK1, a well known kinase involved in mitophagy and in axonal growth of 

embryonic sensory neurons by promoting endocytosis of neutrophins [15]. Aim 3 of the 

project will be devoted to characterize the involvement of NUAK1 as a novel kinase-
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containing LIR domain in axonal morphogenesis through its putative new fonction 

in mitophagy and/or in the control of neurotrophines endocytosis.  

 

Aim 1. Demonstration that mitophagy may be involved in physiological conditions 

during axonal morphogenesis 

Milestone 1. Is global or local mitophagy modulated during developing cortical neurons?  

 Our preliminary data suggest that mitochondria leave branches before the removing 

of these branches (Figure 1). What triggers mitochondrial elimination and specifically 

whether basal mitophagy plays a role during early development of the axon remains to be 

explored. I hypothesize here that basal mitophagy could take place locally in the axon to 

ensure mitochondria removal and the elimination of supernumerary axonal branches. I will 

thus check when mitophagy could be relevant in developing cortical neurons, whether it 

correlates with specific stages of axonal development and whether the process could be 

locally regulated.  

Methods: I will check for global mitophagy by analysing, through western-blot, 

mitochondrial markers and LC3 conversion in extracts of WT cortical neurons 

corresponding to distinct stages of neuronal development (Days In Vitro (DIV) 3-21; eg. 

DIV3 : neuronal polarization, DIV7 : axon branching etc.). The same kind of analysis will 

be done, by confocal microcopy, on fixed cortical neurons at DIV3-21 both in the soma 

and axon, in order to determine whether mitochondria in distal axons could locally recruit 

autophagosomes. To examine endogenous lysosome distribution, dissociated cortical 

neurons will be immunostained for LAMP1, a late endosome/lysosome marker. To 

determine whether lysosomes would be recruited to autophagosomes containing 

mitochondria, we will analyse co-localisation between mitochondria, LAMP1 and LC3. 

Finally, to elucidate whether mitophagy could occurs locally, I will perform live imaging on 

neurons expressing the mito-mKeima construct, a mitochondria-targeted pH-sensitive 

fluorescent protein construct which has been developed as a sensitive readout of 

mitophagy [16] (see Figure2). 

 

 

 

 

 

 

Figure 2: Detection of mitophagy with mito-Keima construct. 
A fluorescent protein derived from coral, Keima, changes color 
upon conversion of an autophagosome to an autolysosome. The 
pH sensitivity of the fluorophore allows for discrimination between 
healthy mitochondria at neutral pH (green) and mitochondria 
undergoing degradation in low-pH autolysosomes (red) (Keima is 
resistant to lysosomal degradation allowing for accumulation of 
the signal, which is interpreted as an integration of the extent of 
mitophagic flux over time). 
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This will allow us to understand whether mitochondria degradation occurs locally or back 

to the soma during early development of cortical neurons. 
  

Milestone 2. Is mitophagy locally regulated following mitochondrial stress?  

Since several lines of work including by the Courchet team demonstrated that 

metabolic stress affects directly axon development [8,17], I will analyse a putative 

mitophagy induction in the axon under a metabolic stress, by performing Chromophore-

Assisted Light Inactivation (CALI) of mitochondria using Killer-Red (mt-KR), a genetically 

encoded photosensitizer targeted to mitochondria, which is already mastered by the host 

laboratory [8]. Light-induced activation of mt-KR causes local ROS-mediated damage to 

mitochondria in a spatiotemporally controlled manner, while preserving the overall integrity 

of the mitochondrial network. I will thus check for putative subcellular mitophagy 

modulation in axon of neurons following mitochondrial stress. 

Methods: To evaluate the formation of mitochondrion-containing autophagosomes, I will 

quantify GFP-LC3 accumulation on mitochondria after activation of mt-KR in cortical 

neurons. I will check the presence mitophagolysosome by performing LAMP1 staining 

together with mitochondria, LC3 staining and a far-red stained axonal marker. Also, 

because mt-KR is sufficient to promote branch eliminations [8], I will check whether 

mitophagy could be modulated locally by mtKR during this process in single branches of 

neurons. To this end, I will perform live imaging with long time-lapse on neurons 

expressing GFP-LC3, mt-BFP, and a far-red stained axonal marker to see the branches 

that will be eliminated. 

 

Milestone 3. Could a powerful stimulation of axonal mitophagy promote the elimination of 

axonal branches? 

 Milestone 2 could demonstrate how mitochondrial stress (induced with mtKR) 

triggers the mitophagy process locally. Here, I will test whether the induction of the 

mitophagy process in a spatially restricted fashion, is sufficient to cause branch 

elimination, even without any metabolic stress. My prediction is that the local induction of 

a powerful mitophagy in one collateral branch of the axon will trigger the elimination of 

mitochondria, which precedes branch elimination. To test this hypothesis, I will use, in 

collaboration with Prof Cecconi, the optogenetic tool that we developed previously [18] by 

recruiting the mitophagic receptor AMBRA1 to the outer mitochondrial membrane (OMM) 

of cortical neurons (AMBRA1-RFP-sspB-mediated induction of mitophagy). This tool will 
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guarantee a high-spatial resolution, unattainable with other methods. Basically, in resting 

conditions, Venus-iLID-ActA will be tethered to the MOM, while AMBRA1-RFP-sspB will be 

found in the cytosol. Upon blue light, iLID will undergo into a conformational change, which 

will unmask the ssrA peptide and permits the high-affinity binding between ssrA and sspB. 

Methods: First and because AMBRA1-RFP-sspB constructs have never been used in 

cortical neurons, I will determine the optimal parameters for an efficient elimination of 

mitochondria in these neurons electroporated with vectors encoding Venus-iLID-

ActA/AMBRA1-RFP-sspB or Venus-iLID-ActA/RFP-sspB. Mitophagy progression will be 

followed in time through live cell imaging by estimating the area occupied by mitochondria 

and the overall reduction per whole cell of the Venus signal intensity.  Following this initial 

step of calibration, I will use the optimal parameters to stimulate mitophagy and test its 

effect on axon morphogenesis. To this end, I will illuminate in Region of Interest (ROI), 

5DIV single-neurons expressing Venus-iLID-ActA/AMBRA1-RFP-sspB and a cyan 

fluorescent protein (mTurquoise) with 488 nm laser for several times ranging from 2h to 

10h. By performing live imaging, I will follow the morphology of neurons and after 

acquisitions at several times, we plan to quantify axonal branch elimination.  

  

In sum, with Aim1, I will demonstrate that local mitophagy may be physiologically regulated 

during brain development. If I do not find any signs of mitophagy in basal condition due to 

a low mitophagy flux (milestone 1), I plan to analyse local mitophagy induction under 

metabolic stress condition which is known to affect axon formation (milestone 2). Finally, 

with milestone 3, I plan to demonstrate that a potent axonal mitophagy could be a rapid 

and local mechanism responsible for removing superfluous mitochondria from the axonal 

branch and needed before their own removal.   

 

Aim 2: Demonstration that mitophagy impairment could be linked to pathological 

conditions such as abnormalities in cortical development 

 Preliminary data: I analysed cortical extracts from mice with a conditional deletion 

of NUAK1 (hereafter NUAK1cKO) in cortical glutamatergic neurons (NexCRE ; NUAK1F/F) 

[12]. I observed that the levels of LC3-II and MnSOD are increased in these extracts as 

compared to WT, indicating a putative accumulation of autophagosomes and mitophagy 

substrate. Moreover, I found an up-regulation of PINK1 and PARKIN, which suggests an 

accumulation of damaged mitochondria (Figure 3). These data support the fact that 

mitophagy might be altered in absence of NUAK1 and this could contribute to defect in 
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mitochondrial homeostasis at presynaptic sites. Aim 2 will be dedicated to test this 

hypothesis. 

 

 

 

 

 

 

 

 

Figure 3. PINK1, PARKIN, MnSOD and LC3 protein levels in cortical extracts 

NUAK1cKO. The graphs show the normalized densitometric LC3-II, MnSOD, PINK1 and PARKIN over 

Vinculin ratio in two independent experiments.  
 

Milestone 1:  Characterisation of mitophagy impairement in NUAK1 -/- neurons 

 I will check which mitophagy pathway are deregulated in Nuak1-deficient 

developing cortical neurons by biochemical and confocal microscopy analyses.  

Methods: I will perform western blots on extracts of NUAK1cKO cortical neurons to analyse 

mTOR and ULK1 activation, which are two kinases known to be linked to mitophagy 

control [19, 20], but also specific signalling related to the main mitophagic receptors such 

as FUNDC1, AMBRA1 or NIX [22, 24, 37]. I will perform mitochondrial/cytosol fractioning 

in WT or NUAK1cKO neurons in order to check for PINK1 and PARKIN accumulation on 

mitochondria. In parallel, I will perform confocal microscopy analyses to quantify the 

number of mitophagosomes (defined as co-localized LC3 dots with mitochondria) in axonal 

collateral branches, and in immature presynaptic sites of WT versus NUAK1cKO cortical 

neurons. Finally, by performing confocal microscopy analysis, I will test the mitophagic 

response in NUAK1cKO neurons by treating neurons with Antimycin A, which leads to a 

rapid loss of mitochondrial membrane potential. To examine the late stages of mitophagy, I 

will analyse the autophagic delivery of mitochondria to lysosomes by quantifying 

mitochondria (marked by mito-DsRed expression) co-localisation with LAMP1 following 

mitophagy induction. My results will provide the complete description of the alterations of 

mitophagy in the axon of NUAK1 deficient neurons. 

 

Milestone 2. Does local mitophagy stimulation improve neuronal circuit defects observed in 

NUAK1cKO mice? 
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Milestone 1 will expectedly identify specific mitophagy pathways altered in 

NUAK1cKO neurons. I predict that restoring mitophagy would in turn improve mitochondrial 

homeostasis, leading to a partial normalization of axonal phenotypes. To test this 

hypothesis, I will use the optogenetic tool described in Aim1 in order to stimulate 

mitophagy through AMBRA1 recruitment on OMM.  

Methods: I will activate “moderate” mitophagy and test its effect on axonal branching in 

NUAK1cKO neurons. To do so I will use a laser and time setting that we will have defined 

and retained "moderate" during the realization of the milestone 2 of Aim1. I will illuminate 

in ROI, single-NUAK1cKO neurons expressing Venus-iLID-ActA/AMBRA1-RFP-sspB and a 

cyan fluorescent protein (mTurquoise) for several times ranging from 2h to 10h. The 

morphology of these neurons (number of axonal branching and axon length) will be 

analysed over 24 hours, which is sufficient to see branch dynamics ([8], see also Figure 

1). In case I need to look at even longer axon development periods, I will resolve to 

alternative strategies, with more spaced imaging points, that are currently developed in the 

host team and allow to visualize axon development over 4 days. The same experiment will 

be performed on single neurons expressing Venus-iLID-ActA/AMBRA1-RFP-sspB and the 

synaptic vesicle marker mTurquoise-vGlut1, which will be useful to quantify the formation 

of immature presynaptic boutons. If my local, optogenetic based strategy does not provide 

significant improvement, I plan to turn to general treatments that disrupt the mitochondrial 

membrane potential (ΔΨm) and induce mitochondrial degradation (e.g. CCCP or O/A), 

which are routinely used to induce “global” mitophagy.   

Finally, I aim to get some insight into the physiologically-relevant but more 

challenging environment of organotypic brain slices. Venus-iLID-ActA/AMBRA1-RFP-

sspB plasmids will be expressed by in utero cortical electroporation at E15.5 to target 

callosal-projecting layer 2/3 cortical pyramidal neurons. At E18.5, I will perform organotypic 

slice cultures as described [21, 22], a method that the host lab masters. Following a short 

incubation time (2-4 days), I will follow axon elongation and axonal branching by confocal 

microscopy. This part will be challenging but have the potential to bring the innovative 

proof-of-concept that ex-in vivo stimulation of mitophagy may directly modulate axonal 

branching. 

 

In sum, the second Aim will seek to identify how a deregulation of axonal mitophagy can 

contribute to mis-wiring of the brain in pathological states. The model of study will be the 

kinase NUAK1, for which the host team has expertise and tools readily available. On the 
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long-term, this work could provide conceptual insight on a deregulation of mitophagy in the 

context of an altered development where neuronal metabolism is affected. 

 

Aim 3: Characterisation of NUAK1 as a novel LIR-containing protein in axonal 

morphogenesis 	
 Preliminary data: I performed an in silico analysis of the sequence of NUAK1 and 

identified a xLIR motif in position 581 to 586, a motif that correspond to the shortest 

sequence required for the interaction with Atg8-family proteins (e.g. LC3) [23] (Figure 4). 

This observation strongly suggests that NUAK1 may be a novel player involved in 

mitochondrial clearance. Interestingly, in a recent work from 2020, it has been suggested a 

novel role of NUAK1 in clearance of protein aggregates in the context of Drosophila larval 

muscles [24]. 

 

 

	
	
	
	
	
	
	
I will thus test whether the xLIR domain in NUAK1 is functional. I perliminary performed 

co-immunoprecipitation experiments in HEK293 cells, in order to test for a putative binding 

between WT or a truncated mutant of NUAK1 in its C-terminal part (hereafter named 

NUAK1STOP) and LC3 protein. I found that NUAK1 and LC3 could indeed interact each 

other and this through the C-terminal part of the protein in which I identified the LIR 

domain.  

 

Milestone 1.1. Is the LIR domain of NUAK1 crucial for mitochondrial clearance and axonal 

branching regulation? 

Based on my preliminary results, I will confirm the interaction between NUAK1 and 

LC3 by co-immunoprecipitation assays. Experiments will be performed in cell lines 

(U87MG glioma cells which are NUAK1-free but also in SH-S5SY neuroblastoma cells) 

upon overexpression of tagged NUAK1 and LC3 proteins. I will test whether this 

Figure 4: An undisclosed xLIR motif in NUAK1. The 
catalytic domain of NUAK1 protein is located in the N-
terminal at residues 55 to 306. K84 is an ATP binding site. 
T211 is phosphorylated by LKB1, which activates NUAK1 
(Lizcano et al 2004). W305 is required for binding of 
USP9X. The GILK motif is a binding site for proteine 
phosphatase PPP1CB (Zagorska et al., 2010). We 
identified a xLIR domain (DSFDLL) in the C-terminal part of 
NUAK at residues 581 to 586 . 
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interaction may be modulated upon mitochondrial stress. These results will be confirmed in 

a second time at the endogenous level in cortical neurons. I will next check, by performing 

confocal microscopy analysis, whether NUAK1 may be recruited to autophagosome-like 

structures (LC3-II positive vesicles), which could be functionally important for 

autophagosome formation and/or maturation. Afterward, I will use site-directed 

mutagenesis to introduce two crucial point mutations in the LIR domain of NUAK1 

(NUAK1-581DSFDLL586)). I will take advantage of tools readily available in my host team 

to assess the subcellular location, stability and catalytic activity of this new mutant 

NUAK1LIRmut. In parallel, I will determine how this mutation affects binding to LC3, and the 

formation and turnover of autophagosomes in response to mitochondrial stress or 

starvation (deprivation of nutrients) through western-blot analysis of mitochondrial markers 

and by performing confocal microscopy analysis, using the Mito-Keima probe. I will 

evaluate the mitophagy process in cortical neurons NUAK1WT versus neurons 

NUAK1LIRmut. Finally, I will express either WT or mutant NUAK1LIRmut proteins in NUAK1-

null neurons in vitro to determine axon morphology. The same strategy will be adapted in 

vivo in NUAK1cKO mice through in utero electroporation of vector encoding for NUAK1LIRmut 

to observe the consequences of disrupting the NUAK1-LC3 interaction on terminal axon 

branching.  

 

Milestone 1.2 Are there any post-translational modifications of NUAK1 (specific signaling?) 

upstream its LIR domain, that could favour mitochondrial clearance and axonal branching? 

LIR-containing proteins are often phosphorylated on a serine localized upstream 

their LIR motif that induce a local conformational change and favour binding with Atg8-

family proteins [25]. Using prediction softwares, I identified two phosphorylation sites 

(S560, S565) upstream the LIR motif (Figure 5). Primed by this evidence, I will check in 

vitro whether one of these sites can be phosphorylated in order to modulate NUAK1 

mitophagic activity and thus axonal branching. After identification of the serine, which 

could modulate NUAK1 activity in mitophagy, I will identify the kinase responsible for its 

phosphorylation.  

 

 

 

 

 

Figure 6: Serine candidates that may be 
subjected to phosphorylation upstream 
the LIR motif of NUAK1. 
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I will generate phosphomimetic or phosphodead NUAK1 mutants on S560 or S565 and 

check whether these mutants will modify the NUAK1 capability to bind LC3 and to regulate 

mitophagy in U87MG cells or SH-S5SY cells. Moreover, I will check, by overexpressing 

these mutants in cortical neurons, whether they could regulate mitochondria homeostasis 

at presynaptic site and thus axonal branching. Because phosphorylation upstream of the 

LIR motif usually activates the mitophagic process [25], I anticipate that a phospho-dead 

mutant of NUAK1 on S560 and/or S565 will have a reduced mitophagy activity and thus 

could generate defect of axonal branching. Next, I will seek to identify the kinase 

responsible for the putative phosphorylation at S560 or S565, at first through a candidate-

based strategy. I expect here that a specific cellular signalling (ie: presynaptic 

mitochondrial stress or putative neurotrophin-mediated signalling etc.) may activate locally 

NUAK1 activity in selective autophagy. In silico analyses suggest that AKT could be the 

kinase upstream of S560 and S565 phosphorylation (Figure 6). Given the major roles of 

AKT in axon growth and branching [26,27], I will test this candidate, by performing in vitro 

kinase assays. However, if AKT is not the kinase involved in this context, I plan to perform, 

in collaboration with Dr Jörn Dengjel (University of Fribourg, Switzerland), with who I have 

already established successful collaborations, a mass spectrometry analysis on NUAK1 

immunoprecipitation in normal condition versus stress conditions (mitophagy/metabolic 

stress) in cortical neurons.  

 

Milestone 2. Does NUAK1 play a role in neurotrophin endocytosis and thus in axonal 

growth  

 With milestone 1, I will characterize NUAK1 as a novel LIR-containing kinase that 

may regulate selective autophagy. The Courchet team recently observed that the 

LKB1/NUAK1 pathway integrates signaling by the neurotrophin BDNF and its receptor 

TrkB to induce collateral branch formation in cortical neurons (Garcia et al., in 

preparation). Interestingly an other LIR-containing kinase well-known to regulate selective 

autophagy and named ULK1, has been found to regulate axonal length by allowing an 

efficent endocytosis of the Nerve Growth Factor (NGF) in embryonic sensory neurons [15].  

We preliminary found that down-regulation of ULK1/2 induce defects in axon formation of 

cortical neurons that are very similar to defects upon knockdown of NUAK1/2 (Figure 7,a). 

Both ULK1/2 and NUAK1/2 possess a kinase domain followed by an xLIR motif which is 

present in a disordered region predicted to have the potential to transit from a disordered 

to an ordered state, suggesting that these kinases may work in similar manners in a similar 
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context. Since I observed these homologies (Figure 7b), I hypothesize here that NUAK1/2 

and ULK1/2, could be important for the endocytosis of BDNF in cortical neurons and this 

could explain their important function in the control of axonal growth. In addition, since how 

ULK1 exerts its function on endocytosis in sensory neurons is not clear and given that the 

xLIR motif of NUAK1 is very similar to the one identified in ULK1, I hypothesize that the 

LIR motif of these two kinases could play an essential and completely unknown role 

in the control of endocytosis of growth factor in order to control a correct axon 

morphogenesis. This part of the project will be devoted to study this hypothesis 

Methods: I will electroporate cortical neurons with shRNAs against NUAK1 or ULK1 (co-

electroporated with a GFP-coding plasmid), then apply Cy3-BDNF. On these cultures I will 

analyse BDNF internalization into the growth cones and at branchpoints of GFP-

expressing neurons, and I will check whether BDNF may stimulate recruitment of NUAK1 

or ULK1 to the TrkB receptor complex. In order to understand whether the LIR domain of 

ULK1 and NUAK1 may be involved in the control of endocytosis, the same experiments, 

as described above will be conducted using GFP-NUAK1LIRmut and GFP-ULK1 LIRmut. Since 

NGF signalling has been found to favour ULK1 K63-ubiquitination, we will check whether 

BDNF could control polyubiquitination of NUAK1 (specific k63-polyubiquitination? Which 

E3 Ubquitin ligase involved in?) and could favor its interaction with the BDNF signaling 

complex. Since it has been demonstrated that the pharmacological drug “MRT68921” 

exerts a dual inhibition of NUAK1 and ULK1 [28], I plan to test this drug on cortical 

neurons, in order to test whether their kinase activities are involved in axon growth 

regulation. Finally, because downregulation of these kinases show the same phenotype on 

axon growth of cortical neurons, I will test whether they have a redundant function in the 

BDNF signaling by complementing neurons downregulated for NUAK1/2 with ULK1/2 and 

viceversa.  

 

In sum, the results of aim 3 could highlight NUAK1 and ULK1 kinases as regulators of 

cortical axon outgrowth through regulating TrkB receptor signaling. 
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 a)                                                                                                  b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Homologies between NUAK1 and the kinase ULK1. 

a) Both downregulation of NUAK1/2 or ULK1/2 induce reduction of axon formation and length in cortical 

neurons  

b) Both ULK1 and NUAK1 possess a similar xLIR motif (consensus sequence— referred to as the xLIR 
motif— is (ADEFGLPRSK)(DEGMSTV) (WFY)(DEILQTV)(ADEFHIKLMPSTV)(ILV), where the residues 

marked in bold (positions 3 and 6) correspond to the most crucial residues for the interaction with Atg8-family 

proteins). Also, interestingly, the LIR motif of ULK1 is located in its disordered serine- and proline-rich 

domain and the one that we discovered in NUAK1 is also predicted to overlaps a region with the potential to 
transit from a disordered to an ordered state. These two proteins, in addition to their xLIR motif, possess a 

kinase domain; this feature highlights NUAK1, in addition to ULK1, as the second kinase with a LIR motif that 

could play a role in autophagy/selective autophagy 

 

Significance/Innovation 

The project will address a novel aspect both in the field of mitophagy and 

neurodevelopment. It has a high potential to provide the scientific community with the 

innovative proof-of-concept that a fine regulation of axonal mitophagy may be a crucial 

denominator for a correct axonal branching formation and elimination. The study of 

mitochondrial quality control in neurons has been hampered by the lack of methods to 

induce a specific mitophagy in a specific compartment of the neurons. To the best of my 

knowledge, this project could be the first report able to demonstrate the effectiveness of 

local and tunable mitophagy stimulation in neurons in order to improve axonal branching 

refinement and thus could improve, in the future, trouble linked to neurodevelopmental 

disorders such as ASD and ID. Also, by identifying NUAK1 kinase as a novel protein 

containing an LIR domain, I plan to uncover new molecular mechanisms underlying 
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mitophagy and/or neurotrophin endocytosis control that may be involved in axonal 

morphogenesis and thus in neurodevelopmental-related. This project could thus underline 

the NUAK1 LIR motif as a new therapeutic target in neurodevelopmental disorders such as 

autism and ID. We believe that all of these goals are of the utmost importance in the 

biology of neurodevelopmental disorders.  

 

Feasibility 

The project proposed above will be developed in the host team, with the support of the 

local environment. Specifically, I will benefit from the mutualization of support personnel 

from the team. This line of research is naturally complementary to the research carried out 

by Julien Courchet. With my expertise in the field of mitophagy, I will be able to develop a 

sub-group within the team to pursue this project, pending successful application to funding 

and recruitment of a student. I will take advantage of the NUAK1cKO mice as an 

experimental model of neurodevelopmental disorders and of mt-KR, which are in possess 

by the host laboratory. Moreover, I will exploit a unique optogenetic tool in order to 

stimulate mitophagy in neurons, a tool that I developed during my post-doctoral training 

and that will be made available to us through collaboration with Pr. Cecconi [18]. In 

addition, well-trained collaborators will help me in other various aspects: the host 

laboratory routinely perform in utero plasmid electroporations, live imaging and has a 

strong background in axonal morphogenesis. They possess a microscope dedicated for 

live imaging and photomanipulation of neurons, which is compatible with the proposed 

experiments. Having already identified exciting preliminary results, the present project is 

coherent therefore has good potential to provide important results. Finally, the host 

institution (INMG) has state-of-the-art Biochemistry/Cellular and Molecular Biology but also 

microscopy and animal house facilities. Overall, I am in a highly favourable environment to 

successfully reach the proposed objectives.	 
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PROPOSED PROJECT N°3: Selective autophagy and skeletal striated muscle: 
identification of novel molecular mechanisms involved in myotonic dystrophy type 

1 (DM1) (Time frame: 2021-2026). 
 

 
 
 
Background 

 

In the context of the MyoNeurAlp alliance, I plan to study skeletal striated muscle 

autophagy and to investigate biological function of the kinase DMPK in order to identify 

novel molecular mechanisms involved in myotonic dystrophy type 1 (DM1). The ability of 

skeletal muscle to maintain its homeostasis is severely compromised in patients with 

neuromuscular diseases. Myotonic dystrophy type 1 (DM1) is an autosomal dominant 

disease affecting skeletal striated muscle as well as cardiac muscle, resulting in myofiber 

atrophy and skeletal muscle weakness. DM1 is caused by a CTG expansion in the 3'UTR 

of the DMPK gene transcript. Toxic mRNAs, carrying CUG repeats, accumulate in the 

nucleus of myofibers, disrupting mRNA splicing and thus altering the expression of genes 

involved in muscle differentiation [1]. 
 In fibroblasts from patients with DM1, impaired mitochondria function results in a 

decrease in ATP production and in an increase of the production of reactive oxygen 

species. Patients with DM1 show an accumulation of mitochondria in their muscle cells. 

These data suggest that mitophagy is impaired in DM1 patients.  

 Despite huge efforts, the pathophysiological mechanisms underlying DM1 
still remain elusive. This project will englobe tow aims that will be mainly performed by a 

PhD that I will co-supervise with Dr Rémi Mounier (DR-CNRS at PGNM-INMG institut), an 

expert in skeletal striated muscle and AMPK.  

 
Aim1. What are the benefits of activation of AMPK kinase and/or NUAK1 kinase on 
mitochondrial dysfunction and skeletal muscle atrophy? 

 AMPK kinase is a major regulator of mitophagy in muscle and AMPK signalling 

has been shown to be repressed in DM1 skeletal muscle. In addition, the 

Mounier/Courchet teams have observed that the absence of the kinase NUAK1 in skeletal 

muscle, disrupts muscle fiber homeostasis. By using a combination of in vivo (mouse) and 
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in vitro (primary culture of muscle cells) models associated with biochemical, molecular, 

cellular and physiological approaches mastered by the host teams, the objective of this 

part of the project will be to understand what are the benefits of activation of AMPK kinase 

and/or NUAK1 kinase on mitochondrial dysfunction and skeletal muscle atrophy while 

providing insights on novel therapies for DM1. 

 

Aim2. Does DMPK kinase directly involve in DM1 pathogenesis? 
 Studies on the DMPK gene and gene products have far mainly concentrated on 

the fate of length mutation in the (CTG)n repeat at the DNA level and consequences of 

repeat expansion at the RNA level in DM1 patients and disease models. Little is known 

about the function of DMPK protein products and a direct role for DMPK in the 

pathogenesis of DM1 has never been linked to the disease. It cannot be excluded that 

protein haploinsufficiency due to transcript retention in the nucleus may contribute to 

certain DM1 symptoms. Few studies have addressed individual protein products from the 

DMPK gene, including their normal structure function relationship [2,3]. Six major DMPK 

splice isoforms exist and are conserved between mouse and man. Individual isoforms are 

characterized by presence of either one of two types of long C-termini (tail versions 1 or 2; 

DMPK isoforms A to D) or a rather short C-terminus (tail 3; isoforms E and F), combined 

with absence or presence of an internal VSGGG-motif (A vs B, C vs D, E vs F) [4]. DMPK 

isoforms A–D are typical tail-anchored proteins with a membrane segment in their C-

terminus. These isoforms are mainly expressed in heart, skeletal muscle and brain. 

Isoforms E and F are cytosolic proteins, predominantly found in smooth muscle cells [4,5]. 

Tail anchors in DMPK A/B and DMPK C/D drive binding to specific organelle membranes 

[6]. In mouse, this results in binding of mDMPK A and B to the endoplasmic reticulum (ER) 

and in binding of mDMPK C (and D) to the mitochondrial outer membrane (MOM). In 

humans, hDMPK A/B and C/D have also distinct tails, but these isoforms all anchor to the 

MOM. Isoform hDMPK A is unique in that its transient expression causes mitochondrial 

morphology. In particular, the protein's C-terminal tail is sufficient for induction of 

perinuclear clustering of mitochondria that results in autophagy induction, loss of cell-

functional integrity and in the initiation of apoptosis [7,8]. 

Since I preliminary found in silico that DMPK kinase could be a kinase capable to 

phosphorylate NUAK1, I checked for putative phosphorylation and interaction between 

NUAK1 and DMPK kinases. I started my researches using the DMPK isoform B since its 

transient expression was not known to affect mitochondrial morphology. 
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By performing this preliminary analysis, I obtained surprising data that were not 

expected. In fact, I did not find any colocalization between NUAK1 and DMPK-B but our 

preliminary data suggest that DMPK-B may be involved in DM1 pathogenesis through 
a specific myoblast cell cycle control. Indeed, after overexpression of DMPK-B in 

C2C12 cells (a subclone of myoblasts), in addition to find, as expected, DMPK-B often 

localized on the outer mitochondrial membrane (Figure 1A), I noticed that a large number 

of DMPK-B transfected cells were in mitosis compared to GFP transfected cells (Figure 

1B), suggesting that DMPK-B may favour mitosis in C2C12 cells.  

 

A. 
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Figure 1. hDMPK-B is mainly localized on mitochondria in interphase but favors 
mitosis in C2C12 cells. A. C2C12 cells were transfected with a vector encoding hDMPK-B or GFP for 

24h. Cells were next fixed and stained with an antibody against Cytochrome c to stain mitochondria (Cyt c, 

red signal), DMPK (green signal) and DAPI (blu signal). Scale bar 8 µm. B. C2C12 cells were transfected 

with a vector encoding hDMPK-B or GFP for 24h. Cells were next fixed and stained with an antibody against 

DMPK (red signal) and DAPI (blu signal). Scale bar: 2 µm. The number of transfected cells in interphase 

were quantified and compared to GFP transfected cells as a control and is illustrated on the graphic as the 

mean of three independent experiments (±SD). Statistical analysis was performed using Student t-test 

(***P < 0.001). 
 

Of note, we performed a point mutation in the kinase domain of DMPK (K100A) and 

found that the kinase activity of hDMPK-B is required to induce mitosis in C2C12 cells 

(data not shown). Also, we noticed that DMPK-B loses its localization to mitochondria 

during mitosis (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. hDMPK-B is mainly localised on mitochondria in interphase but detaches 
from mitochondria during mitosis and re-localises on mitotic structures. C2C12 cells 

were transfected with a vector encoding hDMPK-B and mito-DsRED for 24h. Cells were next fixed and 

stained with an antibody against DMPK (green signal), mitochondria are red and with DAPI (blu signal). 

Scale bar: 1µm No colocalization was found between mitochondria (red) and DMPK (green) during mitosis.   
 

In order to estimate the mitotic progression of the cells transfected with GFP alone 

or with DMPK, we next synchronised cells (by performing a deprivation of serum) and we 

quantified each phases of mitosis. We discovered that DMPK-B favours mostly telophases 

which correspond to the late phase of mitosis (Figure 3).  
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Figure 3. hDMPK-B favours ana-telophases in C2C12 cells. Cells were transfected with 

vectors encoding GFP and hDMPK-B and synchronized in medium deprived of serum for 12h. They were 

next fixed and stained for DMPK and DAPI. The number of prometa-metaphases was counted together with 

ana-telophases in GFP and DMPK transfected cells. The graphic represents the mean of three independent 

experiments (±SD). Statistical analysis was performed using Student t-test (****P < 0.0001). 

 

In addition, we found that DMPK-B re-localises considerably during the cell cycle. It 

concentrates mainly on cytoplasm or mitochondria in interphase, but moves partially to 

spindle poles in metaphase, and finally localizes to the spindle midzone and the midbody 

in telophase and during cytokinesis. On the midbody, DMPK-B localizes in a characteristic 

ring-like arrangement that is embraced by PRC1 (protein regulator of cytokinesis 1) and 

microtubules, indicating that DMPK is associated with the midbody ring (Figure 4). Since 

PRC1 is known to regulate cytokinesis, this data suggests that DMPK may regulate 

cytokinesis. We will thus check for a putative role of DMPK in cytokinesis regulation.   

Also, we identified DMPK-B as a constant companion of the midbody ring. We plan thus to 

check whether DMPK-B is required for its normal assembly.  Altogether, these preliminary 

data provide evidences for the involvement of DMPK-B in regulation of mitosis. One of the 

aims of our PhD candidate work will be to unravel the mechanisms by which this regulation 

is achieved.  Given the highly dynamic localization pattern of DMPK-B during cell division, 

we will search for binding partners and ask whether DMPK-B might target mitotic proteins.  

We plan also to verify whether DMPK-A that is very similar to DMPK-B (only 5 amino acids 

different) is able to control the cell cycle. One other main goal of the project will be to 
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understand how DMPK detaches from mitochondria to control cell cycle (ie: identification 

of a specific signalling) and whether it exist a link between its mitochondria localization and 

its capability to favour mitosis. Moreover, we plan to demonstrate the importance of this 

novel function of DMPK in the context of DM1, by using myoblasts coming directly from 

DM1 patients (in collaboration with Rémi Mounier from INMG, who already possesses 

these cells).  
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Figure 4. DMPK-B re-localises during the cell cycle. C2C12 cells were transfected with a 

vector encoding for hDMPK-B for 24h. Cells were next fixed and stained with antibody against DMPK (green 

staining), against γ-Tubulin (centrosome marker), α-Tubulin (microtubule marker) and PRC1 (Midbody 

marker). Scale bar: 1µm upper panels and 5µm on the lower panel. 
 

 By performing the two aims of this project (proposed project N°3), we hope to 

provide novel important pathophysiological mechanisms underlying DM1 in order to define 

new therapeutical approaches for this disease. 
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ANNEX 
 

 
This section gathers additional work published in collaboration during my post-doctoral 

training (directly with Cecconi’s group) or with other groups: 

 

-The first work describes a collaboration with Bonaldo’s laboratory (Padova, Italy) in which 

we demonstrated that Ambra1 deficiency impairs mitophagy in skeletal muscle. In 

2015 I was granted by a trampoline AFM-Telethon grant as a junior PI. I proposed to 

demonstrate the role of Ambra1 as a positive regulator of mitophagy, by exploiting in vivo 

overexpression of a mitochondria-targeted form of Ambra1 in skeletal muscle.  This part of 

my grant is illustrated in the first figure of this work by Gambarotto et al. 2022. 

-The second and third works highlight a collaboration that I develop during these last years 

with Natascia Ventura (Group leader at the University of Dusseldorf) who is focusing her 

attention on the role of mitochondria in developmental- as well as age-associated 

neurodegenerative diseases, with the ultimate goal of promoting health-span. We 

published a work in 2015 (Schiavi et al., 2015) in which we show that Iron-Starvation-
Induced Mitophagy Mediates Lifespan Extension upon Mitochondrial Stress in 
C. elegans. In 2020 we wrote review in which I am co-first author and that describes the 

link between Mitophgay and Iron: two actors sharing the stage in age-associated 
neuronal pathologies (Schiavi, Strappazzon et al., 2020). From this collaboration, we 

have currently another work in revision in the journal Frontiers in Cell and Developmental 

Biology. 

	

-The fourth and fifth articles are collaborations with the group of Francesco Cecconi that I 

performed during my post-doctoral training. In Nazio et al., 2020, we found that a Fine-
tuning of ULK1 mRNA and protein levels is required for autophagy oscillation. 

These results placed NEDD4L and ULK1 in a key position to control oscillatory activation 

of autophagy during prolonged stress to keep the levels of this process under a safe and 

physiological threshold. In Becher et al., 2018, we demonstrated that AMBRA1 controls 
regulatory T-cell differentiation and homeostasis upstream of the FOXO3-FOXP3 
axis. 

-The sixth article underlines a collaboration that I developed with Venturina Stagni 

(Researcher CNR, Rome, Italy) in which we discovered that ATM kinase sustains breast 
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cancer stem-like cells by promoting ATG4C expression and autophagy. 
 
-Finally, the other articles represent some reviews that I wrote in principal position (First or 

last author) that highlighted the importance of the role played by mitochondria in diseases 

such as cancers and neurodegenerative diseases.  
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SUMMARY

Frataxin is a nuclear-encoded mitochondrial protein
involved in the biogenesis of Fe-S-cluster-containing
proteins and consequently in the functionality of the
mitochondrial respiratory chain. Similar to other pro-
teins that regulate mitochondrial respiration, severe
frataxin deficiency leads to pathology in humans—
Friedreich’s ataxia, a life-threatening neurodegen-
erative disorder—and to developmental arrest in the
nematode C. elegans. Interestingly, partial frataxin
depletion extends C. elegans lifespan, and a similar
anti-aging effect is prompted by reduced expression
of other mitochondrial regulatory proteins from yeast
to mammals. The beneficial adaptive responses to
mild mitochondrial stress are still largely unknown
and, if characterized,may suggest novel potential tar-
gets for the treatment of humanmitochondria-associ-
ated, age-related disorders. Here we identify mito-
chondrial autophagy as an evolutionarily conserved
response to frataxin silencing, and show for the first
time that, similar to mammals, mitophagy is activated
in C. elegans in response to mitochondrial stress in a
pdr-1/Parkin-, pink-1/Pink-, and dct-1/Bnip3-depen-
dent manner. The induction of mitophagy is part of a
hypoxia-like, iron starvation response triggered upon
frataxin depletion and causally involved in animal
lifespan extension. We also identify non-overlapping
hif-1 upstream (HIF-1-prolyl-hydroxylase) and down-
stream (globins) regulatory genes mediating lifespan
extension upon frataxin and iron depletion. Our
findings indicate that mitophagy induction is part of
an adaptive iron starvation response induced as a
protective mechanism against mitochondrial stress,

thus suggesting novel potential therapeutic strategies
for the treatment of mitochondrial-associated, age-
related disorders.

INTRODUCTION

Frataxin is a nuclear-encodedmitochondrial protein that regulates
the biogenesis of iron-sulfur-cluster (ISC)-containing proteins
and, as a consequence, the functionality of the mitochondrial
respiratory chain (MRC). Complete absence of frataxin is lethal
in different species, including the nematode Caenorhabditis
elegans (C. elegans), and its severe deficiency leads in humans
to Friedreich’s ataxia (FRDA), the most frequently inherited reces-
siveataxia [1].Similar toother life-threateningmitochondrial-asso-
ciated diseases, residual levels of the pathogenic protein (frataxin)
is critical for survival and inversely correlates with disease onset,
progression, and severity of symptoms. According to a threshold
effect, moderate depletion of the C. elegans frataxin homolog
FRH-1, similar to suppression of other mitochondrial-associated
diseases proteins, extends animal lifespan [2]. The evolutionarily
conserved nature of this pro-longevity effect [3] indicates that
cellular adaptation to partial mitochondrial dysfunction induces
beneficial responses, which, if identified, may suggest novel ther-
apeutic strategies for human diseases associated with progres-
sive mitochondrial deterioration [4].
Changes in animal metabolism and induction of cellular stress

responses and detoxification systems (e.g., mtUPR, antioxidants,
and autophagy) have been associated with, although not always
causally involved in, lifespan extension in animals with genetic-
or RNAi-mediated suppression of MRC regulatory proteins
(the so-called mitochondrial [Mit] mutants [4, 5]). However, the
key molecular players underlying mitochondrial-stress control
of longevity are still largely uncharacterized. To date, only some
autophagy (unc-51 and bec-1) and mtUPR (ubl-5) regulatory
genes [6, 7], as well as a handful of transcription factors [5] (the
C. elegans p53 ortholog CEP-1, the homeobox protein CEH-23,
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a component of the TFIIDmRNA transcription complexTAF-4, the
C. elegans TFEB ortholog HLH-30, and the hypoxia-inducible
factor HIF-1), were shown to mediateMitmutants longevity.
HIF-1 overexpression or stabilization through hypoxia or re-

duced expression of egl-9 or vhl-1 extends C. elegans lifespan
[8, 9]. EGL-9 is the prolyl-hydroxylase that in normoxia condi-
tions targets HIF-1 to the proteasome for degradation through
VHL-1, the von Hippel Lindau protein that is part of an E3 ubiq-
uitin-ligase complex. The activity of EGL-9 is inhibited by low
oxygen levels but also by reduced levels of iron and of the tricar-
boxylic cycle acid intermediate (aKG) [10]. Induction of auto-
phagy is an evolutionarily conserved protective response to
hypoxia and to reduced frataxin expression, and it is required
for mitochondrial-stress extension of lifespan in C. elegans
[6, 11]. Mitochondrial autophagy (or mitophagy) is a selective
form of autophagy dedicated to mitochondrial quality control
by recycling unhealthy mitochondria [12]. It can be activated in
a HIF-1- and Beclin-dependent manner to protect mammalian
cells against hypoxia [13]. Whether mitophagy plays a role in
mitochondrial-stress control of longevity remains speculative
[14, 15] and was the main question addressed in this study.
Here we provide evidence that inC. elegans a hypoxia-like iron

starvation response is causally involved in the lifespan-extending
effect elicited by frataxin suppression, and we identify mitochon-
drial autophagy as part of this beneficial response. We find that
mitophagy is induced in an evolutionarily conserved manner
upon frataxin silencing, and we show for the first time that, similar
to mammals, it is activated in C. elegans in response to mito-
chondrial stress in a Parkin/pdr-1-, Pink/pdr-1-, and Bnip3/dct-
1-dependent manner. Furthermore, although different mitophagy
regulatory homologs mediate C. elegans lifespan extension upon
frataxin or iron depletion, we find that the two treatments can
extend lifespan also through unique, non-overlapping mecha-
nisms.We, therefore, provide further insight intomolecular mech-
anisms of mitochondrial-stress control of longevity and point to
mitophagy as a novel potential therapeutic target for FRDA and
possibly other mitochondrial-associated diseases.

RESULTS

C. elegans Homologs of Mitophagy Regulatory Genes
Mediate Lifespan Extension
Induction of autophagy is an evolutionarily conserved response
to reduced frataxin expression, causally involved in the longevity
of different C. elegans Mit mutants including frataxin (frh-1)-
depleted animals [6]. Mitochondrial autophagy is a selective
form of autophagy dedicated to mitochondrial quality control,
which is activated to recycle unhealthy mitochondria. We thus
asked whether mitophagy could play a specific role in mito-
chondrial-stress control of longevity. In mammals, Pink1 kinase
cooperates with Parkin, a cytosolic E3 ubiquitin ligase, to signal
damaged mitochondria for degradation through autophagy [16].
Homologs of the genes that encode for these proteins have been
identified in C. elegans, respectively named pink-1 and pdr-1,
and their deletion increases animal’s sensitivity to oxidative
stress [17, 18]. Silencing of pink-1 was also recently shown to
prevent proper elimination of damaged mtDNA after UVC irradi-
ation [19]. To address the role of pink-1 and pdr-1 in longevity
specification in response to mitochondrial stress, we assessed

the lifespan of corresponding mutant strains upon frataxin
silencing. We found that the lifespan-extending effect of frh-1
RNAi was almost completely prevented in the pdr-1(gk448)
mutant strain (Figures 1A and 1B; Table S1). Two additional
pdr-1 alleles (tm598 and tm395), as well as pdr-1 RNAi, also
suppressed the lifespan-extending ability of frataxin silencing
(Figures S1A–S1C; Table S1), thus establishing a clear role for
pdr-1 in frataxin-regulated longevity. To our surprise, but consis-
tent with recent finding from Bess et al. [19] showing seemingly
contrasting results between pink-1 mutant and silencing, two
different pink-1mutant alleles (tm1779 and ok3538) did not affect
frh-1 RNAi longevity, while pink-1 RNAi completely abolished it
(Figures S1D–S1F; Table S1).
We then tested the effect of other possible mitophagy regula-

tory genes, such as Bnip3 (dct-1 in C. elegans [20]), the Bcl-2/
adenovirus E1B 19-kDa-interacting protein 3, and the adaptor
protein p62/SQST1 (sqst-1 inC.elegans [21]).We found thatdele-
tion or silencing ofC. elegans dct-1 suppressed frh-1RNAi exten-
sion of lifespan compared to its effect on the wild-type strain
(Figures 1C and S1G; Table S1). Moreover, C. elegans sqst-1
mutants completely abolished the lifespan-extending effect of
frh-1RNAi (Figure 1D). Inmammals, Bnip3 is induced to eliminate
dysfunctional mitochondria in response to hypoxia in an HIF-1-
dependent manner [13], while p62 facilitates cargo degradation,
includingmitochondria, and it is selectively degraded in response
to hypoxia through the autophagic machinery [22]. Likewise, we
now found that inC. elegans hypoxia upregulates the expression
of dct-1 in an hif-1-dependent manner (Figures S1H and S1I).
Moreover, hypoxia reduced the content of the SQST-1 protein
in a wild-type background and upon loss of the ribosomal protein
rpl-43, which has been shown to cause an accumulation of
SQST-1 aggregates [23] (Figures S1J and S1K). Of note, similar
to a hypoxiamechanism, frataxin silencing increased the expres-
sion of dct-1 transcript in an hif-1-dependent manner and
reduced that of SQST-1 protein (Figures 1E and 1F). We did not
observe any change in p62 transcript expression upon frh-1
RNAi (data not shown), indicating that its degradation occurs at
the posttranscriptional level, possibly through an intact autopha-
gic flux [6] induced by a hypoxia-like signaling. Taken together,
these findings revealed an evolutionarily conserved protective
role for mitophagy regulatory genes, which are required for fra-
taxin-silencing extension of lifespan in C. elegans.

Induction of Mitophagy Is an Evolutionarily Conserved
Response to Mitochondrial Stress
The inability of frh-1 RNAi to extend lifespan in mutants of mi-
tophagy regulatory homologs could be ascribed to mitophagy-
independent functions of the corresponding C. elegans proteins.
Indeed, whether C. elegans mitophagy is induced upon mito-
chondrial stress and regulated by the same genes is not known.
We, therefore, assessed whether frh-1 silencing affects mitoph-
agy. Compared to control animals, frh-1 RNAi-treated animals
displayed a substantial co-localization between mitochondria
and autophagosomal marker LGG-1 (Figures 2A and S2A), a pre-
requisite for mitochondrial elimination through the autophagic
pathway. To further prove the induction of mitochondrial auto-
phagy, we generated additional transgenic strains and found
that frataxin silencing significantly increased the co-localization
between DCT-1 and LGG-1 and between DCT-1 and PDR-1
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compared to wild-type animals (Figures S2B and S2C). Collec-
tively, these data clearly demonstrate that frh-1-depleted ani-
mals display an increased number of mitoautophagosomes
compared to wild-type animals.

To confirm the induction of mitochondrial autophagy in
C. elegans, we expressed a dual fluorescent pH-sensitive
biosensor with a mitochondrial tag that, in normal conditions,
marks mitochondria in red and green fluorescence. Upon mi-
tophagy induction, the delivery of mitochondria into the acidic
lysosome compartment mainly quenches the green, but not
the red, fluorescence, thus reducing the GFP to dsRed ratio
(see the Supplemental Experimental Procedures). We observed
that frh-1 RNAi significantly reduced the ratio of GFP versus
dsRed fluorescence (Figures 2B and 2C), a clear indication of
mitochondria redistribution into the lysosomal compartment.
Of note, silencing of mitophagy regulatory genes required for
frataxin longevity significantly prevented the induction of mito-
chondrial autophagy upon frh-1 RNAi without affecting it in basal
conditions (Figure 2C), indicating that mitophagy is required for
lifespan extension upon mitochondrial stress.

Remarkably, considering the potential role of mitophagy in
the context of neurodegenerative diseases [15], we also found
that mitochondrial autophagy is triggered by frataxin silencing in

Figure 1. C. elegans Homologs of Mitoph-
agy Regulatory Genes Mediate Lifespan
Extension upon Frataxin Silencing
(A–D) Kaplan-Meier survival curves of wild-type

(WT) (A), pdr-1(gk448) (B), dct-1(tm376) (C), and

sqst-1(ok2869) (D) C. elegans strains fed bacteria

transformed with either empty-vector (con) or

vector-expressing dsRNA against frh-1 (frh-1

RNAi). Percentages indicate increase in mean

lifespan of frh-1RNAi-treated over control animals.

(E) Quantification of dct-1 transcript expression in

WT animals and hif-1 mutants fed as in (A). Bar

graph represents means ± SEM (n = 3); *p < 0.05.

(F) Quantification of GFP+ foci in the anterior

pharyngeal bulb of Psqst-1SQST-1::GFP transgenic

strain fed as in (A). (Right) Representative pictures

have red squares indicating the region used to

count the number of foci. (Top) Green fluorescence

channel images (GFP) are shown. (Bottom) Differ-

ential (Nomarski) interference contrast images

(DICs) are shown.

Scale bars in white represent 50 mm. Bar graph

represents means ± SEM (n = 5); ****p < 0.0001.

See also Figures S1 and S3.

mammalian cells. In agreement with our
previous findings [6], compared to control
cells, frataxin small hairpin RNA (shRNA)-
treated cells expressed increased levels
of LC3II (Figure 2D). Consistent with an
increased mitochondrial autophagy, fra-
taxin-depleted cells also contained fewer
mitochondrial proteins, such as MnSOD
and TOM20 (Figure 2D). Moreover,
confocal microscopic analysis revealed
Parkin translocation from the cytosol to
the mitochondria (Figure S2D), a signal

required for targeting mitochondria to the autophagic machinery
[16]. Cellular fractionation analysis confirmed a significant in-
crease in Parkin as well as Pink accumulation on mitochondria
(Figures 2E, 2F, S2E, and S2F). Notably, similar to what we
observed in theworms, theexpressionofp62/SQSTM1,whichco-
operates with Parkin to facilitate mitochondrial degradation
through the lysosomes [24], was reduced in total extracts and
mitochondrial-enriched fractions of frataxin shRNA mammalian
cells (Figures 2D and S2F), indicating an intact autophagic flux.
To maintain an appropriate mitochondrial network homeostasis,
induction of mitophagy typically is preceded by mitochondrial
fragmentation [25], which favors the elimination of dysfunctional
mitochondria, and is accompanied by the biogenesis of new
healthy mitochondria. We observed an altered mitochondrial
distribution in both mammalian cells and C. elegans subjected
to frataxin silencing, an indication of an effective integration of
mitochondrial quality control pathways. Indeed, confocal analysis
of frataxin shRNA-treated cells revealed a clear perinuclear clus-
tering of highly fragmented mitochondria (Figure S2D), a typical
distribution of mitochondria undergoingmitophagy [24]. Similarly,
frh-1 silencing in C. elegans increased the density of muscle
mitochondria, which also presented with a fragmented pattern
(Figure S2G).
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Figure 2. Induction of Mitophagy Is an Evolutionarily Conserved Response to Frataxin Silencing
(A) Quantification of the colocalization between mitochondria and autophagosomes in Pmyo-3::mtGFP;Plgg-1::DsRed::LGG-1 transgenic animals fed bacteria trans-

formed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi). (Left) Representative confocal picture of C. elegans muscles was ac-

quired using a 1003objective lens; green,musclemitochondria (Mit); red, autophagosomes (Autophag.); and yellow, overlapping of the two (Merge). Sizebars, 20mm.

(B) Representatives pictures show Pmyo-3::TOMM-20::Rosella transgenic strain fed as in (A). In red is shown the total amount of mitochondria as revealed by pH-

insensitive Rosella red tag (dsRED), and in green is shown the amount of mitochondria that is transported to the lysosome as revealed by pH-sensitive Rosella

green tag (GFP). (Bottom) DIC shows the part of the animals used for quantification.

(C) Mitochondrial autophagy was quantified using the ratio between green and red fluorescence (GFP/DsRED) in Pmyo-3::TOMM-20::Rosella transgenic animals

fed bacteria transformed with either empty vector (con) or vector expressing the indicated dsRNA.

(D) Representative western blots and quantifications of the expression of the indicated proteins from human embryonic kidney HEK293 cells transiently

transfected with vector-expressing shRNA control (Sh Con) or shRNA Frataxin (Sh Fxn) are shown.

(E and F) Quantification of Parkin (E) and Pink (F) accumulation on mitochondria from enriched mitochondrial extract of HEK293 cells treated as in (D).

Bar graphs represent means ± SEM (n = 3); *p value versus con < 0.05, ****p value versus con < 0.0001, #p value versus frh-1RNAi < 0.0001. See also Figures S2

and S3.
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Finally, in support of a general conserved role for mitophagy in
response to mitochondrial stress, we found that silencing other
MRC regulatory proteins, similar to frh-1 RNAi [6], reduced reac-
tive oxygen species (ROS) levels (Figure S3A); increased the
accumulation of autophagosomes (Figure S3B); promoted a
pdr-1-, dct-1-, and pink-1-dependent mitophagy (Figure S3C);
and required mitophagy regulatory genes for optimal lifespan
extension (Figures S3D–S3G). Collectively, the results described
so far indicate that the induction ofmitochondrial autophagy is an
evolutionarily conserved response to reduced frataxin expres-
sion, and they identify a role for pdr-1/Parkin- and dct-1/Bnip3-
regulatedmitophagy inmitochondrial-stress control of longevity.

Frataxin Silencing Induces a Pro-longevity Iron
Starvation Response
In search of a mechanism that could explain how frataxin deple-
tion stimulates mitochondrial autophagy, we speculated a

Figure 3. Frataxin Silencing Induces a Hyp-
oxia-like Signaling
(A) Quantification of GFP+ foci in the seam cells of

Plgg-1::GFP::LGG-1 (WT) and Plgg-1::GFP::LGG-1;

hif-1(ia4) transgenic strains fed bacteria trans-

formed with either empty-vector (con) or vector-

expressing dsRNA against frh-1 (frh-1 RNAi). Bar

graph represents means ± SEM (n = 5); *p < 0.05.

(B–D) Kaplan-Meier survival curves of WT (B),

hif-1(ia4) (C), and vhl-1(ok161) (D) C. elegans

strains fed as in (A) are shown.

(E and F) Kaplan-Meier survival curves of WT ani-

mals fed bacteria transformed either with empty-

vector (con) or with vector-expressing dsRNA

against frh-1 (frh-1 RNAi), aha-1 (aha-1 RNAi), or

both (frh-1/aha-1 RNAi). Percentages indicate

increase or decrease in mean lifespan of frh-1

RNAi-treated over control animals.

(G) Quantification of GFP expression in WT and

hif-1(ia4) strains expressing the Pnhr-57::GFP

transgene fed as in (A) is shown.

(H) Quantification of GFP expression in WT and hif-

1(ia4) strains expressing the Pnhr-57::GFP trans-

gene and fed empty vector transformed bacteria

were left untreated or treated for 4 hr with hypoxia

(<1% O2 at 20!C).

Bar graph represents means ± SEM (n = 3);

*p value vs con < 0.05, ****p value versus

con < 0.0001. See also Figure S4.

possible hypoxia-like signal triggered by
altered mitochondrial physiology. Indeed,
frataxin suppression affects intracellular
levels of ATP, ROS, and iron [6, 26],
which can initiate a hypoxia-like signaling
[27, 28]. Hypoxia, in turn, can trigger
autophagy in C. elegans [11] as well as
in mammals, and in the latter this can
occur either in an HIF-1-dependent
manner [29] or in an HIF-1-independent
manner through AMP-regulated kinases
(AMPKs) [30]. Although ATP content is
reduced in frh-1 RNAi-depleted animals

and in other RNAi-derived Mit mutants, levels of ATP do not
correlate with, and AMPKs do not mediate, animal longevity
[6, 31], thus arguing against a potential AMPK-regulated, HIF-
1-independent activation of autophagy. Instead, hif-1 is required
for lifespan extension in otherMitmutants [28, 32], and we found
that it mediates autophagy and longevity in frh-1 RNAi animals
(Figures 3A–3C). Specifically, LGG-1 is the nematode homolog
of the microtubule-associated protein light chain 3 (LC3), and
its pattern changes from diffuse to punctate during the autopha-
gic process, reflecting the formation of the autophagosomes
[33]. While frh-1 RNAi induces the accumulation of LGG-1-pos-
itive foci in wild-type animals [6], it could not further increase it
in the hif-1mutants, which already presented with a significantly
higher number of autophagosomes compared to wild-type ani-
mals (Figure 3A). Either stabilization of HIF-1, through hypoxia
or through reduced expression of VHL-1, or its loss of function
can extend C. elegans lifespan [8, 9].

1814 Current Biology 25, 1810–1822, July 20, 2015 ª2015 Elsevier Ltd All rights reserved



Consistent with an intact autophagy flux being required for
frh-1 RNAi longevity [6], we now found that either hif-1 or vhl-1
depletion completely blocked lifespan extension in response to
frataxin silencing (Figures 3B–3D). The hypoxia-inducible factor
acts in a heterodimeric transcription complex, consisting of
HIF-1 and AHA-1 in C. elegans, encoded by homologs of the
mammalian HIF-1-alpha and -beta subunits, respectively [34].
aha-1 recently was identified as one of the C. elegans transcrip-
tion factors required for lifespan extension in genetic-mediated
Mit mutants [32]. In line with the hif-1 findings, frh-1 RNAi could
not extend lifespan in animals depleted of aha-1 (Figures 3E and
3F; Table S1). In further support of frataxin silencing activating a
hypoxia-like response, it increased the expression of hypoxia-
inducible genes such as nhr-57 (Figure 3G) and dct-1 (Figure 1E)
in an hif-1-dependent manner, and reduced the expression of
p62 (Figure 1F). In C. elegans, nhr-57 belongs to the large family
of nuclear hormone receptors and it is the most reliable marker
for HIF-1 activation under hypoxic conditions ([35] and Fig-
ure 3H). Moreover, we found that frh-1 RNAi tends to increase
the transcriptional expression of different globins, glb-1, glb-
10, glb-13, glb-19, and glb-28, especially in an RNAi-sensitized
background; but, a frh-1 double-stranded RNA (dsRNA) con-
struct that reduced frataxin expression above the threshold for
lifespan extension [6] did not significantly modulate the expres-
sion of any of them (Figures S4A and S4B). Globin genes encode
for iron-containing proteins that can regulate the redox status of
the cells in response to hypoxia [36]. Thirty-three globins were
identified inC. elegans, all containing HIF-1 regulatory elements,
and some of them can be induced by hypoxia in an hif-1-depen-
dent manner ([37] and Figure S4C).
We then asked how frataxin silencing could mimic a hypoxia-

like state. HIF-1 is a central player of oxygen and iron homeosta-
sis in mammals as well as in C. elegans and can be activated by
increased levels of ROS or reduced levels of cytosolic oxygen or
iron [27, 38]. Although ROS-dependent activation of HIF-1 medi-
ates longevity of the genetic-derived Mit mutants [28], ROS
levels were actually reduced following silencing of different
MRC regulatory subunits, including frh-1 (Figure S3A) [6]. Iron
deprivation can also activate a hypoxia-like signaling in mam-
mals as well as in C. elegans [26, 27], and, accordingly, it
increased the expression of nhr-57 in an hif-1-dependent
manner (Figure 4A), similar to the above-described effect with
frh-1 RNAi or hypoxia (Figures 3G and 3H). We thus speculated
that frh-1 RNAi activates the hypoxia-like response through
cytosolic iron deprivation, a condition associated with reduced
frataxin expression from yeast to mammals as a consequence
of progressive mitochondrial iron accumulation [26, 39]. Consis-
tent with this possibility, we found that the expression of the
C. elegans cytosolic aconitase (aco-1), which is downregulated
in response to iron overload like its mammalian homolog iron
regulatory protein-1 (IRP1) [40], was significantly increased in
frh-1-depleted animals compared to wild-type (Figure 4B). The
mitochondrial Fe/S-cluster protein aconitase (aco-2) was also
upregulated by frh-1 RNAi (Figure 4B). These effects on the
two aconitases possibly represent compensatory responses to
the reduced cytosolic iron content and Fe/S-cluster biogenesis
induced by frataxin deficiency [26]. The two aconitases also
tended to be induced by hypoxia in an hif-1-dependent manner
(Figures S4D and S4E).

A reduced iron content upon frataxin suppression is expected
to decrease animal sensitivity to iron supplementation while
increasing their sensitivity to iron deprivation. Accordingly,
although iron supplementation through the entire life significantly
shortened lifespan [41] of control ("18%) and of frh-1-depleted
("8%) animals, the latter were much less affected, as clearly
underlined by the differences in their mean lifespan (Figure 4C;
Table S1). Frataxin-deficient animals were also more sensitive
to the detrimental effects induced by severe iron deprivation
on development (Figure 4D), fertility, and fecundity (Figure 4E;
Figure S4F). Furthermore, electron microscopic analysis re-
vealed an elevated number of electron-dense granules, indica-
tive of iron deposits [42], in mitochondria, but not in the cytosol,
of frh-1-depleted animals, which was not observed in wild-type
animals (Figure S4G). Of note, these electron-dense granules
were detected in mitochondria of tissues, such as the intestine
and the muscle, where we also observed the induction of auto-
phagy (Figures S4H and 1F) and mitophagy (Figures 2A–2C).
Remarkably, similar to the opposite effects on lifespan in-

duced by different levels of mitochondrial stress, while severe
iron deficiency was lethal (Figure 4D), we found that milder iron
deprivation significantly extended lifespan in wild-type animals
(Figure 4F; Table S1). In support of frataxin silencing acting
through an iron starvation response, iron chelation did not sig-
nificantly extend lifespan of frh-1-depleted animals (Figure 4F;
Table S1), while iron supplementation suppressed it (Figure 4C).
Moreover, DMT1 is a divalent metal transporter whose ex-
pression is induced in mammals to increase intestinal iron trans-
port in conditions of iron deficiency, and a C. elegans mutant
for the DMT1 homolog, smf-3, displays low levels of iron
compared to wild-type [38]. In agreement with previous results,
we found that smf-3 mutants have an extended lifespan that
is not further prolonged by frh-1 RNAi (Figures 4I and 4J;
Table S1). To validate the iron starvation response induced in
frataxin-depleted animals, we quantified the expression of the
C. elegans ferritin homolog, ftn-2, an iron storage protein whose
expression is induced in the presence of excessive iron and
reduced in response to iron deprivation in an hif-1-dependent
manner [38]. As expected, the expression of a ftn-2::gfp reporter
was significantly reduced by iron depletion (Figure 4G). Of note
we observed that frh-1 RNAi also reduced ftn-2 expression,
and, consistent with the survival analysis, the combined treat-
ment with iron depletion did not additively affect the expression
of the two hif-1 target genes, ftn-2 and nhr-57 (Figures 4G and
4H). Non-additive effects on ftn-2 and nhr-57 expression were
similarly observed following iron chelation treatment in animals
depleted of other MRC regulatory proteins (unpublished data),
suggesting a more general iron starvation response upon mito-
chondrial stress. Taken together, the results shown so far reveal
an iron starvation response as an evolutionarily conserved
response to frataxin depletion, with pro-longevity effects in
C. elegans.

Frataxin and Iron Depletion Extend Lifespan through
Overlapping and Independent Mechanisms
Finally, we askedwhether frataxin-silencing extension of lifespan
via iron depletion could be ascribed to the induction ofmitochon-
drial autophagy. Consistent with this possibility, we found that a
lifespan-extending dose of iron chelation significantly induced
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Figure 4. Frataxin Silencing Extends Lifespan through Iron Deprivation
(A) Quantification of GFP expression in WT and hif-1(ia4) strains expressing the Pnhr-57::GFP transgene, left untreated or treated for 24 hr with 100 mM of the iron

chelator 2,20-dipyridyl (BP), is shown.

(B) Quantification of aconitases transcript expression in WT animals fed bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against

frh-1 (frh-1 RNAi) is shown.

(C) Kaplan-Meier survival curves of WT animals fed as in (B) and left untreated or treated from eggs with life-shortening concentration (6.6 mg/ml) of an iron donor

[ammonium iron (III) citrate, FAC] are shown.

(D) Developmental rate of WT animals fed as in (B), and left untreated or treated from eggs with the indicated concentrations of BP, is shown.

(legend continued on next page)
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mitophagy (Figure 5A). Depletion of mitophagy regulatory genes
significantly prevented this effect (Figure 5A) and also partially
suppressed lifespan extension in response to iron depletion (Fig-
ures 5B–5E; Table S1). Notably, frataxin silencing did not further
increase the effects of iron chelation on the accumulation of the
autophagosomes and mitophagy (Figures 5F and 5G). This cor-
relates with the lack of cumulative effect of the two treatments on
lifespan (Figure 4F), and it suggests mitochondrial degradation
by the lysosomal pathway as a specific mechanism induced
by frataxin suppression to extend lifespan via cytosolic iron
deprivation.
Whereasmitochondrial stressand irondeprivationconvergeon

mitophagy to extend lifespan, the different phenotypic appear-
ances of long-lived iron-depleted and frataxin-deficient animals
(Figure 6A) also suggest the inductionof incompletely overlapping
signaling between the two treatments. While 4-day-old frataxin-
depleted animals displayed their typical reduced size and fecun-
dity compared to control animals, life-extending doses of iron
chelation affected neither animal size nor fecundity (Figure 6A).
The iron chelator reduced fecundity to the same level of frh-1
RNAi only at doses of 100 mM (Figure S4G), which also dra-
matically impaired animal development (Figure 4D). As a first
indication that frataxin and iron depletion can also act through
non-overlapping mechanisms, while frh-1 RNAi did not extend
lifespan of the hif-1 mutants (Figure 3C), iron chelation could still
doso (although the two treatmentswerenot fully additive) (Figures
6B and 6C).
We then looked at hif-1 upstream and downstream regulatory

genes. The absence of EGL-9, the C. elegans homolog of the
HIF-1 prolyl-hydroxylase, stabilizes hif-1 in normoxia conditions
and extends lifespan [9]. As expected by the fact that the prolyl-
hydroxylase can be inhibited by low iron content [10], iron chela-
tion did not extend lifespan of the long-lived egl-9 mutants (Fig-
ures 6D and 6E). However, contrary to our expectation, frh-1
RNAi not only further extended lifespanof the long-lived egl-9mu-
tants but it also significantly suppressed animals internal bagging
due to the egg-laying defect described in this strain (Figures 6D
and6E;TableS1).We thenconfirmedthe inductionof someglobin
genes (glb-10, glb-19, and glb-28) and the reduction of glb-26
upon frh-1RNAi by quantifying the expression of the correspond-
ing GFP reporter strains through an unbiased automated micro-
scopy platform (Figure 6F). Iron chelation also upregulated glb-
10 expression and this was not further increased by frh-1 RNAi
(Figure 6G). However, surprisingly, loss of glb-10 suppressed
frh-1 RNAi longevity, but did not prevent the pro-longevity effect
of the ironchelator (Figures6H,6I, S5A,andS5B;TableS1). Taken
together, our data reveal that overlapping (mitophagy) as well as
unique (egl-9 and glb-10) hypoxia-related pathways specify
longevity of frataxin- and iron-depleted animals.

DISCUSSION

Collectively, our findings indicate that an iron starvation, hypoxia-
like response is triggered by frataxin silencing and activates an
evolutionarily conserved pdr-1/Parkin- and dct-1/Bnip3-regu-
lated mitophagy, which ultimately mediates lifespan extension
in C. elegans. To our knowledge, this is the first study that
addressed and clearly identified a causal role for mitochondrial
autophagy in longevity specification. ROS-dependent activation
of HIF-1 is required for the lifespan extension of genetic-derived
Mit mutants [28]. However, ROS are not deemed to be the main
longevity determinants of RNAi-derived Mit mutants [7, 43], and
induction of mitophagy can reduce ROS levels in response to
hypoxia [13]. Consistent with these observations, we found that
silencingofdifferentMRC regulatorygenes reducesROScontent.
Although it is still possible that a transient elevation of ROS during
animal development activates hif-1, our findings are in agreement
with the notion that genetic- and RNAi-mediatedMitmutants can
elicit distinct pro-longevity responses [44]. In fact, our study iden-
tifies reduced cytosolic iron, rather than increased ROS levels,
as a trigger of the pro-longevity response induced by frataxin
silencing. Accordingly, iron is active in the generation of ROS via
the Fenton reaction, and, therefore, its reduced cytosolic content
may concur to the observed reduced ROS levels in the different
RNAi-mediatedMitmutants.
Iron is an essential element involved in the biogenesis and ac-

tivity of different proteins and enzymes, and alteration in iron
homeostasis is often observed in mitochondrial-associated
disorders. Severe iron deficiency leads in humans to different
diseases often associated with developmental defects, and in
C. elegans it leads to a developmental arrest, which also is
seen in response to severe hypoxia or mitochondrial stress.
Interestingly, as with mild hypoxia or mitochondrial stress, we
found that moderate iron depletion can also have beneficial,
pro-longevity effects. This adaptive response, coupled with the
resistance to hypoxia observed in the Mit mutants ([45] and
data not shown), resembles the evolutionarily conserved benefi-
cial effects elicited by hypoxia preconditioning [46]. In neurons
and cardiomyocytes, this can be ascribed to activation of auto-
phagy [47], thus suggesting that mitochondrial autophagy could
also specifically contribute to its protective effect. Our findings
are, therefore, extremely relevant in light of (1) the growing
body of evidence implicating altered mitophagy in the patho-
genesis of different genetic or age-related (neuro)degenerative
disorders [15, 16], and (2) the beneficial effects that could be
provided by the hypoxia mimetic effect of iron chelators in these
pathological conditions.
In support ofmitophagy being induced as part of the protective

iron starvation response activated to cope with mitochondrial

(E) Number of eggs hatched per worm was quantified and normalized against the number of eggs laid (fertility rate) in WT animals fed bacteria transformed as in

(B), after L4 larvae were left untreated or treated for 24 hr with the indicated concentrations of BP.

(F) Kaplan-Meier survival analysis of WT animals fed bacteria transformed with either empty-vector (con) or vector-expressing dsRNA against frh-1 (frh-1 RNAi),

and left untreated or treated from eggs with 10 mM BP, is shown.

(G) Automated fluorescent quantification of GFP expression in Pftn-2::GFP transgenic strain fed as in (F), and left untreated or treated for 18 hr as L4 with 100 mM

BP, is shown.

(H) Automated fluorescent quantification of GFP expression in Pnhr-57::GFP transgenic strain treated as in (G) is shown.

(I and J) Kaplan-Meier survival analysis of WT animals and smf-3(ok1035) mutants fed as in (B).

Bar graph represents means ± SEM (n = 3); *p value versus con < 0.05, **p value versus con < 0.01, ****p value versus con < 0.0001. See also Figure S4D.
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stress, we show that different mitophagy regulatory genes
mediate mitophagy induction and lifespan extension upon fra-
taxin or iron depletion, and that the effect of the two combined
treatments on mitophagy and on lifespan is not additive. Sur-

Figure 5. Iron Deprivation Extends Lifespan
through the Induction of Mitophagy
(A) Quantification of the ratio between GFP/DsRED

in Pmyo-3::TOMM-20::Rosella transgenic animals

fed bacteria transformed with either empty vector

(con) or vector expressing the indicated dsRNA,

and left untreated or treated from eggs with 10 mM

of the iron chelator BP, is shown.

(B–E) Kaplan-Meier survival curves of WT animals,

dct-1(tm376), pdr-1(gk448), and sqst-1(ok2869)

strains, left untreated or treated from eggs with

10 mM BP, are shown.

(F and G) Quantifications of GFP+ foci in the

seam cells and of the ratio between GFP/DsRED,

respectively, in Plgg-1::GFP::LGG-1 (F) and in

Pmyo-3::TOMM-20::Rosella (G) transgenic strains

fed bacteria transformed with empty-vector (con)

or with vector-expressing dsRNA against frh-1

(frh-1 RNAi), and left untreated or treated from

eggs with 10 mM of BP, are shown.

Bar graphs represent means ± SEM (n = 5);

***p value versus con < 0.001, ****p value versus

con < 0.0001, #p value versus frh-1RNAi < 0.0001;

NS, non-significant.

prisingly, while mutants or silencing of
different mitophagy regulatory genes,
namely pdr-1, dct-1, and sqst-1, as well
as silencingofpink-1, in part or completely
suppressed lifespan extension upon fra-
taxin suppression, two different pink-1 al-
lelesdid not. These findings areconsistent
with those of Bess et al. [19] showing that
pink-1 mutants do not exacerbate the
developmental arrest elicited by UVC-
induced mtDNA damage, while pink-1
silencing prevents proper elimination of
damaged mtDNA after UVC irradiation
and suggests that pink-1 mutants may
retain some residual functions required
for animal somatic maintenance (devel-
opment or longevity) in response to
mitochondrial stress. Taken together, we
revealed a conserved function for mito-
phagy regulatory genes in mitochondrial
elimination inC. elegans, andwe identified
a novel protective role for mitophagy in
longevity specification in response to
mitochondrial stress and iron deprivation.

Interestingly, while we were working
on this paper, it was shown that iron che-
lators can induce mitophagy in mamma-
lian cells [48] and in C. elegans [49],
possibly as a way of recycling iron from
the mitochondrial storage. These findings
insinuate that, although frataxin silencing

can induce mitophagy via cytosolic iron deprivation, the non-ad-
ditive effects of the two combined treatments could also be a
consequence of iron depletion-induced mitochondrial damage.
It will be important to further elucidate underlying molecular
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mechanisms of iron- and frataxin-depletion induction of mito-
phagy and to understand whether mitophagy plays a causal
role in health span determination in other pathophysiological
conditions.

Figure 6. Frataxin and Iron Depletion Act
through Independent Pathways
(A) Representative picture of 4-day-old WT worms

fed bacteria transformed with empty-vector (con)

or with vector-expressing dsRNA against frh-1

(frh-1 RNAi) or fed empty vector expressing bac-

teria and treated from eggs with the indicated

concentrations of the iron chelator BP. Pictures

were acquired using 40-fold magnification on a

stereomicroscope (Leica MZ10F). White scale

bars, 500 mm.

(B and C) Kaplan-Meier survival curves of WT (B)

and hif-1(ia4) (C) strains left untreated or treated

from eggs with 10 mM of BP are shown.

(D and E) Kaplan-Meier survival curves of WT (D)

and egl-9(sa307) (E) strain fed bacteria trans-

formed with empty-vector left untreated (con)

or treated from eggs with 10 mM BP or fed bac-

teria transformed with vector-expressing dsRNA

against frh-1 (frh-1 RNAi) are shown.

(F) Automated fluorescent quantification of GFP

expression in Pglb-10::GFP, Pglb-19::GFP, Pglb-28::

GFP and Pglb-26::GFP transgenic strains fed bac-

teria transformed with empty-vector (con) or

with vector-expressing dsRNA against frh-1 (frh-1

RNAi). Bars and errors represent means ± SEM

(n = 3); *p value versus con < 0.05.

(G) Automated fluorescent quantification of GFP

expression in the Pglb-10::GFP transgenic strain fed

as in (F) and left untreated or treated from eggswith

the iron 10 mM BP is shown. Bars and errors

represent means ± SEM (n = 3); *p value versus

con < 0.05, **p value versus con < 0.01, ***p value

versus con < 0.001.

(H and I) Kaplan-Meier survival curves of WT and

glb-10(tm5533) strains fed as in (D) and (E).

See also Figure S5.

Besides their overlapping effects on life-
span and mitophagy, we also found that
iron depletion and frataxin silencing act
through independent pathways. On the
one hand, consistent with the notion that
reduced expression of frataxin in mam-
mals affects iron and heme homeostasis
[26], we identified in C. elegans a new
causal connection between frataxin defi-
ciency and the expression of different glo-
bins (iron-containing proteins in the formof
heme), thus suggesting novel potential
pathogenic effectors in the human dis-
ease. Noteworthy, in C. elegans, induced
globins glb-1, glb-10, glb-13, glb-19, and
glb-28aremainly expressed in the nervous
system [37], which is involved in lifespan
determination in response tomitochondrial
disturbance [7, 50]. However, glb-10 over-
expression is not sufficient to extend life-

span. Indeed, although glb-10 was upregulated also by iron che-
lation, glb-10 mutants did not affect their longevity, and glb-10
overexpression by transgene injection did not positively impact
on lifespan in otherwise wild-type animals (data not shown). On
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the other hand, contrary to frataxin silencing, the lifespan-extend-
ing effect of iron deprivation was still present in the hif-1
mutants, while it was completely abolished by lack of EGL-9,
the prolyl-hydroxylase responsible for HIF-1 degradation in nor-
moxia conditions, suggesting the parallel existence of hif-1-inde-
pendent pathways to modulate iron-depletion extension of life-
span possibly mediated by other egl-9 substrates. Interestingly,
EGL-9 is inhibited by low oxygen levels but also by reduced levels
of iron, and it can act in an hif-1-dependent or -independent
manner [51], while globins can act as oxygen sensing, as NADH
oxidase to sustain anaerobic respiration, and as ROS/NOS-scav-
enging proteins, and their expression can be induced in an hif-1-
dependent manner [36, 37]. Additional studies to accurately
assess tissue-specific expression of the different globins and to
investigate possible links between the different hif-1-dependent
or -independent signaling networks are required to elucidate their
role in longevity specification in response to mitochondrial stress
and/or iron depletion.

In C. elegans, hif-1 can promote or limit longevity through
distinct molecular mechanisms [52], and our data indicate
that it can also act as a positive or negative regulator of auto-
phagy. We found that hif-1 was partially required for frataxin
extension of lifespan and induction of autophagy. Given that
additional transcription factors, such as p53/CEP-1 or HLH-
30, can regulate Mit mutants’ longevity through autophagy [6,
53], it is attractive to speculate a crosstalk between transcrip-
tion factors in mediating mitochondrial stress and/or iron-
depletion extension of lifespan through autophagy. In line
with this possibility, iron chelation and hypoxia modulate the
expression of common HIF-1 and p53 targets, including mi-
tophagy in mammals [13, 48], and frataxin participates in the
hypoxia-induced response together with the two transcription
factors [54]. In conclusion, this is the first study that to our
knowledge identifies a causal role for mitophagy as part of a
pro-longevity iron starvation response induced to cope with
mitochondrial stress, thus opening new interesting possibilities
for healthy aging medicine. Since autophagy is implicated in
the pathogenesis and treatment of several neurodegenerative
disorders, it is time to speculate that the same could hold
true also for more dedicated forms of autophagy, such as mi-
tophagy, especially in those neurodegenerative disorders,
such as FRDA, or age-related diseases associated with pro-
gressive mitochondrial deterioration.

EXPERIMENTAL PROCEDURES

Mammalian Cells
Transfection and Protein Expression Analysis

HEK293 cells were transiently transfected with expression plasmids Sh-

scramble and Sh-Frataxin using TurboFect Transfection Reagent (Thermo Sci-

entific), and the expression of the indicated proteins was analyzed by western

blot in total cell extracts or mitochondrial fractions or by immunofluorescence

analysis. See the Supplemental Experimental Procedures for details.

C. elegans
Nematode Strains and Culture Conditions

Standard conditions for C. elegans strains culture and RNAi experiments were

used. All experiments were performed at 20!C on nematode growth media

(NGMs) agar supplemented with Escherichia coli (OP50 or transformed

HT115), unless otherwise indicated. A list of strains utilized in this work is pro-

vided in the Supplemental Experimental Procedures.

Lifespan and Statistical Analysis

Survival analysis started from hatching using synchronous populations of 70–

100 animals per strain. Survival curves and statistical analyses were carried

out following standard procedures in the C. elegans aging field [55]. Briefly,

we calculated mean, SD of the mean, and p value using the log-rank test

(Mantel-Cox) from Kaplan-Meier survival analysis of pooled data resulting

from at least two independent replicas. See the Supplemental Experimental

Procedures for the detailed procedure and Table S1 for the summary of life-

span data analysis.

Quantification of Gene Expression

GFP expression was quantified either by acquiring pictures with a Imager2

Zeiss fluorescence microscope, followed by ImageJ analysis, or through auto-

mated quantification, by transferring transgenic adult-stage worms to 96-well

plates followed by image acquisition and analysis with the ArrayScan VTI HCS

Reader (Cellomics, Thermo Fisher Scientific) [56]. The qRT-PCR was carried

out as we previously described. See the Supplemental Experimental Proce-

dures for detailed quantification methods and analysis.

Electron Microsocopy

Synchronized populations of about #1,000 first-day adult animals were

mixed with a thick pellet of Escherichia coli and immediately flash frozen.

Thin sections of osmium tetroxide-fixed samples were stained with 2% ura-

nyl acetate and Reynold’s lead citrate and imaged at 80 kV on a Phillips

CM10 electron microscope. Representative images were acquired from

two experiments. None of the wild-type animals displayed dark electron-

dense granules, while all sections from frh-1 RNAi animals displayed dark

deposits in at least one mitochondrion. See the Supplemental Experimental

Procedures for more details.

Iron Chelation Sensitivity

The iron chelator 2,20-dipyridyl (BP, Carl Roth) was supplemented to NGM at

the indicated concentrations, and its effect was investigated on development,

fecundity, and fertility of synchronized populations of worms. Transgene

expression in response to iron chelation wasmeasured on synchronized larvae

grown for 24 hr onNGMplates and then transferred as L4 larvae to NGMplates

supplemented with 100 mM BP for 18 hr before quantification.

Hypoxia Treatment

For generation of hypoxic status, worms were placed into a modular incubator

chamber (Billups-Rothenberg). For almost complete replacement of the

oxygen (<0.1%), a gas mixture (95% N2, 5% CO2) was flushed (15 l/min)

into the chamber for 10 min. Young adult worms were then left in the

hypoxic chamber for 4 hr at 20!C. Immediately after the hypoxia treatment,

the worms were placed on a slide and acquired with the respective control

left untreated.

Autophagy Measurements

Different transgenic strains were used to quantify autophagosomes using 100-

fold magnification on a Zeiss Axio Imager 2 microscope. GFP-positive foci

were counted in the seam cells of gfp::lgg-1 L3 larvae and in the anterior

pharyngeal bulb of young adult sqst-1::gfp animals. mCherryrlgg-1-positive

foci were counted in the intestine of young adult worms. See the Supplemental

Experimental Procedures for the detailed procedure.

Mitophagy Measurement

For monitoring of mitophagy, the following four newly generated C. elegans

transgenic strains were employed: (1) N2;Is[pmyo-3::mtGFP];Ex[plgg-1::DsRed::

LGG-1], (2) N2;Ex[pmyo-3::PDR-1::DsRed;pdct-1::DCT-1::GFP], (3) N2;Ex[pmyo-3::

DsRed::LGG-1;pdct-1::DCT-1::GFP], and (4) N2;Ex[Pmyo-3::TOMM-20::Rosella].

See the Supplemental Experimental Procedures for details.

Mitochondrial Density

Mitochondrial density, expressed as the percentage of mitochondrial volume

in the total analyzed volume, was quantified through 3D reconstruction of

z stack images acquired using confocal laser scanning microscopy from

rps-0p::gas-1::DENDRA2 transgenic strain, as previously described. See the

Supplemental Experimental Procedures for details.

Statistical Analysis

Data are represented as mean ± SEM from at least three independent biolog-

ical replica carried out with blinded genotypes where possible. Statistical

analyses were performed using two-tailed Student’s t test or one-way

ANOVA for multiple comparisons (GraphPad software) to calculate signifi-

cance as follows: *p = 0.01 to 0.05, **p = 0.001 to 0.01, ***p = 0.0001 to

0.001, and ****p < 0.0001 versus respective control conditions.
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A B S T R A C T

Aging is characterized by the deterioration of different cellular and organismal structures and functions. A
typical hallmark of the aging process is the accumulation of dysfunctional mitochondria and excess iron, leading
to a vicious cycle that promotes cell and tissue damage, which ultimately contribute to organismal aging.
Accordingly, altered mitochondrial quality control pathways such as mitochondrial autophagy (mitophagy) as
well as altered iron homeostasis, with consequent iron overload, can accelerate the aging process and the de-
velopment and progression of different age-associated disorders. In this review we first briefly introduce the
aging process and summarize molecular mechanisms regulating mitophagy and iron homeostasis. We then
provide an overview on how dysfunction of these two processes impact on aging and age-associated neurode-
generative disorders with a focus on Alzheimer’s disease, Parkinson’s disease and Amyotrophic Lateral Sclerosis.
Finally, we summarize some recent evidence showing mechanistic links between iron metabolism and mito-
phagy and speculate on how regulating the crosstalk between the two processes may provide protective effects
against aging and age-associated neuronal pathologies.

1. AGING

Aging is a complex and still not completely understood process
characterized by the progressive deterioration of cellular components
with consequent decline in different physiological functions and in-
creased frailty, and it represents the most important risk factor for the
development of a wide range of diseases such as cancer, cardiovascular
and neurodegenerative pathologies, the principal causes of death in the
industrialized world. Aging is a multifactorial process concurrently
shaped by genetic and environmental factors. Despite several theories
of aging having been postulated in the past 150 years [1–8], it is only in
the last 50 years that aging research, also thanks to the growing number
of studies exploiting simple but powerful model organisms, has en-
ormously increased our knowledge of molecular mechanisms under-
lying the aging process. Although it is impossible to identify a main
culprit of aging or a unifying theory, attempts have been made in the
latest years to establish evolutionarily conserved signs of the aging
process [9–11]. Namely, nine main hallmarks of aging were identified
based on evidence that these changes manifest during physiological
aging, accelerate or delay the aging process when experimentally

exacerbated or ameliorated respectively. These hallmarks were sub-
grouped in three functional categories: the potentially primary culprits
of cellular damage (genome instability, telomere attrition, epigenetic
alterations, loss of proteostasis), the antagonistic mechanisms, which try
to compensate the initial damage but once overwhelmed actually
contribute to the aging process (deregulated nutrient sensing, mi-
tochondrial dysfunction, cellular senescence), and the integrative hall-
marks resulting from the integration of previous changes and eventually
leading to organism functional decline (stem cells exhaustion and al-
tered intracellular communication). The number of features falling into
the identified categories is expected to increase as aging research pro-
gresses; altered metabolic processes such as metal homeostasis with
iron overload has been for instance increasingly recognized as a typical
feature aging and associated disorders. Although this classification
oversimplifies a much more complex scenario, the definition of the
aging hallmarks should facilitate studies aiming at distinguishing actual
players causally involved in promoting the aging process from pure
bystanders or consequences, with the ultimate goal of developing tar-
geted preventive and symptomatic therapeutics to fight aging and most
importantly age-related pathologies.
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2. MITOPHAGY

One of the hallmarks of aging is mitochondrial dysfunction. Given
the central importance of mitochondria in cellular homeostasis it is not
surprising that cells developed a variety of protective mechanisms to
cope with, prevent and repair their damage, and that, failure of these
mechanisms or severe non-repairable mitochondrial damage, lead to a
plethora of disorders and accelerate the aging process. One of these
mechanisms, mitophagy, has the role of selectively degrading mi-
tochondria by taking advantage of the autophagy process (or autop-
hagocytosis), a genetically regulated mechanism of the cells that re-
moves and recycles unnecessary or dysfunctional components through
the lysosome [12,13]. The first observation of mitochondria selectively
degraded by autophagy was made in Saccharomyces cerevisiae, in
2004, when these yeasts were cultivated in the presence of a strictly
respiratory carbon source and subjected to nutrient deprivation [14].
The name “mitophagy” was subsequently introduced by Lemasters and
described as a protective mechanism against mitochondrial damage
[15]. Mitophagy was then revealed to be a fundamental process also in
two physiological contexts, namely during maturation of reticulocytes
into erythrocytes [16] and during the first step of embryogenesis for the
removal of paternal mitochondria [17,18]. Mitochondria, by providing
cells with adenosine triphosphate (ATP) through the oxidative phos-
phorylation system (OXPHOS), play a central role in bioenergetic
pathways and can rapidly adjust their respiratory capacity to respond to
the metabolic needs of the cell. Increased demand of energy is ac-
complished by mitochondrial biogenesis and fusion of individual mi-
tochondria into dynamic networks; on the other hand, a decrease in
energy demand results in the clearance of superfluous mitochondria
through fission mechanisms and mitophagy. While mitochondrial au-
tophagy occurs in physiological conditions to maintain optimal cellular
homeostasis, it can also be induced in response to different types of
mitochondrial damage, thus acting as a mechanism to control the
functional quality of mitochondria and prevent the consequence of their
dysfunction, such as oxidative stress.

At the molecular level, in mammalian cells, removal of damaged
mitochondria mainly occurs after activation of the PTEN-induced ki-
nase 1 (PINK1) and the E3 ubiquitin ligase Parkin. After the loss of
mitochondrial membrane potential, PINK1 accumulates in the outer
mitochondrial membrane (OMM) associating to the translocase of the
outer membrane (TOM) complex [19] and leading to its homo-
dimerization and autophosphorylation at S228, T257, and S402. This,
in turn, allows PINK1-dependent recruitment and phosphorylation of
Parkin at S65 in the OMM [20], which promotes its dimerization and
activation of its E3 ligase activity, leading to ubiquitination of different
OMM substrates [21,22]. Phospho-ubiquitin signalling of OMM pro-
teins next induces the recruitment of mitophagy cargo receptors. Two
main cargo receptors, Optineurin (OPTN) and CALCOCO2/Nuclear dot
protein 52 (NDP52) are involved in PINK1-mediated mitophagy. These
receptors are able to bind ubiquitylated mitochondria through their
Ubiquitin Binding Domain (UBD) and thanks to a LC3-Interacting Re-
gion (LIR) motif, they bind Autophagy-related protein 8 (Atg8)/Mi-
crotubule-associated proteins 1A/1B light chain 3B (LC3) proteins onto
autophagosome membranes in order to deliver mitochondria into au-
tophagosomes [23]. The LIR and UBD motifs of these autophagy re-
ceptors are thus crucial for their function in mitophagy. Parkin-medi-
ated degradation of OMM proteins exposes Prohibitin (PHB2), a protein
of the inner mitochondrial membrane (IMM), to LC3. PHB2 is thus an
accessory protein that could get into the game when PINK1/Parkin-
mediated mitophagy pathway is activated [24]. Another element of the
IMM, namely the membrane lipid Cardiolipin, is involved in mitophagy
regulation. Besides other functions, Cardiolipin, when externalized to
the OMM can serve as a receptor for LC3 following mitochondrial
membrane depolarization. However, in contrast to PHB2, the binding
between Cardiolipin and LC3 occurs independently of Parkin [25]. Of
note, the players involved in the mitophagy processes that occur during

physiological conditions have also been identified. In particular, during
erythrocyte differentiation, the protein NIX, which is also known as
beclin-2 (BCL2)/adenovirus E1B 19 kDa protein-interacting protein 3-
like (BNIP3L), emerged as the key protein responsible for the elimina-
tion of mitochondria by direct binding of its LIR domain to LC3B [26].
Instead, paternal mitochondria degradation during embryogenesis is
mediated by the two redundant E3 ubiquitin ligases, PARKIN and
MUL1, which then require FIS1, P62, and PINK1 kinase for degradation
[27].

PINK1/Parkin-mediated mitophagy is the best characterized mito-
phagy pathway, but “alternative” pathways have been also described.
Indeed, other E3 ubiquitin protein ligases are involved in PINK-Parkin-
independent mitophagy modulation, such as SMURF1, SIAH1, MUL1,
Gp78, ARIH1 and HUWE1 [28–35]. Under hypoxia condition, it has
been demonstrated that FUNDC1, another OMM protein, is able to ac-
tivate mitophagy. In this context, it can recruit directly LC3 through its
LIR domain [36]. Bcl-2-like 13 (BCL2L13), another OMM protein and
homologue of Atg32, a well-known mitophagic receptor in yeast, can
also bind LC3 directly through its LIR motif and favour mitophagy [37].
Finally, Ambra1, a cytosolic protein mainly described as a main positive
regulator of autophagy [38–40] can be recruited to damaged mi-
tochondria in Parkin-dependent [41] or Parkin-independent contexts.
In particular, Ambra1, in analogy with the other mitophagic receptors
can be localized on damaged mitochondria following mitochondrial
depolarization or ischemia, and directly binds LC3 via its LIR motif,
stimulating mitophagy [34,42].

Mitophagy is a crucial mechanism to maintain a healthy population
of mitochondria therefore it needs to be tightly regulated. To this end,
almost all mitophagy-regulatory proteins are post-translationally mod-
ified (primarily by phosphorylation), in order to induce a correct mi-
tophagy process. Anti-apoptotic proteins belonging the Bcl-2 family
confer an additional level of regulation of the mitophagic pathway.
Upon mitochondrial damage PINK1 is auto-phosphorylated at S228,
T257 and S402, and, in turn, PINK1 phosphorylates Parkin on Ub-S65
in order to start the mitophagic process [22]. Moreover, this process is
repressed by Bcl2 family proteins (i.e., BCL2, MCL1 and BcL-XL), which
inhibit the translocation of the E3 Ubiquitin ligase Parkin on damaged
mitochondria [43]. To induce mitophagy, FUNDC1 needs to be phos-
phorylated at S17 by Ulk1 and dephosphorylated at S13 by PGAM5
under hypoxia condition. In this context, BCL2L1/BcL-XL is able to
block dephosphorylation of FUNDC1 by PGAM5 and thus inhibit mi-
tophagy [44]. In vitro studies mimicking phosphorylation events on LIR
domains, showed that phosphorylation of NIX LIR domain at S34/35
stabilizes the Nix:LC3B complex and enhances autophagosome re-
cruitment in Hela Cells [45]. IKKα kinase instead phosphorylates
Ambra1 at S1014, favouring the binding between LC3B and Ambra1
and thus mitophagy [34]. This process is regulated by the anti-apop-
totic factor MCL-1, which inhibits mitochondrial translocation of
HUWE1, the E3 Ubiquitin ligase known to collaborate with Ambra1 for
a correct mitophagy induction [46]. Finally, BCL2L13-mediated mito-
phagy is also stimulated after phosphorylation of S272, which favours
its binding with LC3 [37,47]. It is expected that, similar to bulk or other
specialized forms of autophagy, the number of modifications and me-
chanisms regulating the functions of mitophagy-regulatory proteins will
increase exponentially as mitophagy studies will expand.

3. IRON

Iron is one of the most abundant components on our planet and it is
essential for every living organism on Earth. Iron is indeed necessary for
diverse biological functions, ranging from oxygen transport primarily as
a component of hemoglobin [48], to DNA synthesis and repair for in-
stance as co-factor in ribonucleotide reductase [49], to oxidative
phosphorylation being an essential component of iron-sulfur complexes
and cytochromes [50]. Consistent with its vital role, altered iron me-
tabolism has been shown during aging and in a variety of diseases
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[51–53] and either iron excess or its deficiency can lead to deleterious
consequences. It is interesting to note that altered iron levels seem to
mainly affect the organism through antagonist pleiotropy effects: iron
deficiency is especially detrimental during early development and
childhood while iron excess has primary undesirable effects during
aging. On the one hand, in conditions of iron deficiency, the organism
lacks the required amounts of iron to produce iron-containing proteins
(see below) [54]. Iron deficiency can thus promote several conditions
such as anemia, due to the inability to produce hemoglobin [55], and
for instance impair the cognitive function and psychomotor develop-
ment in children [56]. On the other hand, iron overload has been de-
scribed as another typical sign of aging and its excess may directly or
indirectly contribute to the aging process and to the pathogenesis of
different disorders ranging from genetic diseases such as Friedreich
ataxia [57] and hemochromatosis aceruloplasminemia [58], to age-
associated diseases such as Alzheimer’s [59–61] or Parkinson’s disease
[62–64]. It is therefore clear that iron homeostasis has to be finely
tuned throughout life to avoid deleterious consequences associated
with its either excessive or defective levels. Iron concentration and
homeostasis are in fact tightly regulated both at the systemic level,
through its absorption mainly by the intestinal enterocytes [65], and at
the cellular level, through its sensing (Iron Regulatory Proteins), uptake
(transferrins, mitoferrins, divalent metal transporters), usage, storage
(ferritins), and excretion (ferroportin) [66–68].

3.1. Proteins regulating iron metabolism

The amount of iron in an adult is around 3 to 5 g with a slight
difference between males and females. Approximately 70% of total iron
is utilized to bind and transport oxygen as heme. The second most
abundant fraction, around 20%, is stored in the hepatocytes [69].
Maintenance of appropriates systemic iron levels is primarily regulated
by hepcidin, [70] in response to serum iron concentration, ery-
thropoiesis, hypoxia and inflammation [70–73]. Iron is absorbed
mainly from enterocytes covering the villi of the duodenum. Iron can
switch between two oxidative states, ferrous (Fe2+) and ferric (Fe3+)
iron [74] simply through a one-electron oxidation-reduction reaction
[74], and the switch facilitates several biological reactions that require
electron transfer and PH variation. Fe3+ is reduced by different re-
ductases such as the cytochrome b reductase 1 (DCYTB) in the intestinal
lumen [75]. The divalent transporter 1 (DMT1) [76] then transfers
Fe2+ to the apical membrane of enterocytes. From the apical mem-
brane, iron is transferred to the basolateral membrane of the en-
terocytes where ferroportin (FPN1) [77,78], a transmembrane iron
exporter expressed on the cells membrane, permits the export of Fe2+
to the circulation supported by the oxidases ceruloplasmin and he-
phaestin [79]. Systemic iron excess increases hepcidin, which binds to
FPN1 inducing its degradation through the lysosomes to minimize the
amount of circulating iron; while iron deficiency decreases hepcidin
levels to promote intestinal iron intake [80,81].

At the cellular level, iron homeostasis is instead maintained by
several proteins, including iron transporters such as Transferrin (Tf)
and Tf-Receptor 1 (TfR1), iron storage proteins such Ferritins (FTs),
Mitochondrial Ferritin (FTMT) and Frataxin (FXN)[82,83] and iron
regulatory proteins IRP1 and IRP2 (IRPs). Tf, produced for the majority
by the liver, is a glycoprotein that binds reversibly to Fe3+ for delivery
into the cells. Iron binding to Tf promotes a conformation change which
allows the recognition and binding to its receptor, TfR1, on the cell
membranes [84,85]. The complex Tf-TfR1 is then internalized by en-
docytosis and once in the endosome the complex is disassembled and
recycled on the cell surface [84,86], while Fe3+ is reduced to Fe2+ and
released into the cytosol by DMT1 [87]. Then, to maintain intracellular
iron homeostasis, different proteins exist to store iron. FT is an in-
tracellular iron storage protein composed by 24 subunits of two types,
the heavy and the light chain respectively named H- and L-chain dis-
posed in a hollow spherical shape around an iron core that can contain

up to 4500 iron atoms [88,89]. Moreover, iron can be stored in the
mitochondria by FTMT, which is therefore important for iron balance
between cytoplasm and mitochondria. FTMT is expressed mainly in
tissue with high oxygen consumption like the central nervous system
[90,91], where it may play a role in protecting the mitochondria and
the tissues from iron-induced ROS [92,93]. FXN is yet another protein
which in mammals it is involved in different aspects of iron metabolism:
iron-sulfur clusters (ISC) biogenesis [94], heme biogenesis [95], iron-
binding/storage and ferroxidase activity [96–98] and iron chaperone
[99]. Frataxin deficiency results in iron accumulation inside mi-
tochondria, at the expense of cytosolic iron, in an evolutionarily con-
served manner [100–102]. Iron is imported inside mitochondria by the
mitoferrins (Mfrn1 and Mfrn2), and Mfrn2 is overexpressed in response
to reduced frataxin expression, which in turn promote the accumulation
of iron inside mitochondria [103].

Iron homeostasis inside the cells is primarily regulated by IRPs
(IRP1 is expressed in most tissue while IRP2 is expressed mainly in the
brain and small intestine), cytosolic RNA-binding proteins that regulate
the expression of iron metabolic proteins by binding to the iron-re-
sponsive element sequences (IRE) on their mRNA [82]. In the presence
of a high concentration of iron, IRPs binds ISC proteins (4Fe–4S) losing
the capacity to bind the IRE of TfR1 and DMT1, which consequently are
poorly translated and iron uptake is reduced, while FPN1 and FT are
stabilized promoting iron storage and export [104–106]. On the con-
trary, when the iron is low, IRPs stabilizes TfR1 and DMT1 mRNA by
binding theirs IRE sequence at 3’-UTR, and inhibits FT and FPN1
mRNA. Thus, IRPs promote iron absorption into cells and inhibits iron
storage and export. Finally, it has been described that IRPs and hepcidin
coordinately maintain appropriate levels of FPN1 expression in the
brain: degradation of FPN1 by hepcidin increases cellular levels of iron,
which in turn bind to IRPs and promote its detachment from FPN1 IRE
mRNA, leading to increase FPN1 translation [107].

Besides IRPs, iron levels modulate the activity of different other
proteins necessary to maintain its appropriate concentrations at sys-
temic and cellular levels. Moreover, as a cofactor, iron is involved in the
regulation of a wide range of other proteins critical for cellular home-
ostasis.

3.2. Proteins regulated by iron

Together with inorganic sulfur, iron is widely present in [2Fe–2S] or
[4Fe–4S] iron-sulfur-cluster (ISC), and in this form is contained in
several proteins involved in different functions such as electron transfer
(e.g. ferredoxins [108]), non-redox catalysis (e.g. Fumarase A and B
[109]), gene regulation (e.g. IRP1 [82]), DNA repair (e.g. XPD [110]),
and iron sensors (Fra2-Grx3 [111]). The biogenesis of ISCs-containing
proteins mainly requires mitochondria, but eukaryotic cells also possess
a cytosolic ISC assembly machinery necessary for the maturation of
cytosolic and nuclear proteins [112–114].

Iron is also largely found in the form of haem prosthetic groups in
haemoproteins, a large class of metalloproteins required for several
functions such as oxygen carrier and reduction, and electron transfer
[115]. Examples of haemoproteins are haemoglobin, myoglobin, and
cytochromes. Haemoglobin is the prevalent protein in erythrocytes and
is mainly required for transporting oxygen and carbon dioxide between
the lung and the tissues [48,116]. Haemoglobins are tetramers formed
by two α-like globin subunits and two non-α globin subunits (β, γ, or δ).
The haem group is associated with each globin subunit by noncovalent
interaction and it is the site of oxygen binding [48]. Myoglobin instead
is a monomeric globular protein containing only one haem group that
binds oxygen more tightly than haemoglobin, and it functions as an
oxygen reservoir to suit the oxygen needs of muscle and particularly of
striated and cardiac muscle [117]. Another important category of
proteins containing haem as cofactor are cytochromes, divided in four
categories (a, b, c, and d) according to the characteristics of the haem
group and the amino acid sequence similarity [118]. Cytochromes are
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mainly involved in processes which require electron-transfer, such as
respiration and photosynthesis, and this is achieved by reversible state
variation of the iron atom contained in the haem unit [119]. For in-
stance, cytochrome c is a small protein located in the mitochondrial
intermembrane [120,121], it has a globular shape and it is involved in
the electron transport chain (ETC) function carrying electrons between
different complexes of the ETC. Another family of proteins containing
iron in the form of haem are oxygenase enzymes that catalyse the re-
actions of O2 with the substrates. They are divided into two groups:
dioxygenases which can integrate both oxygen atoms into the product,
and monooxygenases which can integrate one oxygen atom while the
other one is discarded as a H2O [122]. Many of the monooxygenases
contain a specific haem group named cytochrome P-450. The cyto-
chrome P-450 are involved in different steps of biosynthesis and bio-
degradation of endogenous compound (e.g. fatty acids) and in detox-
ification of exogenous compounds such as drugs or other environmental
toxicants [123].

Another class of proteins is instead regulated by iron as a cofactor.
For instance, prolyl hydroxylases (PHDs) regulate the stability, and
therefore the expression, of the hypoxia-inducible factor (HIF1, com-
posed by two subunits, HIF1α and HIF1β) by proline hydroxylation
using iron and oxygen as cofactors. Under normal concentrations of
oxygen and iron, HIF1α is hydroxylated by PHD, which leads to the
polyubiquitylation of HIF1α by the von Hippel-Lindau tumour sup-
pressor protein (VHL) and its consequent degradation through the
proteasome [124]. Decreased levels of either oxygen or iron inactivate
PHD resulting in HIF1 stabilization. Stabilized HIF1 can, in turn,
regulated the transcription of different genes, including some involved
in iron homeostasis (Tf, TfR, DMT‐1, FPN1) [125]. Iron also regulates
the activity of proteins involved in DNA maintenance. Ribonucleotide
reductase (RNR) is an enzyme required for DNA synthesis to catalyse
the reduction of ribonucleotides to deoxyribonucleotides. Different
classes of RNR are involved in the DNA synthesis, which differ for the
cofactor used (iron or manganese) or the amino acid sequences
[49,126].

4. MITOPHAGY AND IRON IN AGING AND AGE-ASSOCIATED
NEURODEGENERATIVE DISEASES

Mitochondrial integrity and functionality are crucial for appropriate

iron homeostasis, cell survival and organismal health (Fig. 1). Different
mitochondrial quality control pathways, therefore, have evolved to
maintain mitochondria quality and quantity, such as mitophagy, and
these processes are especially important in cells like neurons or cardi-
omyocytes defined as long-lived post-mitotic cells, that are heavily
dependent on mitochondrial energy metabolism (e.g. for ATP-depen-
dent neurotransmission or contraction) and that cannot dilute cellular
and mitochondrial damage through cell division [127,128]. Although it
is still controversial whether mitochondrial dysfunction represents a
cause or a consequence of aging there is no doubt that impaired mi-
tochondrial quality control pathways and mitochondrial dysfunction,
can accelerate the aging process [128,129] and concur to the devel-
opment of age-associated neuronal (and not only) pathologies
[130–134]. During aging indeed mitophagy decreases its efficiency
[135], which can contribute to age-related disorders in mammals and
lead to the accumulation of mitochondria in the nematode Cae-
norhabditis elegans (C. elegans) [136]. Accordingly, induction of mito-
phagy by Urolithin A, NAD + supplementation, iron-chelation and
suppression of mitochondrial proteins, promote health and lifespan in
C. elegans [101,137–139]. In line with the pro-longevity effect of iron
chelation, iron accumulation has been described as another typical
feature of molecular aging and iron excess can itself accelerate aging
across species [101,140–142]. Notably, iron accumulation can concur
to the pathogenesis of different age-associated neurodegenerative dis-
order and increased generation of reactive oxygen (ROS) species
through the Fenton reaction, increased aggregation of toxic proteins,
induction of cell death (e.g. ferroptosis) and inflammation, have been
all causally linked to its detrimental effects in the nervous system
[143–151]. In this review we specifically decided to focus on three
main age-related diseases, Alzheimer’s (AD), Parkinson’s (PD) diseases
and Amyotrophic Lateral Sclerosis (ALS) for which a role for altered
mitophagy and iron overload have been described or proposed (Fig. 1).
Interestingly, an in silico analysis using the integrative searchable da-
tabase GeneCards, which combine information on human genes coming
from omics, genetic, clinical and functional data, revealed 334 genes
commonly associated with the keywords PD, AD, ALS, Mitophagy and
Iron (Fig. 2).

Fig. 1. Mitophagy and iron in aging and associated neuronal
pathologies. Top panel. Appropriate levels of mitophagy and iron
are required to maintain cell homeostasis and organismal health.
Bottom panel. Abnormal levels of iron (excess amount) and mito-
phagy (reduced amount) accelerate the aging process and concur
to the pathogenesis of age-associated neurodegenerative dis-
orders, also through the induction of typical hallmarks of aging
such as mitochondrial dysfunction, oxidative stress, inflammation
and protein aggregation. Specifically, Alzheimer’s Disease (AD),
Parkinson’s Disease (PD) and Amyotrophic Lateral Sclerosis (ALS)
(white boxes), have been linked to mutations and/or altered ex-
pression of different genes regulating mitophagy, and were shown
to display increased iron accumulation in specific parts of the
brain. Accordingly, interventions inducing mitophagy or reducing
iron levels promote healthy aging in an evolutionarily conserved
manner and iron-chelators inducing mitophagy may thus re-
present new interesting anti-aging strategies.
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4.1. Alzheimer’s Disease (AD)

AD is the main cause of dementia [153] and the most frequent age-
related neurodegenerative disorder. The origins of AD are still not fully
known. The primary genetic risk for AD is the Apolipoprotein E4
(APOE4) [154], with a lifetime risk to contract the disease more than
50% for APOE4 homozygotes, and around 10-20% for APOE3 and
APOE4 heterozygotes [155]. Different external risk factors have been
also identified such as obesity, low education, sedentary, hypertension,
vascular disorders, sleep disruption and chronic stress which could
contribute to generate around one third of AD [156,157]. AD is a
neurodegenerative disease characterized by progressive decline of
cerebral function and the pathological accumulation of amyloid plaques
and neurofibrillary tangles. Accumulation of amyloid proteins and
neurofibrillary tangles are also observed in healthy brains but their
amount is kept low by the glymphatic system [158]. The proteolytic
cleavage of the amyloid precursor protein (APP) is regulated by the
activity of enzyme complexes α, β, and γ-secretases. APP processing
may be altered in many steps leading to increased cleavage by β-se-
cretase, which results in the abnormal accumulation of the toxic amy-
loidogenic protein (Aβ). However, how Aβ accumulation induces
toxicity is still not completely clear [159–162].

Mitochondrial dysfunction is a hallmark of AD which appear early
in the course of the diseases, prior to any histopathological or clinical
sign [163]. Numerous studies suggest that the hyperphosphorylated
and aggregated forms of Tau, the major microtubule associated protein
of a mature neuron and Aβ could directly impair mitochondrial func-
tion for instance through interaction with mitochondrial proteins such
as VDAC, CyD but also disrupting mitochondrial dynamics [164]. Ab-
normal mitophagy was first observed in AD patient brains, with mito-
phagosme accumulation in the soma of AD neurons [165,166]. More
recently it has been confirmed in several works that the progression of
AD is associated with mitophagy disruption [167–169]. It has indeed

been elegantly shown that Aβ or Tau accumulation inhibit mitophagy
while mitophagy induction reduces Aβ and inhibits hyperpho-
sphorylation of Tau. Moreover, it was shown that three distinct phar-
macological approaches favouring mitophagy were effective in coun-
teracting the pathogenic processes of AD and ameliorating cognitive
impairment, suggesting that enhancing mitophagy is a potential clinical
intervention in AD by improving the cognitive impairments character-
istic of the disease [139].

Interestingly, different mitophagic players have been linked to AD.
Both PINK1 [170] and Parkin [171] were shown to play important roles
in the improvement of mitochondrial function and the elimination of
intracellular Aβ in AD mice. Restoring neuronal PINK1 function (gene
therapy-mediated PINK1 overexpression) reduces amyloid-β levels,
amyloid-associated pathology, oxidative stress, as well as mitochondrial
and synaptic dysfunction; consistently, PINK1-deficient mAPP mice
present an increase cerebral amyloid-β accumulation, mitochondria
dysfunctions, impairments in learning and memory [170]. On the other
hand, using a triple transgenic AD (3xTg-AD) mouse, it was shown that
lentiviral overexpressed parkin ubiquitinated intracellular Aβ in vivo,
stimulated beclin-dependent autophagy and favoured mitophagy. This
work highlights the fact that Parkin-mediated clearance of ubiquiti-
nated Aβ could work in parallel with autophagy to remove damaged
mitochondria and restore neurotransmitter balance [171]. In the same
year, the existence of a link between PINK1/Parkin-mediated mi-
tophgay and AD pathology was reinforced by another study in C. elegans
demonstrating that hTau and hTauP3101 L expression inhibits mito-
phagy by blocking the Parkin translocation to mitochondria [172]. Fi-
nally, the importance of the PINK1-dependent mitophagy pathway in
models of AD, was extended to the elimination of pro-inflammatory
cytokines by microglia, which was associated with improvement of
cognitive deficits [139]. Additional mitophagy regulatory proteins,
other than PINK1/Parkin, have been linked to AD. The expression of
Ambra1, which is abundant in the nervous system, is decreased in the
hippocampus during both physiological and pathological brain aging.
Interestingly, the decrease becomes significant in the WT mouse at
approximately 12 months of age, while in an AD mice (Tg2576) it oc-
curs already at 6 months of age and this was associated with long-term
potentiation deficits, spatial memory impairment, and Aβ oligomer-
ization [173,174]. Even if a clear pathogenetic role for Ambra1 in AD
has not been demonstrated, these data suggest that Ambra1-mediated
mitophagy may be involved in AD pathology. Before the discovery of
PHB2 role in mitophagy, it was shown that prohibitin-deficient mice
have impair mitochondria (i.e. OPA1 stability, mitochondrial fusion,
mtDNA) leading to tau hyperphosphorylation and neurodegeneration
[175]. These data, together with the discovery that PHB2 as a novel
player in mitophagy, suggest that PHB2-mediated mitophagy may play
an important role in AD pathology. Interestingly, in AD mouse models,
and in particular in synaptic mitochondria of these mice, the cluster of
Cardiolipin has been found to be lost in the early phase of the disease
[176] suggesting a putative deficiency of Cardiolipin-mediated mito-
phagy in AD. Taken together, these works strongly suggest that defec-
tive PINK1/Parkin-dependent and -independent mitophagy may be
associated with, and possibly causally involved in, AD pathology and
neurodegeneration.

Various studies also suggest iron overload may contribute to AD
pathogenesis. However, this is most likely a secondary and aggravating
factor and it remains to be established whether it could represent a
primary event in disease pathogenesis [177]. Higher level of iron has
been observed in specific brain regions of AD patients such as the white
matter, the cortical and subcortical region and may contribute to dis-
ease pathogenesis by favouring Aβ aggregation and toxicity, oxidative
stress and inflammation [60,178,179]. Increased iron levels in the
hippocampus has been shown to be negatively associated with memory
function [180,181]. Moreover, data from histological studies and
magnetic resonance imaging (MRI) indicate that iron in the brain is also
directly accumulated in Aβ plaques, which in turn promotes the

Fig. 2. Venn diagram matching the gene lists resulting from GeneCards
[152] using PD, AD, ALS, Mitophagy, and Iron as keywords. GeneCards, the
human gene database, is an opensource database that includes information on
all annotated and predicted human genes. The searchable tool automatically
integrates data from ∼150 web sources, including genomic, transcriptomic,
proteomic, genetic, clinical and functional information, and allow to obtain
combined cross-referenced genes involved in biological processes or diseases of
interest. The Venn diagram was plotted using an online tool available at http://
bioinformatics.psb.ugent.be/webtools/Venn/.
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formation of amyloid oligomers and fibrils. [182–184]. Conversely, iron
may accumulate in the brain as a direct activity of APP, which can
support the iron export from neuron maintaining FPN1 on the neuronal
surface [59,61,185]. Interestingly, many common polymorphisms as-
sociated with high levels of iron (e.g TF and FPN1) are also associated
with AD [186,187]. Myelin production and sustainment are highly
dependent on iron, which make the oligodendrocytes the cell types with
the highest iron content in the Central Nervous System (CNS)
[188,189]. Additionally, oligodendrocytes are also more sensitive to
oxidative stress since they contain low levels of antioxidants and the
stress can promptly increase with iron increase [190–192]. All together,
these works, along with promising observation showing beneficial ef-
fects of iron chelators in early AD patients and animal models, implicate
that iron overload in the progression of AD [193,194].

4.2. Parkinson Disease (PD)

After AD, PD is the second most common age-associated neurode-
generative disorder. PD is characterized by the loss of dopaminergic
neurons in the substantia nigra with consequent motor neuron dys-
function [195]. Similar to AD, both environmental and genetic factors
play an important role in PD pathogenesis and specifically in affecting
several biological processes involved in the development of the disease,
such as misfolded proteins, mitochondria dysfunction, ROS, and iron
imbalance [63,64,179]. Genetic mutations in mitophagy regulatory
proteins including PINK1 can lead to autosomal recessive forms of fa-
miliar PD [196]. Of note, expression of an Ambra1-ActA fusion protein,
targeting Ambra1 to the OMM, induces a powerful mitophagy in
mammalian cells and can restore mitophagy in fibroblasts of PD pa-
tients carrying PINK1 and Parkin mutations [42]. Mitochondrial tar-
geting toxins such as 6-hydroxydopamine (6-OHDA)- and rotenone can
also mimic PD pathology and Ambra1-induced mitophagy also has a
protective effect against 6-OHDA- and rotenone-induced cell death in
human neuroblastoma SH-SY5Y cells by reducing compounds-induced
oxidative stress [197]. Similar to Ambra1 overexpression, also genetic
and pharmacological induction of Nix improves mitochondrial ATP
production and restores mitophagy in PINK1- and Parkin-related PD
patient cell lines [198], indicating that Nix is able to induce mitophagy
independently of the PINK1/Parkin-mediated pathway. Nix could thus
represent a promising target for neuroprotective treatment in PINK1/
Parkin-related PD. Cardiolipin is also capable to drive mitophagy by
directly binding LC3. This interaction is particularly important in the
context of 6-OHDA- and rotenone-induced PD model, indicating that
this interaction between Cardiolipin and LC3 may be a novel target to
fine tune mitophagy in the context of PD [25].

Similar to AD, iron accumulation has been also documented in the
substantia nigra pars compacta, which can lead to the degeneration of
dopaminergic neurons through oxidative stress and/or increased ag-
gregation of toxic proteins typically mutated in familiar forms of PD,
such as α-synuclein [199,200]. Different mechanisms have been pro-
posed to explain the role of the iron imbalance in PD. Iron transporters
(Tf and TfR) are important for iron import in the brain [201]: TfR2 is
mainly expressed in the dopaminergic mitochondrial neurons in the
substantia nigra and is dysregulated in PD, which may contribute to
iron accumulation [149,202,203]. The iron not bound to Tf is trans-
ported by DMT1, which is also expressed in neurons, astrocytes and
microglia of substantia nigra pars compacta [204]: DMT1 expression
significantly increases in the brain of PD patients and animal models
and may, therefore, contribute to the iron overload and neurodegen-
eration [205–207]. Another alternative pathway for iron uptake com-
prises the iron transporter lactoferrin (LF), produced and released only
by activated microglia, and the lactoferrin receptor (LFR), present in
blood vessels and dopaminergic neurons of substantia nigra: PD pa-
tients show an increased expression of LF and LFR, which may lead to
neuronal iron accumulation [208,209]. Finally, Fe2+ exported to the
bloodstream by FPN1, is promptly oxidized to Fe3+ by the ferroxidases

such as hephaestin or ceruloplasmin, whose activity is reduced in the
cerebrospinal fluid in PD patients [210,211]. Interestingly, many of the
genes implicated in familiar forms of PD are also implicated in iron
accumulation. Indeed, it has been shown that PD patients with muta-
tions of Parkin, DJ-1, α-synuclein, or PINK1 exhibited an increased iron
level in the nigral region [63,212]. For instance, besides post-tran-
scriptional regulation by IRE/IRP, DMT1 is degraded through the ubi-
quitin proteasome system (UPS) by the E3 ligase Parkin, and this may
contribute to the increased DMT1, and consequent iron accumulation,
observed in PD models [205,213]. Overall, data described so far in-
dicate a cross talk between PD-related genes and iron metabolism,
which may lead to iron accumulation possibly aggravated by altered
mitophagy and consequent accumulation of dysfunctional mitochon-
dria.

4.3. Amyotrophic lateral sclerosis (ALS)

ALS is a devastating disease, which is characterized by motor
neuron degeneration mainly ascribed to accumulation of abnormal
misfolded proteins or aggregates. Aggregation of the protein TDP-43
(transactive response DNA-binding protein 43 kDa) is one of the fea-
tures of the pathology. As well as for the other neurodegenerative
diseases, an accumulation of defective mitochondria with consequence
OXPHOS defects, altered Ca2+ buffering and increased ROS production
are hallmarks of this disease [214]. Moreover, the C- and N-terminal
fragments of TDP-43 have been found associated with mitochondria,
and animal models of TDP-43 pathology present dysfunctional mi-
tochondria [215–217]. Most importantly some mutations of “autop-
hagic/mitophagic” related-genes have been associated with ALS.
Among them, DCTN1 (p150 subunit of dynactin) encodes a component
of the microtubule-based motor complex that contribute to the trans-
port of autophagosomes from the axon toward the soma [218]. Two
mitophagy regulatory ubiquitin-binding proteins were also found mu-
tated in ALS, namely the mitophagy receptors p62/SQSTM1 [219] and
OPTN [220]. The ALS-associated E478 G ubiquitin binding-deficient
mutant of OPTN cannot properly attach to the mitochondrial surface
[220] thus impairing targeting of damaged mitochondria to the au-
tophagosomes for degradation, while ALS-associated p62 mutant re-
vealed that p62 serves as an important adaptor between mutant su-
peroxide dismutase (SOD1) and the autophagy machinery [218].
Finally, TBK1 (TANK-binding kinase 1), a kinase known to phosphor-
ylate both p62 and OPTN, was identified as an ALS-linked gene by
exome sequencing and its ALS-associated mutant reduces OPTN and
LC3B recruitment to damaged mitochondria [221–223].

ALS patients have been also reported to have increased levels of iron
in the cerebrospinal fluid, in the motor cortex, and in the spinal neuron
[224–227], while mouse models show that iron is increased also in the
spinal cord [228]. Serum ferritin is significantly increased in advanced
ALS patients [229] and is often associated with short survival rate
[230]. Reduced levels of transferrin have been reported in ALS patients
[231,232]. Taken together these findings suggest that altered iron
metabolism may contribute to the development and progression of ALS.
Accordingly, iron accumulation increases oxidative stress, which pro-
motes neuronal degeneration in ALS patients [233,234]. On the other
hand, oxidative stress can be induced by the mutations in the SOD1
gene, which is often mutated in ALS patients [235]. SOD1 it is required
to remove superoxide radicals produced by the mitochondrial ETC and
consequently to mitigate the ROS production. A link between iron and
ALS is also indicated by the presence of genes variation in iron reg-
ulatory genes associated with ALS, for example, mutation in HFE in-
creases oxidative stress and exacerbated ALS symptoms in mice
[236,237]. HFE is known to regulate transferrin mediated iron uptake
[238,239]. Moreover, a polymorphism variant (rs407135) in the DMT1
gene is associated with faster disease progression in ALS patients with
lower limb onset [240]. Of note, promising treatment with iron chela-
tors [241,242] support a role of iron overload in ALS pathogenesis, but
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further studies are required to define whether iron dysregulation is a
cause or a consequence or the disease.

5. Crosstalk between mitophagy and iron

While mitochondrial damage may disrupt iron homeostasis
[243,244], altered iron metabolism may, in turn, affect mitochondrial
function [245,246], leading to a detrimental vicious cycle, which is
concurrently a cause and a consequence of the aging process. Inter-
estingly, a PubMed search for iron and mitophagy gives 56 items, a very
limited number when compared to the literature on the single terms
alone: 218289 items for iron, and 3930 items for mitophagy. Out of
these 56 papers, only 5 established a direct functional crosstalk between
the two processes by showing that iron depletion induces mitophagy
across species [101,247–250] (Table 1).

Specifically, it has been demonstrated that iron chelators induce
PINK1- and Parkin-independent mitophagy in human primary skin fi-
broblasts: mitophagy induction requires a metabolic switch from oxi-
dative phosphorylation to glycolysis and is associated with HIF1α and
BNIP3L overexpression [247]. Hypoxia was shown to induce mitophagy
via HIF1α stabilization-induced BNIP3L expression [251]. However,
whether similar to hypoxia, HIF1α is also required for iron-chelation-
induced mitophagy remains to be established. Interestingly, and of re-
levance for the aging process, mild mitochondrial-stress and iron-che-
lation, non-additively extend lifespan in C. elegans through iron-star-
vation-induced pink-1/PINK1, park-1/Parkin, and dct-1/BNIP3-
dependent mitophagy [101]. Although the exact underlying molecular
mechanisms through which iron depletion induces mitophagy remain
to be identified, mitophagy could be induced to promote mitochondrial
turnover in response to iron depletion-induced mitochondria damage
[101,249,250]. Additionally, mitophagy could aid restoring proper iron
levels by recycling the iron stored in the mitochondria, similar to the
degradation of ferritin through iron chelation-induced autophagy (e.g.
ferritinophagy) [252]. In line with these possibilities, in C. elegans,
mitophagy is induced to mitigate the infection of Pseudomonas aerugi-
nosa, which infects the host and secrete the iron-binding siderophore
pyoverdine disrupting iron and mitochondrial homeostasis [249,250].
Moreover, it has been shown that the pathogenic yeast Candida glabrata
during host infection experiences iron-depletion mainly due to the ac-
tion of host’s iron-chelating proteins such as transferrin [253]; to
compensate for iron-depletion-induced mitochondrial stress Candida
glabrata triggers mitophagy to maintain mitochondrial integrity [248].
It will be thus interesting to further gain insight into the underlying
molecular mechanism of a direct functional crosstalk between mito-
phagy and iron metabolism to understand its implication at cellular and
organismal levels for health, aging and diseases.

6. Conclusion and perspectives

Appropriate levels of mitophagy and iron are required to maintain
cell homeostasis and organismal health (Fig. 1). In line with their

critical role, reduced mitophagy induction and excess iron accumula-
tion, also through the induction of a variety of detrimental effects such
as mitochondrial dysfunction, oxidative stress, inflammation and pro-
tein aggregation (four typical hallmarks of aging), concur to accelerate
aging and the development and progression of age-associated neuronal
pathologies (Fig. 1). Accordingly, interventions inducing mitophagy or
reducing iron levels promote healthy aging in an evolutionarily con-
served manner. Interestingly, although only 5 papers so far made a
direct functional crosstalk between iron deprivation and activation of
mitophagy (Table 1) a few more papers indicate indirect links. Thus,
understanding the possible molecular mechanisms linking mitophagy
and iron homeostasis may help developing novel therapeutic ap-
proaches to promote healthy aging and ameliorate specific age-asso-
ciated neurodegenerative diseases where mitochondrial dysfunction
and/or an iron overload are clearly identified.
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Introduction

Autophagy is a catabolic process occurring in all eukaryotic cells 
so as to maintain cellular viability and homeostasis during basal 
conditions by controlling long-lived proteins and damaged or-
ganelles. Autophagy can also be stimulated to maintain cell sur-
vival in response to sublethal stresses, such as nutrient or growth 
factor deprivation, hypoxia, reactive oxygen species, or viral 
and pathogen invasion (Choi et al., 2013) This process requires 
both the ULK1 serine–threonine kinase and the BEC LIN 1– 
VPS34 core complex for its upstream signaling to generate dou-
ble-membraned vesicles, the autophagosomes, which transfer 
portions of cytosolic content to lysosomes (Wirth et al., 2013).

ULK1 is one of the most upstream autophagy-related fac-
tors; in fact, it forms a stable complex with ATG13, FIP200, 
and ATG101, playing a crucial role in the initiation steps of 
autophagy (Noda and Fujioka, 2015). Furthermore, ULK1 reg-
ulates its substrates and is itself regulated by phosphorylation 

events. mTOR and 5′ AMP-activated protein kinase are among 
its well-known upstream regulators (Kim et al., 2011). Other 
posttranslational modi!cations, including ubiquitylation and 
acetylation, have been reported to modulate the pace of ULK1 
turnover and kinase activity in different cellular contexts (Lin et 
al., 2012; Kuang et al., 2013; Jiao et al., 2015). Indeed, Hsp90 
and Cdc37 are chaperones that regulate ULK1 stability and ac-
tivity by forming a complex with ULK1, which subsequently 
in"uences ATG13-mediated mitophagy (Joo et al., 2011). Fur-
ther, soon after autophagy induction, the stability of ULK1 is 
regulated by K63-linked ubiquitin chains, which are mediated 
by the AMB RA1 complex with the E3 ligase TRAF6 (Nazio 
et al., 2013). Of note, it has been found that AMB RA1 protein 
levels are also signi!cantly modulated by E3 ligases during the 
autophagy response (Antonioli et al., 2014; Xia et al., 2014). 
Several additional E3 ligases have been identi!ed as ULK1 reg-
ulators (Nazio et al., 2013; Li et al., 2015; Liu et al., 2016), and 
it is now apparent that activation of protein kinases can initiate 
irreversible down-regulation by ubiquitin proteasome system 

Autophagy is an intracellular degradation pathway whose levels are tightly controlled to secure cell homeostasis. 
Unc-51–like kinase 1 (ULK1) is a conserved serine–threonine kinase that plays a central role in the initiation of auto-
phagy. Here, we report that upon autophagy progression, ULK1 protein levels are specifically down-regulated by the 
E3 ligase NEDD4L, which ubiquitylates ULK1 for degradation by the proteasome. However, whereas ULK1 protein is 
degraded, ULK1 mRNA is actively transcribed. Upon reactivation of mTOR-dependent protein synthesis, basal levels 
of ULK1 are promptly restored, but the activity of newly synthesized ULK1 is inhibited by mTOR. This prepares the cell 
for a new possible round of autophagy stimulation. Our results thus place NEDD4L and ULK1 in a key position to 
control oscillatory activation of autophagy during prolonged stress to keep the levels of this process under a safe and 
physiological threshold.
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(UPS)–mediated protein degradation and that this can be an im-
portant mechanism of signal termination (Lu and Hunter, 2009).

Here, we report that ULK1 levels are !nely regulated 
during an autophagy response at the transcriptional, transla-
tional, and degradation levels. We show that ULK1 protein is 
down-regulated during the !rst few hours of starvation through 
the activity of the E3 ligase NEDD4L (neural precursor cell- 
expressed developmentally down-regulated 4–like) and restored 
to basal levels during prolonged starvation. This ULK1 rescue 
requires a constant transcription of ULK1 mRNA and mTOR- 
dependent de novo protein synthesis reactivation.

mTOR may then inhibit ULK1 activity and block autoph-
agy progression in the absence of new stimuli. Autophagy, if re-
induced, can proceed, through this novel pathway of regulation, 
by tightly controlled pulses, by which a cell can avoid excessive 
self-digestion culminating in cell death.

Results

ULK1 mRNA and protein levels are regulated 
in a controlled time course during autophagy
Because the protein levels of AMB RA1, a key regulator of ULK1 
protein stability, are regulated by UPS during autophagy (Nazio 
et al., 2013; Antonioli et al., 2014), we !rst analyzed ULK1 
protein levels in HeLa cells under starvation conditions (lacking 

both amino acids and serum). We found that ULK1 protein lev-
els are reduced during the !rst 4  h of starvation, being later 
restored to almost basal levels after starvation for 6 h (Fig. 1 A). 
Autophagy "ux is analyzed in the presence or absence of the ly-
sosomal inhibitor chloroquine (Clq) by LC3 lipidation. We also 
analyzed the levels of some ULK1-interacting proteins, such as 
FIP200 and ATG13. As shown in Fig. S1 A, ATG13 protein lev-
els also decrease during starvation. Moreover, by analyzing the 
ULK1-dependent phosphorylation of ATG13 (S318), we found 
an increase in ULK1 kinase activity during the !rst 2 h of star-
vation, this being later decreased after starvation for 4–6 h (Fig. 
S1 A). Such a starvation-induced decrease in ULK1 levels, even 
though slightly delayed, was also found in HEK293 cells (Fig. 
S1 B), suggesting that different cell types share this regulation. 
Next, we decided to analyze ULK1 mRNA by quantitative re-
al-time PCR (qPCR) during amino acid and serum starvation, 
and we found that it is greatly increased (by ∼15-fold after 6-h 
starvation; Fig. 1 B). Furthermore, actinomycin D (Act D), a 
potent inhibitor of transcription, completely inhibited starva-
tion-induced ULK1 mRNA up-regulation (Fig. 1 C).

Then, we decided to verify whether the UPS regulates 
ULK1 protein stability. By treating cells with the proteasome 
inhibitor MG132 during starvation, we found that ULK1 pro-
tein levels increase (Fig. 1 D). Consistently, in the presence of 
MG132, ULK1 proves to be ubiquitylated during starvation 
(with this modi!cation showing a rapid increase 1–2  h after 

Figure 1. ULK1 mRNA and protein levels are regulated in a controlled time course during autophagy. (A) HeLa cells were treated with EBSS for the in-
dicated time periods in the presence or not of Clq, and the levels of ULK1, ACT IN, and LC3 were detected by WB. Densitometric analysis of ULK1 over 
ACT IN is also shown (right graph). Data are expressed as the mean ± SEM (n = 4). (B) qPCR analysis of ULK1 mRNA levels in HeLa cells incubated in EBSS 
medium for the indicated time periods. Data are expressed as mean ± SEM (n = 3). (C) qPCR analysis of ULK1 mRNA levels in HeLa cells incubated in 
EBSS medium for 4 h in the presence or not of Act D. Data are expressed as mean ± SEM (n = 3). (D) HeLa cells were treated with EBSS for the indicated 
time periods in the presence or not of MG132. Protein levels of ULK1 and TUB ULIN were detected by WB. (E) HeLa cells were transfected with ubiquitin-HA 
and treated with EBSS for the indicated time periods in the presence of MG132. Protein extracts were immunoprecipitated in denaturing conditions using 
an anti-ULK1 antibody; ubiquitin, ULK1, and ACT IN were analyzed by WB. In A and B, data were analyzed by one-way analysis of variance (ANO VA) 
followed by Tukey post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. In C, data were analyzed by two-way ANO VA followed 
by Bonferroni’s multiple comparison post test. ***, P < 0.001.
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nutrient starvation), thus suggesting that ULK1 stability is reg-
ulated by the proteasome during autophagy (Fig. 1 E).

ULK1 interacts with the E3 ubiquitin 
ligase NEDD4L
Prompted by this !nding, we then moved to the identi!cation of 
the E3 ubiquitin ligase responsible for the !rst steps of ULK1 
proteasome-dependent degradation. Given the role of TRAF6 on 
ULK1 positive regulation and our preliminary data on ULK1 in-
teractors based on mass spectrometry (MS) analysis, and because 
NEDD4L acts as an E3 ligase in the opposite way of TRAF6 
in regulating the nerve growth factor receptor TrkA, another ki-
nase and ULK1 interactor (Geetha et al., 2005; Zhou et al., 2007; 
Georgieva et al., 2011), we decided to investigate the existence 
of a putative NEDD4L–ULK1 interaction by a biochemical ap-
proach. To verify this, coimmunoprecipitation (co-IP) analyses 
were performed in HeLa cells using both NEDD4L and ULK1 
antibodies. These analyses reveal the interaction between endoge-
nous NEDD4L and ULK1 (Fig. 2 A). Moreover, by analyzing the 
interaction between ULK1 and NEDD4L after autophagy induc-
tion by starvation, we found an increase in their binding both in 
endogenous or overexpression conditions (Fig. 2, B and C). Next, 
because NEDD4L substrates interact speci!cally with the WW 
domains of Homologous to E6AP C terminus (HECT) E3 ligase to 
be ubiquitylated (Harvey et al., 1999), we tested which NEDD4L 
WW domains mediate the interaction with ULK1. As shown in 
Fig. 2 D, the WW1 domain of NEDD4L is capable of binding 

ULK1, with WW2 showing only a very modest interaction. Un-
fortunately, no canonical WW-binding PPXY motifs are present 
in ULK1, suggesting that critical phosphorylated residues could 
mediate this binding or some adaptor proteins bearing PPXY-like 
sequences could be involved (Lu et al., 1999; Shearwin-Whyatt 
et al., 2006; Léon and Haguenauer-Tsapis, 2009).

NEDD4L ubiquitylates ULK1 and induces 
its degradation via the proteasome
As NEDD4L is a HECT domain–containing E3 ubiquitin ligase, 
we then tested whether NEDD4L could regulate the protein lev-
els of ULK1. Indeed, wild-type NEDD4L (NEDD4LWT) ef!-
ciently promotes ULK1 protein decrease, but at variance with 
its C821A mutant lacking ubiquitin ligase activity (NEDD4LCA; 
Bruce et al., 2008; Yang and Kumar, 2010; Fig. 3, A and B). 
This effect is speci!c because overexpression of NEDD4L does 
not show any effects on other known ULK1-binding proteins, 
such as ATG13, AMB RA1, and BEC LIN 1 (Fig. S2 A). The 
decrease in ATG13 levels that we !nd during starvation is there-
fore most likely regulated by another degradation mechanism.

Because of the high degree of homology between NEDD4 
and NEDD4L, and the fact that NEDD4 is involved in the 
degradation of another key proautophagic protein BEC LIN 
1 (Platta et al., 2012), we tested whether NEDD4 could also 
regulate ULK1 protein degradation. However, at variance with 
NEDD4L, NEDD4 overexpression is not able to induce ULK1 
protein decrease (Fig. S2 B).

Figure 2. ULK1 interacts with the E3 ligase NEDD4L. (A) Protein extracts from HeLa cells were immunoprecipitated using anti-NEDD4L, anti-ULK1 antibod-
ies and with IgG as a negative control. NEDD4L and ULK1 were analyzed by WB. The two NEDD4L bands correspond to two different spliced isoforms. 
(B) HeLa cells were transiently transfected with Myc-ULK1 and then grown in normal or EBSS medium for 1 and 3 h, respectively. Protein extracts were 
immunoprecipitated using an anti-Myc antibody or with IgG as a negative control; Myc-ULK1 and NEDD4L were analyzed by WB. (C) HeLa cells were 
grown either in normal or in EBSS medium for 90 min, respectively. Protein extracts were immunoprecipitated using an anti-NEDD4L antibody or with IgG 
as a negative control. ULK1 and NEDD4L analyzed by WB. The band density ratio of immunoprecipitated ULK1, relative to immunoprecipitated NEDD4L 
normalized on the input amount of ULK1, is analyzed (n = 3). Data are expressed as the mean ± SD, and statistical analysis was performed using an 
unpaired Student's t test. **, P < 0.01. (D) Scheme of NEDD4L full length and fragments showing the N-terminal C2 domain, four WW domains (black 
boxes), and the HECT domain. HeLa cells were cotransfected with vectors encoding Myc-ULK1 together with NEDD4L-HA fragments encoding the WW1, 
WW2, and WW3-4 domains, respectively. Protein extracts were immunoprecipitated using an anti-HA antibody; Myc-ULK1 and NEDD4L-HA fragments 
are analyzed by WB. Asterisk represents unspecific bands.
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Next, we found that down-regulation of the ULK1 protein 
by NEDD4L is blocked by proteasome inhibitors (MG132 and 
lactacystin), but not by lysosomal inhibitors (leupeptin and Clq; 
Figs. 3 C and S2 C), indicating that NEDD4L triggers ULK1 
degradation exclusively through the proteasome pathway.

Prompted by this !nding, we investigated whether 
NEDD4L could induce ULK1 ubiquitylation. We found that 
NEDD4LWT, but not NEDD4LCA mutant, ef!ciently promotes 
ULK1 ubiquitylation in vivo (Fig. 3 D). To exclude the possi-
bility that NEDD4L might act indirectly on ULK1, we investi-
gated whether NEDD4L could directly ubiquitylate ULK1 in 

vitro. Indeed, the ubiquitylation assay in vitro reveals a direct 
ubiquitylation of ULK1 by NEDD4L (Fig. 3 E).

K48-linked ubiquitylation is mainly believed to target sub-
strates for proteasome degradation, whereas K63-linked ubiq-
uitylation is involved in regulating protein activity. It has been 
reported that NEDD4L is able to promote K11-, K48-, K63-, 
K29-, K27-, and K6-linked ubiquitylation to mediate the deg-
radation of its substrates (Fotia et al., 2006; Ding et al., 2013). 
This raised the intriguing question as to what type of degrada-
tive ubiquitylation NEDD4L induces on ULK1. To address this, 
we used a series of HIS-tagged ubiquitin constructs possessing a 

Figure 3. NEDD4L ubiquitylates ULK1 and induces its degradation via proteasome. (A) HeLa cells were transfected with empty or NEDD4L-HA vectors; lev-
els of ULK1, NEDD4L, and TUB ULIN were detected by WB. Densitometric analysis of ULK1 over TUB ULIN is also shown (right graph). Data are expressed 
as the mean ± SD (n = 3) and statistical analysis was performed using an unpaired Student's t test. **, P < 0.01. (B) HeLa cells were transfected with cDNAs 
coding for NEDD4LWT and NEDD4LCA HA-tagged proteins; ULK1, NEDD4L, and TUB ULIN protein levels were detected by WB. Densitometric analysis of 
ULK1 over TUB ULIN is also shown (right graph). Data are expressed as the mean ± SEM (n = 4). (C) HeLa cells were transfected with NEDD4L-HA in the 
presence or not of MG132 for 4 h. Levels of ULK1, NEDD4L, and TUB ULIN were detected by WB. Densitometric analysis of ULK1 over TUB ULIN is also 
shown (right graph). Data are expressed as the mean ± SEM (n = 3). (D) HeLa cells were cotransfected with a vector encoding a 6xHIS-tag ubiquitin and 
Myc-ULK1 in combination or not with NEDD4LWT and NEDD4LCA in the presence of MG132. Protein extracts were prepared in a denaturing urea buffer 
and subjected to Ni-NTA purification. The amount of ubiquitylated Myc-ULK1 copurified with 6xHIS-ubiquitin was evaluated by WB. (E) An in vitro ubiq-
uitylation assay was performed by mixing immunopurified Myc-ULK1 and NEDD4L-HA, together with recombinant HIS-tag ubiquitin. ULK1 ubiquitylation 
is evaluated using an anti-Ubiquitin antibody to detect the incorporation of recombinant HIS-ubiquitin. The levels of ULK1 and NEDD4L were analyzed by 
WB. (F) HeLa cells were cotransfected independently with vectors encoding for 6xHIS-tag specific ubiquitin constructs and Myc-ULK1 in combination or not 
with HA-tagged NEDD4LWT or NEDD4LCA as a negative control. Protein extracts were prepared as in (D) and the amount of ubiquitylated ULK1 copurified 
with 6xHIS-Ubiquitin was evaluated by WB. The higher expression levels of NEDD4LCA construct are caused by the lack of activity on itself (Bruce et al., 
2008). In B and C, data were analyzed by one-way ANO VA followed by Tukey post hoc test. *, P < 0.05.
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single lysine in the presence of NEDD4LWT or NEDD4LCA as a 
negative control; as shown in Fig. 3 F, we found that NEDD4LWT 
promotes noncanonical K27- and K29-linked polyubiquitylation 
of ULK1. Then, we veri!ed whether ULK1 could be modi!ed 
by K27- and K29-linked ubiquitin during autophagy; being in 
ULK1 overexpressing conditions, we analyzed ULK1 ubiqui-
tylation after 4 and 6  h of starvation. As shown in Fig. S2 D, 
ULK1-linked K27 and K29 ubiquitylation increases after auto-
phagy induction by starvation. Finally, because of the established 
role in vitro of NEDD4 family members in K63-mediated ubiq-
uitylation (Kim and Huibregtse, 2009; Maspero et al., 2013), we 
also checked the capability of NEDD4L to promote this kind of 
modi!cation on ULK1. Indeed, by overexpressing NEDD4L, an 
increase of K63 ubiquitylation is detectable on ULK1 (Fig. S2 
E), implying a putative additional role for ubiquitin K63 chains 
in regulating ULK1 activity in this context of regulation. Of note, 
we previously showed that the alternative E3 ligase TRAF6 could 
favor a similar modi!cation on ULK1 early during autophagy ac-
tivation (Nazio et al., 2013).

NEDD4L degrades ULK1 protein during 
prolonged starvation
Given that NEDD4L induces ULK1 proteasomal degradation 
and that ULK1 is degraded by UPS during starvation, we de-
cided to analyze ULK1 protein levels in cells knocked down for 
NEDD4L. As shown in Fig. 4 (A–C) and Fig. S3 A, NEDD4L 
down-regulation induces an increase in ULK1 protein levels 
in fed conditions and prevents its degradation after prolonged 
nutrient starvation. Interestingly, we found that ULK2, another 
Atg1 orthologue in mammals often shown to compensate for 
ULK1 functions (Alers et al., 2012), also undergoes a similar 
regulation (Fig. S3 B).

Because ULK1 kinase is active during autophagy induc-
tion, we set out to !nd whether NEDD4L is able to distinguish 
the active form of ULK1 from the inactive one for the purpose 
of triggering its proteasomal degradation. We thus cotransfected 
the cells with three different Myc-tagged ULK1 constructs, 
the wild-type (ULK1WT), the kinase-dead (ULK1K46I), and the 
ULK1S1047A (Dorsey et al., 2009) mutated form in its autophos-
phorylation site (Fig. S3 C) in NEDD4LWT-overexpressing 
cells, and we analyzed the ability of NEDD4L to degrade 
and ubiquitylate ULK1. As shown in Figs. 4 D and S3 D, we 
found that NEDD4L is able to induce the ubiquitylation and 
subsequently the degradation of only the active form of ULK1, 
supporting the hypothesis that this regulation occurs spe-
ci!cally upon autophagy.

Moreover, we analyzed the capability of NEDD4L to 
bind the kinase-dead form of ULK1, and we found that both the 
wild-type and mutant form of ULK1 are able to interact with 
NEDD4L (Fig. S3 E), suggesting that ULK1 needs activation 
to undergo conformational changes functional to its NEDD4L- 
mediated ubiquitylation, but not to interact with NEDD4L.

Last, because NEDD4L is regulated by self-ubiquitylation 
(Bruce et al., 2008) and phosphorylation (An et al., 2014), 
we decided to investigate whether these modi!cations are 
regulated during autophagy. First, we analyzed NEDD4L 
self-ubiquitylation in basal conditions and after autophagy in-
duction by starvation. As shown in Fig. 4 E, NEDD4L displays 
higher self-ubiquitylation levels after autophagy induction than 
in control conditions. Next, we noticed that two sites (S342 and 
S448) "anking the NEDD4L WW domains can be phosphory-
lated by several AGC kinase family members, including SGK1, 

Akt, and PKA (Lee et al., 2007; Gao et al., 2009). These phos-
phorylation events inhibit NEDD4L function as a regulator of 
ENACs and TGF-β signaling. For this reason, we analyzed the 
phosphorylation status of NEDD4L during autophagy induc-
tion by starvation at different time points. As shown in Fig. 4 F, 
NEDD4L phosphorylation is reduced during the !rst 4 h of star-
vation. Interestingly this modi!cation pattern parallels that of 
ULK1 expression levels (Fig. 1 A). Moreover, using qPCR, we 
found a signi!cant increase in NEDD4L mRNA during starva-
tion (Fig. 4 G), supporting that NEDD4L is positively regulated 
during autophagy progression.

Collectively, both of these !ndings support the hypothesis 
that NEDD4L is more active during autophagy than in standard 
conditions, and this facilitates ULK1 proteasomal degradation.

NEDD4L is a negative regulator 
of autophagy
Based on the evidence that NEDD4L degrades ULK1 during 
autophagy, we decided to explore whether NEDD4L inactiva-
tion, and the resulting stabilization of ULK1 in prolonged star-
vation, can alter the duration of the autophagy response. To this 
aim, we down-regulated NEDD4L by RNAi and induced auto-
phagy for different time periods; we then analyzed autophagy 
using three different methods: LC3 lipidation and p62 protein 
levels by Western blotting (WB; Fig. 5, A and B) and both LC3 
and ATG16L puncta detection by immuno"uorescence (Fig. 5, 
C and D). As shown, in control cells, autophagy rapidly in-
creases at 1–2  h and then declines at 4–6  h of starvation. In 
NEDD4L-silenced cells, an increased and persistent autophagy 
"ux is observed, suggesting a correlation between ULK1 pro-
tein degradation and the on-rate of autophagy.

NEDD4L ubiquitylates ULK1 at lysine 925 
and lysine 933
To !nely dissect ULK1 regulation by NEDD4L at a structural 
level, we next determined the NEDD4L-dependent ubiquityla-
tion sites on ULK1. By MS analysis, we identi!ed two lysine 
residues on the same ULK1 peptide (K925 and K933) that 
proved to be ubiquitylated (Table S1). By mutating the lysine 
residues to arginines, we generated three mutant constructs 
(ULK1K925R, ULK1K933R, and ULK1K925R+K933R). First, we ana-
lyzed the half-life of the single-mutant constructs in the pres-
ence of cycloheximide (CHX), a protein translation inhibitor, 
or CHX+MG132, and found that the ULK1K925R and ULK1K933R 
constructs are as active and functional as ULK1WT but more sta-
ble than ULK1WT (Fig. 6 A and Fig. S4, A and B).

Then, we evaluated the capability of all the mutant con-
structs to be degraded by NEDD4L in standard conditions 
(Fig. 6, B and C) or during autophagy (Fig. 6, D and E), in the 
presence or not of MG132. We thus found that both mutations 
affect NEDD4L-dependent degradation of ULK1 during auto-
phagy. Finally, we analyzed the capability of NEDD4L to ubiq-
uitylate ULK1K925R, ULK1K933R, and ULK1K925R+K933R (Fig. 6, F 
and G) and found a signi!cant decrease in the ubiquitylation 
status of all the mutant constructs analyzed when compared 
with the wild type. However, a residual ubiquitylation is found 
in this context, arguing for the presence for other unknown 
ubiquitylation site(s).

Because the NEDD4L-dependent ubiquitylation sites are 
located in the region of ULK1 that is known to mediate the inter-
action with ATG13 (Jung et al., 2009), we analyzed whether the 
ULK1-ATG13 binding is affected during autophagy induction 
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or after NEDD4L overexpression. As shown in Fig. S4 (C and 
D), no impairment is found, suggesting that ATG13–ULK1 
binding is not necessary for ULK1 degradation.

Finally, we decided to analyze autophagy in the presence 
of ULK1 mutant constructs. Thus, we expressed, in independent 
experiments, ULK1WT and ULK1K925R+K933R mCherry-tagged 
plasmids in ULK1 knockdown cells, and we analyzed ATG16L 

puncta formation after autophagy induction by starvation at 
two different time points. As shown in Figs. 6 H and S4 E, the 
ULK1 mutant construct increases autophagy with respect to 
the ULK1WT, as we found after NEDD4L down-regulation. A 
similar autophagy alteration is also found by only increasing 
ULK1 levels by expression of ULK1WT or ULK1K925R+K933R in 
control cells (Fig. S4 F). Moreover, also using the single-mutant 

Figure 4. NEDD4L degrades ULK1 during prolonged starvation. (A) NEDD4L expression was down-regulated in HeLa cells using specific RNAi oligonu-
cleotides (oligos; siRNA NEDD4L#1) or unrelated oligos as negative control (siRNA CTRL). Densitometric analysis of ULK1 over ACT IN is also shown (right 
graph). Data are expressed as the mean value ± SD (n = 3), and statistical analysis was performed using an unpaired Student's t test. **, P < 0.01. (B) 
NEDD4L expression was down-regulated in HeLa cells using specific RNAi oligos targeting NEDD4L 3′UTR (siRNA NEDD4L#2) or unrelated oligos as neg-
ative control (siRNA CTRL). Some of them were then transfected with empty vector or NEDD4L-HA. Levels of ULK1, NEDD4L, and ACT IN were detected by 
WB. Densitometric analyses of both ULK1 and NEDD4L over ACT IN are also shown (right graphs). Data are expressed as the mean value ± SEM (n = 3). 
(C) NEDD4L expression was down-regulated in HeLa cells as in (A) and autophagy was induced by starving cells for the indicated time periods. Levels of 
ULK1 and ACT IN were detected by WB. Densitometric analysis of ULK1 over ACT IN is also shown (below graph). Data are expressed as the mean ± SEM 
(n = 3). Two different expositions (low and high) for ULK1 bands are shown. (D) HeLa cells were cotransfected with cDNAs coding for Myc-tagged ULK1WT 
or ULK1S1047A or ULK1K46I together with NEDD4LWT-HA in the presence or absence of MG132 or lactacystin for two different time periods (1 h and 2 h). 
Levels of ULK1, NEDD4L, and ACT IN were detected by WB. Densitometric analysis of ULK1 over ACT IN is also shown (below graph). Data are expressed 
as the mean ± SEM (n = 3). (E) HeLa cells were cotransfected with a vector encoding 6xHIS-tag Ubiquitin and in some of them with NEDD4L-HA and auto-
phagy was induced for 3 h in the presence of MG132. Protein extracts were prepared in a denaturing urea buffer and subjected to Ni-NTA purification. 
The amount of ubiquitylated NEDD4L copurified with 6xHIS-ubiquitin was evaluated by WB. (F) HeLa cells were treated with EBSS for the indicated time 
periods, and the levels of p-NEDD4L, NEDD4L, and ACT IN were detected by WB. (G) qPCR analysis of NEDD4L mRNA levels in HeLa cells incubated in 
EBSS medium for the indicated time periods. Data are expressed as mean ± SEM (n = 3). In B–D and G, data were analyzed by one-way ANO VA followed 
by Tukey post hoc test. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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constructs (ULK1K925R and ULK1K933R), LC3 lipidation is in-
creased and stable during the starvation period (Fig. S4 G). 
Further, this effect is not additive to NEDD4L down-regulation 
(Fig. S4 H). All these experiments support the idea that there is 
a correlation between ULK1 protein degradation and termina-
tion of the autophagy response.

ULK1 restoration requires de novo mTOR-
dependent protein synthesis
Last, we investigated the mechanism underlying the restoration 
of ULK1 during prolonged starvation. Because it is known 
that mTOR is reactivated during prolonged starvation (Yu et 
al., 2010; Sahani et al., 2014) and its activity also reported as 

Figure 5. NEDD4L down-regulation increases autophagy. (A) NEDD4L expression was down-regulated in HeLa by RNAi. Cells were nutrient-starved 
for the indicated time periods in the presence or not of Clq. Protein extracts were analyzed by WB for the expression of LC3, ACT IN, and NEDD4L. 
Densitometric analysis of LC3II+Clq-LC3II control over ACT IN band is shown. Data are expressed as the mean ± SEM of three independent experiments  
(n = 3). (B) HeLa cells were treated as in A. Protein extracts were analyzed by WB for the expression of p62 and ACT IN. (C and D) NEDD4L expression was 
down-regulated by RNAi as in A; cells were nutrient-starved for the indicated time periods and fixed and labeled with anti-ATG16L or anti-LC3 antibodies 
(red puncta) and visualized by confocal microscopy. Analysis of the number of both ATG16L and LC3 puncta occurrence per cell is shown in the graph. 
Data are expressed as the mean ± SEM (n = 3); representative images are shown. Bar, 20 µm (>50 cells analyzed per sample). In A, data were analyzed 
by one-way ANO VA followed by Tukey post hoc test. *, P < 0.05. In C and D, data were analyzed by two-way ANO VA followed by Bonferroni’s multiple 
comparison post test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 6. NEDD4L ubiquitylates ULK1 at lysine 925 and lysine 933. (A) HeLa cells were transfected with ULK1WT, ULK1K925R, and ULK1K933R HA-tagged 
proteins and treated with CHX (50 µM) for different time periods. Levels of ULK1 and TUB ULIN were detected by WB. Densitometric analysis of ULK1 
over TUB ULIN is also shown (right graph). Data are expressed as the mean ± SEM (n = 3). (B and C) HeLa cells were transfected ULK1WT, ULK1K925R, 
ULK1K933R, and ULK1K925R+K9333R HA-tagged proteins together with NEDD4L-HA in the presence or not of MG132 (4 h) and all were treated with CHX for 
3 h. Levels of ULK1, NEDD4L, and TUB ULIN were detected by WB. (B) Densitometric analysis of ULK1+MG132/ULK1 control over TUB ULIN bands is also 
shown. Data are expressed as the mean ± SEM (n = 3). (D and E) HeLa cells were transfected with ULK1WT, ULK1K925R, ULK1K933R, and ULK1K925R+K933R HA-
tagged proteins in the presence or not of MG132 and autophagy was induced with EBSS for 4 h. The levels of ULK1 and TUB ULIN were detected by WB.  
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oscillatory in lymphocytic subpopulation in response to prolif-
erative stimuli (Procaccini et al., 2010), we !rst analyzed the 
involvement of mTOR kinase.

As shown in Fig.  7  A and Fig. S5 A, mTOR is active 
after 6  h with both amino acid and serum starvation or with 
amino acid alone. We analyzed both the autophosphorylation 
of mTOR and the mTOR-mediated phosphorylation of ULK1 
and found that the newly synthesized pool of ULK1 is directly 
inhibited by mTOR phosphorylation, contributing to maintain 
autophagy inhibition after prolonged starvation. Next, when 
cells were treated with two different mTOR inhibitors, rapa-
mycin and Torin1 at 4  h of starvation, we found that mTOR 
inhibition effectively suppressed both ULK1 protein level res-
toration and ULK1 neophosphorylayion by mTOR (Fig. 7, B 
and C), suggesting an involvement of mTOR reactivation in 
ULK1 restoration. Then, to evaluate whether the restoration of 
ULK1 required de novo protein synthesis, we used CHX after 
4 h of starvation and found that this treatment also abolished 
ULK1 restoration, even though CHX is known to secondarily 
activate mTOR (Fig. 7 C).

Because we found an increase in ULK1 mRNA level tran-
scription during autophagy (Fig.  1  B), we analyzed whether 
transcriptional up-regulation was required for ULK1 protein 
restoration. As shown in Fig.  7  D, Act D is able to inhibit 
ULK1 restoration after 6  h of starvation, supporting the role 
of ULK1 mRNA transcription as propaedeutical for de novo 
synthesis of ULK1 protein.

To determine whether increased translation of ULK1 
mRNA accounted for the increased protein levels at 6 h of star-
vation, we performed sucrose gradients to pro!le ULK1 mRNA 
distribution in translationally active polysomes or in transla-
tionally inactive RNPs (Bianchini et al., 2008). Autophagy was 
induced by starvation for 2 and 6 h, and polysome–mRNA com-
plexes were fractionated by sucrose gradient centrifugation. 
Figs. 7 E and S5 B show a decrease in polysome-associated 
ULK1 mRNA in cells grown under starvation conditions for 
2 h, indicating translational repression of the mRNA. However, 
a strong recruitment of ULK1 mRNA was observed after 6 h 
of starvation, strongly suggesting that increased translation of 
ULK1 mRNA at 6  h of starvation (after mTOR reactivation) 
contributes to de novo synthesis of ULK1 protein.

Because prolonged autophagy is known to in"uence 
cell death (Füllgrabe et al., 2013; Antonioli et al., 2014), we 
analyzed cell viability in both control conditions and after 
NEDD4L down-regulation during prolonged starvation and 
in the presence or not of a low dose of ba!lomycin A1 (Baf 
A1). As shown in Figs. 7 F and S5 C, when NEDD4L is 
down-regulated and autophagy remains high, we can de-
tect an increase in starvation-induced cell death, which is 

blocked by Baf A1, suggesting that persistent autophagy 
may trigger cell demise.

Autophagy restimulation requires mRNA 
preaccumulation and is amplified by 
NEDD4L down-regulation
To gain insight into the physiological relevance of ULK1 pro-
tein and mRNA modulation during prolonged starvation, we 
!rst decided to analyze ULK1 protein levels after reinduction of 
autophagy in the system by nutrient replenishment. As shown in 
Fig. 8 A, ULK1 protein levels can be down-regulated again as 
soon as autophagy is reinduced, indicating an oscillating regu-
lation for this autophagy key factor. Then, to evaluate the impor-
tance of mRNA transcription in general (and of ULK1 mRNA 
in particular; Fig. 1 D) in this oscillation, we used Act D for the 
!rst 4 h of starvation and analyzed both ULK1 protein levels 
and autophagy occurrence. As shown in Fig. 8 B, the temporary 
inhibition of mRNA transcription is suf!cient to block autoph-
agy reinduction by starvation after nutrient replenishment, as 
analyzed by counting ATG16L puncta. On the contrary, when 
NEDD4L is down-regulated and ULK1 protein levels cannot 
be decreased, we observed a stronger reinduction of autophagy 
(Fig. 8 C) when compared with the control. These results, col-
lectively, con!rm the importance of ULK1 !ne-tuning in auto-
phagy restimulation, which confers an oscillatory behavior to 
autophagy progression.

Discussion

Autophagy is the last resource to help cells survive during star-
vation, but self-degradation has a limit, beyond which the cell 
will die. For instance, after birth, in neonatal tissues, a rapid 
reprogramming of cell metabolism is necessary, and autoph-
agy is activated soon after the transplacental nutrient supply is 
suddenly interrupted. However, autophagosome formation after 
birth is completely prevented, suggesting that neonates use the 
amino acids produced by autophagy for energy homeostasis 
(Schiaf!no et al., 2008).

Displaying a negative control mechanism will thus help 
cells avoid overactivation of autophagy, enabling them to cal-
ibrate autophagy to an optimal level and ensuring that they 
can survive prolonged starvation. In fact, this study supports a 
mechanism of cross-regulation of ULK1 mRNA transcription, 
protein translation, and degradation in response to the oscilla-
tory activation of mTOR that regulates autophagy induction (see 
our model in Fig. 9). It is well known that the mTOR pathway 
activity is also regulated by oscillation in other contexts, such as 
in regulatory T cell proliferation, where another proautophagic 

(D) Densitometric analysis of ULK1+MG132/ULK1 control over TUB ULIN bands is also shown. Data are expressed as the mean ± SEM (n = 3). (F) HeLa 
cells were transfected with a vector encoding a 6xHIS-tag ubiquitin together with ULK1WT, ULK1K925R and ULK1K933R HA-tagged proteins in the presence of 
NEDD4L. Protein extracts were prepared in a denaturing urea buffer and subjected to Ni-NTA purification. The amount of ubiquitylated ULK1 copurified 
with 6xHIS-ubiquitin was valuated by WB. The intensity of ULK1 bands is shown. Data are the mean ± SEM (n = 3). (G) HeLa cells were transfected with 
a vector encoding a 6xHIS-tag ubiquitin together with ULK1WT and ULK1K925R+K933R mCherry-tagged proteins in the presence of NEDD4L. Protein extracts 
were prepared in a denaturing urea buffer and subjected to Ni-NTA purification. The amount of ubiquitylated ULK1 copurified with 6xHIS-ubiquitin was 
evaluated by WB. (H) Endogenous ULK1 was silenced by RNAi; cells were then transfected with ULK1WT or ULK1K925R+K933R mCherry-tagged plasmids. 
Cells were nutrient-starved for the indicated time periods, fixed and labeled with anti-ATG16L antibody (green puncta), and visualized by confocal mi-
croscopy. Analysis of the number of ATG16L occurrence per cell is shown in the graph. Data are expressed as the mean value± SEM (n = 3). Represen-
tative images are shown. Bars, 20 µm (>50 cells analyzed per sample). In A, B, D, and F, data were analyzed by one-way ANO VA followed by Tukey 
post hoc test. *, P < 0.05; ****, P < 0.0001. In H, data were analyzed by two-way ANO VA followed by Bonferroni’s multiple comparison post test.  
**, P < 0.01; ****, P < 0.0001. For all ULK1 mutant constructs the same amount of DNA is used for the transfection; the differences are caused by the 
increased stability of these mutants.
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Figure 7. ULK1 restoration requires de novo mTOR-dependent protein synthesis. (A) HeLa cells were treated with EBSS for the indicated time periods. The 
levels of p-mTOR, mTOR, ULK1, p-ULK1 S757, ULK1, and ACT IN were detected by WB. Densitometric analysis of p-mTOR over ACT IN is also shown (right 
graph). Data are expressed as the mean ± SEM (n = 4). (B) HeLa cells were treated with EBSS for the indicated time periods; at 4 h of starvation, rapamycin 
(100 nM) was added. Levels of p-mTOR, mTOR, ULK1, p-ULK1 S757, and ACT IN were detected by WB. Densitometric analysis of ULK1 over ACT IN is 
also shown (right graph). Data are expressed as the mean ± SD (n = 3), and statistical analysis was performed using unpaired Student's t test. *, P < 0.05.  
(C) HeLa cells were treated with EBSS for the indicated time periods and at 4 h of starvation, 250 nM Torin1 or 50 µM CHX was added. Levels of p-mTOR, 
mTOR, p-p70S6K, ULK1, and ACT IN were detected by WB. (D) HeLa cells were treated with EBSS for 6 h in the presence or not of Act D. Levels of ULK1 
and ACT IN were detected by WB. Densitometric analysis of ULK1 over ACT IN is also shown (right graph). Data are expressed as the mean ± SD (n = 3) 
and statistical analysis was performed using unpaired Student's t test. *, P < 0.05. (E) qPCR analysis of polysomal recruitment of ULK1 and ACT IN mRNAs 
in control (CTRL) and EBSS-starved (2 h EBSS and 6 h EBSS) HeLa cells. Densitometric analysis of the signal in each fraction was performed, and the results 
were represented as the percentage of total signal in all fractions. Data represent mean ± SEM (n = 3). (F) NEDD4L expression was down-regulated by 
RNAi. Cells were nutrient-starved for 12 h in the presence or not of Baf A1 and analyzed by MTS assay. NEDD4L down-regulation was detected by WB. 
In A and C, data were analyzed by one-way ANO VA followed by Tukey post hoc test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. In E and F, data were 
analyzed by two-way ANO VA followed by Bonferroni’s multiple comparison post test. ***, P < 0.001; ****, P < 0.0001.
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stimulus, the mTOR inhibitor rapamycin, might differentially 
affect regulatory T cells reactivity depending on their metabolic 
state (Procaccini et al., 2010). Moreover, the ULK1 gene has 
been found to be a target of C/EBPβ protein, a transcription fac-
tor that links autophagy to the circadian pacemaker and main-
tains nutrient homeostasis throughout light/dark cycles; this is 
consistent with the fact that autophagy is highly sensitive to nu-
tritional status (Ma et al., 2011). In sum, ULK1 complex regula-
tion may represent a hinge point in a cell response to stress, and 
its oscillatory nature, intended as the key to the remitting and 

relapsing nature of autophagy, can be considered as an essential 
element of the cell’s struggle between death and survival.

NEDD4L is an ubiquitin ligase implicated in several cel-
lular or physiological processes (Goel et al., 2015). It is known 
that two members of the NEDD4 family, NEDD4 and SMU RF1 
(SMAD-speci!c E3 ubiquitin protein ligase 1), are involved 
in autophagy. NEDD4 has been found to promote BEC LIN 1 
degradation by the proteasome (Platta et al., 2012). Further, 
RNAi analyses revealed that NEDD4 down-regulation leads 
to an autophagy increase (Behrends et al., 2010). SMU RF1 

Figure 8. Autophagy restimulation requires mRNA 
preaccumulation and is amplified by NEDD4L 
down-regulation. (A) HeLa cells were treated with 
EBSS for the indicated time periods. After 6 h, in some 
samples, full medium was added for 15 min, and then 
cells were starved again for 1 and 2 h, respectively. 
Protein levels of ULK1 and ACT IN were detected by 
WB. Densitometric analysis of ULK1 over ACT IN is 
also shown (below graph). Data are expressed as the 
mean ± SEM (n = 3). (B) HeLa cells were treated with 
EBSS as in A.  In some samples, Act D was added 
for the first 4 h of starvation. Then, cells were ana-
lyzed both by WB and by immunofluorescence. 
Protein levels of ULK1 and ACT IN were detected by 
WB. ATG16L puncta occurrence (red puncta) was 
visualized by confocal microscopy. Analysis of the 
number of ATG16L puncta per cell is shown in the 
graph. Data are expressed as the mean ± SEM (n 
= 3); representative images are shown. Bar, 20 µm 
(>50 cells analyzed per sample). (C) NEDD4L ex-
pression was down-regulated in HeLa cells by using 
specific RNAi oligos (siRNA NEDD4L#1) or unre-
lated oligos as a negative control (siRNA CTRL). Cells 
were nutrient-starved as in A.  Protein extracts were 
next analyzed by WB for the expression of ULK1, 
NEDD4L, and ACT IN. ATG16L puncta occurrence 
(red puncta) was visualized by confocal microscopy. 
Analysis of the number of ATG16L puncta per cell is 
shown in the graph. Data are expressed as the mean 
± SEM (n = 3); representative images are shown.  
Bar, 20 µm (>50 cells analyzed per sample). Data 
represent mean ± SEM (n = 3). In A, data were ana-
lyzed by one-way ANO VA followed by Tukey post hoc 
test. **, P < 0.01. In B and C, data were analyzed 
by two-way ANO VA followed by Bonferroni’s multiple 
comparison post hoc test. *, P < 0.05; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001.
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plays multiple physiological functions through targeting a vari-
ety of substrates acting in both viral autophagy and mitophagy 
(Orvedahl et al., 2011).

We previously described ubiquitylation of ULK1 by a 
K63-linked chain mediated by the TRAF6–AMB RA1 complex 
during short-term starvation and at early time points (30 min), 
an event stabilizing the active ULK1 complex (Nazio et al., 
2013). In a recent paper, we found that the other autophagy ac-
tivator and ULK1 regulator AMB RA1 is degraded by the Cul-
lin4–DDB1 complex during prolonged starvation and that AMB 
RA1–TRAF6 binding to ULK1 decreases during prolonged au-
tophagy (Antonioli et al., 2014). An obvious hypothesis is that 
when the AMB RA1–TRAF6 complex dissociates from ULK1, 
the ULK1 carboxy-terminal domain becomes unmasked and 
available for NEDD4L-dependent ubiquitylation.

Moreover, the NEDD4L-mediated ULK1 ubiquityla-
tion is reminiscent of another target of TRAF6 and NEDD4L 
ligases, TrkA; TRAF6-dependent ubiquitylation is supposed 
to function nonproteolytically, whereas NEDD4L-mediated 
ubiquitylation results in the degradation of this plasma mem-
brane receptor (Geetha et al., 2005; Georgieva et al., 2011). 
We can thus speculate that, similarly to TrkA, ULK1 can be 
alternatively regulated by these two ligases with two oppo-
site effects, implicating the existence of an ULK1-targeting 
E3 ligase network regulating cell fate. Last, the recent !nd-
ing that Cullin3–KHLH20 can also degrade ULK1, Beclin 
1, and Vps34 during prolonged autophagy may re"ect the 
need for the cell to possess alternative backup systems for 
autophagy termination, highlighting the absolute need for 
a tight control of this event in the general cellular homeo-
stasis (Liu et al., 2016).

As a matter of fact, E3 ligases can promote the formation 
of polyubiquitin chains on substrates through any of the seven 
lysines present on ubiquitin molecules. Interestingly, the NED-
D4L-mediated ubiquitylation of ULK1 is K27- and K29-linked, 
but not typical K48-linked, ubiquitylation. Our !nding adds to 
the recent and relatively small amount of existing data on this 
type of posttranslational modi!cation.

A !nal issue of interest is the fact that NEDD4L is able 
to regulate autophagy also in basal conditions. Although basal 
autophagy has been shown to be independent of ULK1 in a 
few instances (Petherick et al., 2015; Joo et al., 2016), this 
does not seem to be the case in cancer cell lines that are char-
acterized by a strong basal autophagy, including HeLa cells 
(Mizushima, 2010; Wong et al., 2015). Indeed, we found that 
NEDD4L interacts with ULK1 also in basal conditions and 
also when the ULK1 kinase domain is disrupted. However, 
NEDD4L is able to degrade only activated ULK1. Several 
general principles apply to the degradation of activated protein 
kinases or their regulators for ubiquitylation and degradation 
(Lu and Hunter, 2009). Autophosphorylation of ULK1 could 
change its conformation for NEDD4L-mediated ubiquityla-
tion or, alternatively, the NEDD4L pool binding ULK1 in the 
absence of autophagy induction is in an inactive form. The 
trans-phosphorylation of a protein kinase could, indeed, cre-
ate a phosphodegron that is necessary for ubiquitylation by a 
phospho-dependent ligase, such as NEDD4L. In addition, be-
cause phosphorylation on S342 of NEDD4L is necessary for 
its subsequent ubiquitylation activity (Lee et al., 2007; Gao et 
al., 2009), ULK1 could also be involved in regulating other ki-
nases (such as SGK1, Akt, and PKA) known to phosphorylate 
the NEDD4L residue S342.

Figure 9. A cyclic scheme representing auto-
phagy oscillatory regulation. (A) In enduring 
starvation, NEDD4L promotes ULK1 degrada-
tion while ULK1 mRNA is actively transcribed. 
When the autophagy recycling activity makes 
more nutrients available for protein synthe-
sis, mTOR is reactivated (in conditions of 
prolonged starvation), and ULK1 mRNA is 
actively translated upon p70S6K phosphory-
lation. Then the mTOR kinase function inhibits 
again the ULK1 protein by phosphorylation, 
thus making the system ready to respond a 
putative new stimulus (early starvation), ca-
pable to reactivate autophagy. This regula-
tion allows oscillatory autophagy behavior, 
both preventing excessive autophagy and 
preparing the cell for a prompt autophagy re-
sponse upon its reinduction.
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A comprehensive analysis of the autophagy-related 
posttranslational modi!cations is therefore of the high-
est importance in biomedicine and may represent the fore-
front of autophagy research.

Materials and methods

Cell culture and autophagy assays
HeLa and HEK293 cells were cultured in DMEM (Sigma-Aldrich) 
supplemented with 10% FBS (Sigma-Aldrich), 2 mM l-glutamine, and 
1% penicillin/streptomycin solution at 37°C under 5% CO2.

The induction of autophagy by nutrients starvation was obtained 
washing the cells with PBS and incubating them with Earle’s balanced 
salt solution (EBSS; Sigma-Aldrich). Proteasome activity was inhib-
ited for indicated time points with 5 µM MG132 (Sigma-Aldrich) and 
20 µM lactacystin; lysosome activity was inhibited for 1 h with 20 µM 
Clq (added for the last hour of the treatment; Sigma-Aldrich), 10 µM 
leupeptin (Sigma-Aldrich), or 10 nM Baf A1, and autophagy was in-
duced with 100 nM rapamycin (Sigma-Aldrich) or 250 nM Torin1 
(Tocris Bioscience). Transcription was inhibited with 0.5  µM Act D 
(Sigma-Aldrich). HeLa cells were transiently transfected with Lipo-
fectamine 2000 (Thermo Fisher Scienti!c) as provided by the supplier.

Ni-NTA assay
For detection of whole-cell ubiquitylation, HeLa cells were trans-
fected with a 6×HIS-ubiquitin expression plasmid along with equal 
amounts of the indicated plasmids. Thereafter, cells were collected 
in PBS, resuspended in 1 ml lysis buffer (8 M urea, 0.1 M NaH2PO4, 
0.05  M Tris, pH 8.0, 40  mM imidazole, 0.5% CHA PS, and 50  mM 
2-chloroacetamide), sonicated, and centrifuged. To lysates containing 
equal amounts of whole-cell protein, 30 µl nickel-nitrilotriacetic acid 
(Ni-NTA) beads (QIA GEN) were added, and the mixture was incu-
bated at room temperature for 4  h with rotation. Subsequently, the 
beads were washed for 5 min at room temperature with 800 µl lysis 
buffer containing 40 mM imidazole. Ubiquitylated proteins were eluted 
by incubating the beads in 30 µl buffer containing 400 mM imidazole 
and 2× Laemmli buffer and resolved by SDS-PAGE followed by immu-
noblotting with the indicated antibodies.

In vitro ubiquitylation assays
HeLa cells were independently transfected with plasmids encoding 
NEDD4L-HA and Myc-ULK1. 24 h later, cells were lysed in buffer 
(20 mM Hepes, pH 7.4, 2 mM EGTA, 50 mM M glycerophosphate, 
0.5% Triton X-100, 0.5% CHA PS, and 10% glycerol) containing pro-
tease inhibitors. Lysates were cleared by centrifugation and subjected 
to IP using agarose-coupled antibodies against HA or Myc tags. After 
lysis and before IP, 1% SDS was added and the lysates were incubated 
for 5 min at 90° to dissociate protein–protein interactions. The samples 
were diluted 10-fold with the same buffer and the IP assay was per-
formed as previously described. NEDD4L-HA was eluted using 300 
mg/ml HA peptide (Sigma-Aldrich). The assays were performed in a 
20-µl reaction volume combining the immunopuri!ed proteins and the 
following recombinant components: 0.2 µg Ube1 (Boston Biochem), 
0.5 µg UbcH5b (Boston Biochem), and 100 µM HIS-ubiquitin (Bos-
ton Biochem). The reaction was performed at 30°C for 1 h with agi-
tation. The incorporation of ubiquitin was analyzed by WB using an 
antibody against the ubiquitin.

Plasmids
Plasmids encoding for wild-type ULK1-Myc, ULK1-K46I, and wild-type 
ULK1-HA were provided by S.A.  Tooze (The Francis Crick Institute, 

Lincoln's Inn Fields Laboratories, London, England, UK). NEDD4L-HAWT 
and NEDD4L-HACA plasmids were from Addgene. J. Massaguè (Memo-
rial Sloan Kettering Cancer Center, New York, NY) provided NEDD4L 
deletion constructs. ULK1 mutant constructs were generated by using the 
site-directed mutagenesis kit (Agilent Technologies). The sequences used 
are as follows: K925R, 5′-GAC CAG ATC CGG GCC GGC AGG CTC TGC 
CTG TCG TCC ACT GTG-3′; K933E, 5′-CTG CCT GTC GTC CAC TGT 
GAG GCA GGT GGT GCG CAG GCT GAA TG-3′; S1047A, 5′-GAC TCT 
CGG CCC TGC TGG CTG GTG TCT ATG CCT GA-3′.

Antibodies
The primary antibodies used in this study were: mouse and rabbit anti–
HA tag antibody (Sigma-Aldrich), mouse anti-Myc (Santa Cruz Bio-
technology, Inc.), rabbit anti–BEC LIN 1 (Santa Cruz Biotechnology, 
Inc.), rabbit anti-LC3 (Cell Signaling Technology), rabbit anti–human 
AMB RA1 (Novus Biologicals), mouse anti-multiubiquitin (MBL), 
rabbit anti-ULK1 (Santa Cruz Biotechnology, Inc.), goat anti-ULK1 
(Santa Cruz Biotechnology, Inc.), rabbit anti-pS757 ULK1 (Cell Sig-
naling Technology), mouse anti-ULK2 (Abcam), rabbit anti-NEDD4L 
(Cell Signaling Technology), mouse anti-NEDD4L (Santa Cruz 
Biotechnology, Inc.), rabbit anti-pS342 NEDD4L (Cell Signaling 
Technology), rabbit anti-mTOR (Cell Signaling Technology), rabbit 
p-S2448 mTOR (Cell Signaling Technology), rabbit anti-p62 (Santa 
Cruz Biotechnology, Inc.), rabbit anti-ATG13, rabbit p-S318 ATG13 
(Rockland), rabbit anti-Actin (Sigma-Aldrich), mouse anti-Tubulin 
(Sigma-Aldrich), rabbit cleaved-PARP (Cell Signaling Technology), 
rabbit anti-Atg16L (Cell Signaling Technology), and rabbit p-p70S6K 
and p70S6K (Cell Signaling).

Immunoprecipitation and WB
HeLa cells were rinsed with ice PBS and lysed in CHA PS lysis buf-
fer (40 mM Hepes, pH 7.4, 2 mM EDTA, 0.3% CHA PS, and protease 
and phosphatase inhibitor cocktail; Sigma-Aldrich). 0.5 mg lysates 
for co-IP in overexpression and 2 mg lysates for co-IP in endogenous 
conditions were then incubated with 2 µg primary antibody for ULK1 
and NEDD4L or 1 µg primary antibody for MYC at 4°C with rotation 
overnight before addition of 30 µl protein A agarose beads (Roche) and 
then incubated at 4°Ψ for 1 h.

For the co-IP of HA-tagged proteins, lysates were incubated with 
20 µl agarose-coupled antibodies against HA at 4°Ψ for 2 h.

To detect ubiquitin, after lysis and before immunoprecipitation, 
1% SDS was added, and the lysates were incubated for 5 min at 90° 
to dissociate protein–protein interactions. The samples were diluted 
10-fold with the same buffer, and the immunoprecipitation assay was 
performed as described above in this paragraph.

Immunoprecipitates were then washed 5 × 5 min with lysis buf-
fer (40  mM Hepes, pH 7.4, 2  mM EDTA, 0.3% CHA PS, and NaCl 
150 mM) and then denatured by adding 1 vol of 4× Laemmli SDS sam-
ple buffer with b-mercaptoethanol and incubated at 95° for 10 min.

Proteins were separated on acrylamide gels (Bio-Rad Labora-
tories) and electroblotted onto nitrocellulose (Protran; Schleicher & 
Schuell) or polyvinylidene di"uoride (EMD Millipore) membranes. 
Blots were incubated with primary antibodies in 5% nonfat dry milk or 
5% BSA in TBS plus 0.1% Tween-20 overnight at 4°C. Detection was 
achieved using horseradish peroxidase–conjugated secondary antibody 
(Bio-Rad Laboratories) and visualized with ECL (EMD Millipore).

Of note, in some cases, Western blots were captured using a 
digital camera (Fluor Chem SP; Alpha Innotec; see Fig. 1, A and E, 
bottom panels; Fig. 2 C; Fig. 3 E, HA, bottom panel; Fig. 3 F, bottom 
panels; Fig.  4, B and D; Fig.  5  A, bottom panels; Fig.  6  G; Fig.  7, 
B–E; and Fig.  8, A–C), whereas in others, they were captured on 
!lm (Aurogene). Backgrounds in Western blot images from different 
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experimental approaches were then equalized by changing their ex-
position postacquisition.

RNAi
RNAi was performed using the following RNA oligonucleotide (oligo) 
duplex from Thermo Fisher Scienti!c: NEDD4L#1 HSS118597, 5′-
CCC AAG ACU GCA GAA CCC AGC UAUU-3′ (10620318); 5′-AAU 
AGC UGG GUU CUG CAG UCU UGGG-3′ (10620319); NEDD4L#2 ID: 
22855 (3′ UTR), 5′-GGC AUU UAU GUA CUA CAU-3′; 5′-AUG UAG 
UAC AUA AAG UGCC-3′; ULK1 HSS140824, 5′-GAG AAC GUC ACC 
AAG UGC AAG CUGU-3′ (127303D05); 5′-ACA GCU UGC ACU UGG 
UGA CGU UCUC-3′ (127303D06); ULK1 (3′UTR) ID: 118261, 5′-CCC 
AAG CAC UUU AUG CAU-3′; 5′-UAU GCA UAA AGU GCU UGGG-3′.

2.5 × 105 cells per well were transfected with 100 pmol siRNA 
oligos in six-well plates using Lipofectamine 2000 (Thermo Fisher Sci-
enti!c) following the manufacturer’s instructions.

qPCR
Total RNA was isolated by using the RNeasy mini kit (QIA GEN). 
2 µg RNA was retrotranscribed using M-MLV enzyme and oligodT 
(Promega). qPCR was then performed using SYBR Green Mix (Roche) 
with the LC480 qPCR system (Roche). The following oligos primers 
were used: ULK1, 5′-CAG ACA GCC TGA TGT GCA GT-3′; 5′-CAG 
GGT GGG GAT GGA GAT-3′; β-ACT IN: 5′-CCA ACC GCG AGA AGA 
TGA-3′; 5′-CCA GAG GCG TAC AGG GAT AG-3′; NEDD4L: 5′-AGC 
CCA ATG GGT CAG AAA TAA-3′; 5′-TCT GGA CCC TGT TCA CAA 
ATC-3′. Melting curve analysis was used to con!rm primer speci!city. 
To ensure linearity of the standard curve, reaction ef!ciencies over the 
appropriate dynamic range were calculated. Using the ddCt method, we 
calculated fold-increases in the mRNA expression of the gene of inter-
est normalized to β-Actin expression. We then normalized the mRNA 
levels to the control condition. Reported values are the means of three 
independent biological replicates with technical triplicates that were 
averaged for each experiment. Error bars represent SD of the mean.

Immunocytochemistry
Cells were washed in PBS and !xed with 4% paraformaldehyde in PBS 
for 15 min. After permeabilization with 0.4% Triton X-100 in PBS for 
5 min, cells were blocked in 3% horse serum in PBS and incubated 
overnight at 4°C with primary antibodies. Cells were then washed and 
incubated for 1 h with labeled anti–mouse (Alexa Fluor 488; Molecular 
Probes) or anti–rabbit (FITC; Jackson ImmunoResearch Laboratories, 
Inc.; Alexa Fluor 647 donkey anti–rabbit) secondary antibodies. Images 
were examined under a confocal laser scanning microscope (FV1000; 
Olympus) interfaced with 1 × 81 inverted microscope equipped with 
a 60× (NA 1.35) oil-immersion objective. A 405-nm diode laser was 
used for the blue channel, a 488-nm argon laser was used for the green 
channel, and a 543-nm HeNe laser was used for the red channel.

Polysome fractionation
Polysome separation was performed as previously described (Par-
onetto et al., 2006). In brief, HeLa cells were grown overnight to 
60–70% con"uence and incubated for the indicated time period (2 
and 6  h) in EBSS or control medium. After extensive washing in 
cold PBS, cells were scraped in lysis buffer (100 mM NaCl, 10 mM 
MgCl2, 30  mM Tris-HCl, pH 7.5, 1% Triton X-100, 1  mM DTT, 
0.5  mM Na2VO3, and 25 U/ml RNasin [Promega]) supplemented 
with protease inhibitor cocktail (Sigma-Aldrich) and lysed by 10-
min incubation in ice. Cell lysates were centrifuged for 10 min at 
12,000 g at 4°C, and the supernatants were collected (cell extracts). 
1 mg cell extracts was loaded on a 15–50% (wt/vol) sucrose gra-
dients (10  ml) and sedimented by ultracentrifugation for 2  h at 

37,000 rpm in a rotor (SW41; Beckman Coulter). UV-absorption 
(A260) pro!les of polysome gradients were measure by UV detector 
(UVis-920; GE Healthcare), and each gradient was collected in 10 
fractions of 1  ml each. For RT-PCR analysis, 500  µl of fractions 
1–5, 6 and 7, and 8–10 were pooled to generate polysomal, 80S, 
and RNP samples, respectively, and RNA was isolated with RNeasy 
Mini kit (QIA GEN). Proteins were isolated from the remaining 
500 µl of each gradient fraction by adding 50 µl of 72% trichloro-
acetic acid. Suspensions were mixed, incubated for 15 min in ice, 
and centrifuged at 12,000 g for 10 min at 4°C. Protein pellets were 
washed with −20°C chilled acetone and resuspended in Laemmli 
buffer for Western blot analysis.

MTS assay
For the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay, cells were knocked-
down for NEDD4L or with control as indicated in the RNAi section. 
After 48 h of transfection, cells were seeded in 96-well plates (5,000 
cells in each well), exposed to full medium or EBSS alone or in com-
bination with Baf A1 for 12 h. During the last hour, MTS was added to 
the medium. Each combination of cells was analyzed in triplicate wells 
and analyzed at least three times. The MTS assay was analyzed spec-
trophotometrically at 490 nm using a 96-well plate reader, as indicated 
by the supplier (Promega).

Background absorbance were calculated on set of control wells 
(without cells) containing the same volumes of medium and Baf A1.

MS analysis
Protein elution from ULK1 co-IP was denatured 5 min at 90°C and 
incubated for 30 min at 56°C with 10 mM DTT for cysteine reduc-
tion and 20 min at room temperature with 55  mM iodoacetamide 
for cysteine alkylation.

Proteins were precipitated by adding !ve volumes of ethanol 
100% (overnight at 4°C) and then centrifuged at 4,000 g (40 min at 
10°C), resuspended in a buffer containing 2 M urea in 50 mM ammo-
nium bicarbonate, and digested with 0.2 μg trypsin overnight at 37°C.

Tryptic peptides were concentrated with ZipTip mC18 pipette 
tips (EMD Millipore) and eluted in 80% acetonitrile, 0.1% tri"uoroace-
tic acid. Samples were dried in a vacuum centrifuge and resuspended 
in 7 μl 2.5%, 0.1% tri"uoroacetic acid for the liquid chromatography 
fractionation and matrix-assisted laser desorption/ionization time-of-
"ight/time-of-"ight (MAL DI-TOF/TOF) analysis as described previ-
ously (Perdomo et al., 2012; Montaldo et al., 2014). The interpretation 
of both the MS and MS/MS data was performed with GPS Explorer 
software (version 3.6; Applied Biosystems) MS peptide !ngerprint 
and MS/MS peptide-sequencing searches were performed against the 
NCBI nonredundant database using the MAS COT search algorithm. 
These searches speci!ed trypsin as the digestion enzyme (allowing 
for one missed trypsin cleavage); carbamidomethylation of cysteine as 
!xed modi!cation; partial oxidation of methionine; phosphorylation of 
serine, threonine, and tyrosine; and ubiquitination (glycine–glycine di-
peptide) as variable modi!cations.

Statistical analysis
For all experiments shown, n is indicated in the !gure legends.

Densitometric analysis was performed using ImageJ software; 
the mean of the values from different experiments (as indicated) related 
to the control ratio was arbitrarily de!ned as 1.00. Each point value 
represents the mean ± SD or mean ± SEM (as indicated in the !gure 
legends) from three independent experiments unless speci!ed other-
wise. Comparison between control and sample in the WB intensity 
measurement was made from the same Western blot.
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Statistical signi!cance was measured using an unpaired Stu-
dent's t test, one-way and two-way analysis of variance (ANO VA) 
followed by Tukey’s post hoc test or Bonferroni’s multiple com-
parison posttest using GraphPad Prism program (version 6) as indi-
cated in the !gure legends.

Online supplemental material
Fig. S1 show that ULK1 protein levels are !nely regulated upon star-
vation, but not its interacting proteins, supporting the data shown in 
Fig. 1. Fig. S2 shows that ULK2 is degraded during autophagy, sup-
porting the data shown in Fig. 3. Fig. S3 shows that NEDD4L is able to 
bind the kinase-dead ULK1, supporting the data shown in Fig. 4. Fig. 
S4 shows that the overexpression of ULK1 mutant constructs impairs 
autophagy dynamics, supporting data shown in Fig. 6. Fig. S5 shows 
that NEDD4l down-regulation in"uences cell death, supporting the 
data shown in Fig. 7. Table S1 shows the identi!cation of ubiquityla-
tion sites of ULK1 protein by MAL DI-TOF/TOF analysis.
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SUMMARY

Regulatory T cells (Treg) are necessary to maintain
immunological tolerance and are key players in the
control of autoimmune disease susceptibility.
Expression of the transcription factor FOXP3 is
essential for differentiation of Treg cells and indis-
pensable for their suppressive function. How-
ever, there is still a lack of knowledge about the
mechanisms underlying its regulation. Here, we
demonstrate that pro-autophagy protein AMBRA1
is also a keymodulator of T cells, regulating the com-
plex network that leads to human Treg differentiation
and maintenance. Indeed, through its ability to
interact with the phosphatase PP2A, AMBRA1 pro-
motes the stability of the transcriptional activator
FOXO3, which, in turn, triggers FOXP3 transcription.
Furthermore, we found that AMBRA1 plays a signifi-
cant role in vivo by regulating Treg cell induction in
mouse models of both tumor growth and multiple
sclerosis, thus highlighting the role of AMBRA1 in
the control of immune homeostasis.

INTRODUCTION

T regulatory cells (Treg) are a unique T cell subset capable of sup-
pressing the functions of effector T cells, preserving peripheral
tolerance. They areprimary actors in preventing excessive inflam-
mation and the onset of autoimmune diseases, but they can also
limitbeneficial immune responsesandantitumor immunity (Vignali
et al., 2008). Treg cells are characterized by the expression of their
master regulator Forkhead box P 3 (FOXP3), and loss of this tran-
scription factor is associated with the onset of the fatal immune
dysregulation, polyendocrinopathy, enteropathy, and X-linked
(IPEX) syndrome (Wildinet al., 2001). Treg cells arecommonly clas-
sified in twosubsets, natural occurring thymus-derivedTreg (nTreg)
and inducedTreg (iTreg), whicharise in the periphery ofnaiveTcells
(Horwitz et al., 2008), dependingon theenvironmental signalspre-
sent during activation (O’Shea and Paul, 2010). Conventional
T cell (Tconv) activation has been associated with the activation
ofmolecular target of rapamycin (mTOR) pathway,which is a cen-
tral mediator of naive T cell differentiation. Indeed, mTOR inte-
grates different environmental cues that promote Tconv, but not
Treg, cell commitment (Shi et al., 2011; Delgoffe et al., 2009), for
example, byphosphorylatingAKTonSer473,which inversely cor-
relates with Treg differentiation (Delgoffe et al., 2009). Moreover,
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Figure 1. AMBRA1 Is Upregulated in Stimulated T Cells and Correlates with FOXP3 Expression in Treg

(A) Resting naive CD4+ T cells were stimulated by a-CD3/CD28 and polarized into Treg and Th1 or in the absence of cytokines (Th0). Left panel: western blot of

AMBRA1, ATG7, BECLIN 1, LC3, GAPDH, and Actin. Right panel: densitometry of AMBRA1 (n = 6), ATG7 (n = 3), BECLIN 1 (n = 6), and LC3 II (n = 4). Data are

shown as mean ± SEM. *p < 0.05; **p < 0.01.

(B) Left panel: AMBRA1, FOXP3, and LC3 were analyzed by western blot in resting naive T cells, 6 hr, 16 hr, and 6 days after induction of Treg polarization and

normalized with actin. Right panel: densitometry of AMBRA1, FOXP3, and LC3 II (n = 3). Data are shown as mean ± SEM. *p < 0.05.

(C) Resting naive cells were stimulated for the indicated timewith a-CD3/CD28 and either vehicle treated or treatedwith chloroquine for 1 hr. LC3 and ACTINwere

analyzed by western blot. Right panel: densitometry of LC3 II over ACTIN. Numbers indicated above the columns show the fold increase of LC3 II upon

chloroquine treatment. Results are representative of three independent experiments.

(D) AMBRA1 mRNA expression was analyzed by quantitative PCR in resting naive T cells, 16 hr or 6 days after TCR stimulation under Treg polarizing conditions.

Cycling threshold values are normalized to those of mRNA encoding ribosomal protein L34. Results are representative of four independent experiments. Data are

shown as mean ± SEM. p > 0.05.

(E and F) In vitro polarized Treg were depleted of a-CD3/CD28-coated beads to remove the TCR stimulus. AMBRA1 and FOXP3 were analyzed by western blot at

0, 1, 2, 3 and 4 days after anti-CD3/CD28 removal (E) (left panel). Densitometry of AMBRA1 and FOXP3 (right panels). Data are shown as mean ± SEM. mRNA

(legend continued on next page)
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mTORhasbeen associatedwith decreasedTreg proliferation, and
its transient inhibitionunlocks Treg in vitroanergy and leads to their
intensive proliferation (Procaccini et al., 2010).

Besides its role incontrolling thecell cycle,mTOR isalso thema-
jor inhibitor of autophagy, a lysosomal degradation pathway.
Recently, Treg-specific loss of either ATG5 or ATG7, two major
players in autophagy, has been associated with breakdown of
self-tolerance, facilitating tumor clearance (Wei et al., 2016).
Consistently, ATG7deficiency leads todecreasedTreg lineage sta-
bility, accompanied by upregulation of themTORpathway, aswell
as by increased c-Myc expression (Wei et al., 2016). Furthermore,
autophagy has been shown to be involved in global T cell homeo-
stasis.While autophagy iscrucial topromotenaiveCD4+Tcell sur-
vival by mitochondria quality control (Willinger and Flavell, 2012),
CD4+ T cells from Atg7- or Beclin 1-defective mice are character-
ized by failure of T cell activation, caused by impaired proliferation
(Atg7!/!) or increased cell death (Beclin 1!/!) (Kovacs et al., 2012;
Hubbard et al., 2010). Of note, we showed that, in the presence of
excessive TCRstimulation igniting activation-inducedcell death, a
block ofmacroautophagy takes place (Corrado et al., 2016). How-
ever, little is known about the role of autophagy and autophagy-
related genes in T cell commitment of naive CD4+ T cells.

AMBRA1 (autophagy and beclin 1 regulator 1) is inhibited by
mTOR (Nazio et al., 2013), and it promotes autophagy both by
triggering the functional interaction of BECLIN 1 and VPS34
(Di Bartolomeo et al., 2010; Fimia et al., 2007) and by regulating
the kinase ULK1 (Nazio et al., 2013), which plays a key role in
auto-phagosome formation. Further, AMBRA1 regulates the
cross-talk among autophagy, cell proliferation, and cell death
(Strappazzon et al., 2016; Cianfanelli et al., 2015; Strappazzon
et al., 2015; Yazdankhah et al., 2014; Strappazzon et al., 2011).
Indeed, its interaction with the phosphatase PP2A promotes
oncogene c-Myc dephosphorylation, resulting in inhibition of
cell proliferation (Cianfanelli et al., 2015).

Here, we identified AMBRA1 as a protein specifically upregu-
lated in activated T cells due to a TCR-dependent mechanism.
Indeed, when we induced naive T cells to differentiate, AMBRA1
was found to be crucial in inducing Treg fate. Bydissecting themo-
lecular pathway behind this induction, we found AMBRA1 to be
necessary for PP2A-dependent and stable FOXP3 gene expres-
sion, through positive regulation of FOXO3. Interestingly, murine
Ambra1 is crucial for the proper induction of both nTreg and iTreg
cells in vivo and their accumulation and function in mousemodels
of both tumor growth and inflammation. In addition, we demon-
strated that Ambra1 plays a protective role inmurine experimental
autoimmune encephalomyelitis (EAE) in vivo, further highlighting
a key role for this molecule in anti-inflammatory responses.

RESULTS

AMBRA1 Is Strongly Upregulated during Treg

Differentiation
Treg cells are characterized by a high rate of autophagy, which is
necessary for their lineage stability (Wei et al., 2016). This evi-

dence prompted us to also investigate the role of key autophagy
regulators during Treg differentiation.With this aim, we stimulated
naive human T cells in vitro through TCR in different polarizing
conditions (Figure S1A) and monitored the expression of three
different autophagy proteins (Figure 1A). We found BECLIN 1
to be invariably expressed at high levels in resting naive T cells
and in T cells stimulated and differentiated in vitro. In contrast,
AMBRA1 protein appeared to be expressed at low levels in
resting T cells but to be strongly upregulated after in vitro stimu-
lation and differentiation. Of note, stimulation in the absence of
cytokines (Th0) was sufficient to induce AMBRA1 upregulation.
Remarkably, when compared with cells polarized toward Th0
or Th1 phenotype, differentiation into Treg triggered an even
stronger induction of AMBRA1 (Figure 1A). Lastly, ATG7 was
also upregulated after in vitro stimulation and differentiation,
and this effect was stronger in Treg rather than in Th1-polarizing
conditions (Figure 1A). However, ATG7 underwent considerably
less pronounced induction when compared to AMBRA1. In line
with AMBRA1 expression, while resting T cells exhibited low
levels of LC3, after in vitro stimulation and differentiation, a
strong increase in LC3 expression (both LC3 I and LC3 II forms)
has been observed (Figure 1A).
Based on these observations, we can conclude that auto-

phagy is strongly regulated during T-cell stimulation and differ-
entiation, with AMBRA1 being a good candidate to play a role
in these processes.

AMBRA1 Regulation in T Cell Polarization Depends on
TCR Signaling, while It Is Independent on
Transcriptional Regulation
Since autophagy is necessary for Treg lineage stability (Wei et al.,
2016) and AMBRA1 expression increased after polarization
into Treg, we focused on its role during Treg differentiation. We
thus found that upregulation of AMBRA1 and LC3 (both LC3 I
and LC3 II isoforms) occurred 16 hr after T cell stimulation in
Treg-polarizing conditions (Figure 1B). Notably, AMBRA1 upre-
gulation correlated with the increased expression of the Treg
transcription factor FOXP3 and further enhanced after 6 days
of stimulation, raising the question whether FOXP3 could be
responsible for this event. Further, in order to ascertain whether
autophagy signaling in FOXP3-positive cells was followed by
autophagy progression and verify the on-rate/off-rate ratio of
autophagy, we analyzed the autophagy flux by blocking the lyso-
somal function. Interestingly, while an active autophagy flux
could be observed in resting naive T cells, autophagy slowed
down 16 hr after stimulation and was blocked after 6 days in
polarized Treg cells, independent of the drugs we used (Figures
1C and S1B). This could be probably ascribed to an increase
in cell proliferation, since it has been recently shown that auto-
phagy is blocked rather than activated in proliferating T cells
(Xu et al., 2014). Of note, the upregulation of AMBRA1 on T cell
stimulation did not depend on such a block in the autophagy
flux, since AMBRA1 was not degraded by the autophagic ma-
chinery in resting T cells (Figure S1C).

expression of AMBRA1 was analyzed in polarized Treg and 2 days after the removal of anti-CD3/CD28 (F). Cycling threshold values are normalized to those of

mRNA encoding ribosomal protein L34. Molecular weights are indicated at the right side of each western blot image. Results are representative of three in-

dependent experiments. Data are shown as mean ± SEM. p > 0.05.

See also Figure S1.
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To understand the nature of AMBRA1 upregulation, we next
checked AMBRA1 mRNA expression in resting naive T cells
and after stimulation under Treg-polarizing conditions. In contrast
to the strong upregulation of its protein levels, AMBRA1 mRNA
levels appear to be unaffected by T cell stimulation (Figure 1D).
This argues against a transcriptional role of FOXP3 in AMBRA1
upregulation following T cell stimulation. To further validate the
correlation between upregulation of AMBRA1 protein levels,
T cell stimulation, and FOXP3 expression, we removed the
TCR stimulus from in vitro polarized Treg cells and measured
the levels of FOXP3 and AMBRA1. Interestingly, we found that
removal of TCR stimulus was associated with a substantial
decrease in FOXP3 and AMBRA1 protein levels after 2 days of
culture (Figure 1E). In line with our observations in stimulated
Treg cells, AMBRA1mRNA levels did not undergo any significant
changes also upon removal of the T cell stimulus (Figure 1F).
Lastly, AMBRA1 is nearly absent in freshly isolated human Treg
cells (Figure S1D), and this finding further suggested that its
expression requires direct TCR stimulation.
Taken together, these results strongly suggest that AMBRA1

is associated with Treg cell differentiation, with its protein levels
being increased by TCR signaling, independent of its mRNA
transcription.

AMBRA1 Positively Regulates FOXP3 Expression
Given the strong correlation between AMBRA1 and FOXP3, we
next chose to investigate whether AMBRA1 could regulate
the expression of FOXP3. With this aim, we downregulated
AMBRA1 during Treg differentiation by lentiviral transduction of
an AMBRA1-interfering short hairpin RNA (shRNA). Interestingly,
we observed a strong decrease in Treg differentiation in cells
lacking AMBRA1, as testified by a significant decrease in
FOXP3 protein levels (Figures 2A and 2B), suggesting a positive
role of AMBRA1 in Treg differentiation. Moreover, confocal micro-
scope analysis revealed co-expression of AMBRA1 and FOXP3
in the same cells in control conditions (Figure 2C). Of note,
AMBRA1 expression was not restricted to cells expressing
FOXP3. In contrast, in cells deficient in AMBRA1, we detected
a neat decrease in FOXP3 positivity (Figure 2C).
Next, we investigated whether AMBRA1 specifically acted on

Treg cells during differentiation or whether it impacted FOXP3
levels also in already differentiated Treg cells. With this aim, we
differentiated Treg cells in vitro and then infected them, as
described above, to downregulate AMBRA1 expression. We
then cultured Treg cells in the presence of interleukin-2 (IL-2)
alone, a cytokine crucial for their proliferation (Battaglia et al.,
2005), or in combination with transforming growth factor
b (TGF-b), which is necessary to maintain FOXP3 transcription
in induced Treg (Marie et al., 2005). Similar to what was observed
during Treg differentiation, AMBRA1 was also necessary to main-
tain FOXP3 levels in differentiated Treg cells, cultured in the pres-
ence of either IL-2 or IL-2 and TGF-b (Figure 2D). Subsequently,
we checked whether the observed effect of AMBRA1 on FOXP3
could be due to the regulation of FOXP3 transcriptional levels
and found that FOXP3 mRNA was, indeed, downregulated
in AMBRA1-defective cells (Figure 2E). Furthermore, we were
able to rule out that AMBRA1 deficiency was associated with
an unspecific downregulation of any differentiation factors.
Indeed, under the same Treg-polarizing conditions, AMBRA1-

interfered cells did not show decreased levels of T-BET (which
is rather upregulated), another transcription factor recently
described as having also a role in Treg cells (Levine et al., 2017)
(Figure S2A).
Further, we investigated whether AMBRA1 deficiency was

associated with an altered cytokine secretion profile in T cells.
However, no significant increase in the production of the effector
cytokines IL-17 and interferon (IFN)-g could be detected (Figures
S2B and S2C).
Thus, it can be concluded that AMBRA1 plays a role in Treg

differentiation and maintenance by specifically and positively
regulating FOXP3 transcription.

AMBRA1 Regulates FOXP3 through FOXO3
FOXP3 can be transcriptionally regulated by different factors,
among which a key role is played by its prominent activator
FOXO3 (Harada et al., 2010; Kerdiles et al., 2010; Ouyang
et al., 2010), whose transcriptional activity can be negatively
regulated by post-translational phosphorylation events. In this
context, one of its main negative regulators is AKT, which phos-
phorylates FOXO3 on at least twomajor sites, Ser253 (S253) and
Thr32 (T32), leading to its degradation or cytosolic sequestration
(Plas and Thompson, 2003; Brunet et al., 1999). Interestingly,
T cells grown under Treg-polarizing conditions, in which AMBRA1
was downregulated, exhibit significantly decreased levels of
total FOXO3 (Figure 3A), which cannot be ascribed to its tran-
scriptional downregulation (Figure 3B).
Primed by this evidence, we checked whether, upon AMBRA1

downregulation, FOXO3 decrease could be related to its phos-
phorylation on S253 and T32 (Plas and Thompson, 2003; Brunet
et al., 1999). Indeed, we found that there was a significant in-
crease in the ratio between phospho-S253 FOXO3 and total
FOXO3 upon AMBRA1 downregulation under Treg-polarizing
conditions (Figure 3A), while phospho-T32 FOXO3 was not
altered (Figure 3C). Of note, AKT phosphorylation at T308, a hall-
mark of activation for this kinase (Alessi et al., 1997), also ap-
peared to be unaffected by AMBRA1 regulation (Figure 3A),
raising the question whether the increase in phospho-S253
FOXO3, observed upon AMBRA1 knockdown was due to a
decreased phosphatase activity rather than to an increased
AKT (or other kinases) activity.
Lastly, we checked, by confocal microscope analysis,

AMBRA1-defective Treg for total FOXO3 protein levels or intra-
cellular distribution, both parameters being potentially altered
by its phosphorylation at S253 (Plas and Thompson, 2003).
Indeed, we detected a strong global decrease in FOXO3, asso-
ciated with AMBRA1 downregulation (Figure 3D).
Overall, our results establish AMBRA1 as a positive regulator

of FOXO3, acting by mediating the modulation of its phospho-
S253 status.

AMBRA1 Controls FOXO3 through Its Interaction
with PP2A
As mentioned above, our findings cannot rule out whether other
kinases rather than AKT (as ERK [Yang et al., 2008] or others
[Hu et al., 2004; Rena et al., 2002]) or dephosphorylation events
could affect various FOXO3 residues. Such modifications would
be associated with changes in its stability and thus, eventually,
may account for the differencewe detected inAMBRA1-deficient
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versus -proficient conditions. In this context, interestingly, we
have recently shown that AMBRA1 directly interacts with the pro-
tein phosphatase PP2A, negatively regulating cell proliferation
(Cianfanelli et al., 2015). Indeed, PP2A can not only dephosphor-
ylate and inactivate AKT (Kuo et al., 2008) but can also directly re-
move the S253 inhibitory phosphorylation of FOXO3, thereby
restoring its activity (Singh et al., 2010). Due to the existing inter-
play between AMBRA1 and PP2A, we thus checked whether the
impact of AMBRA1 on FOXO3 was due to its ability to bind and
positively regulate PP2A. With this aim, we switched to HeLa
cells, a cellular model in which multiple molecular manipulations
can be performed simultaneously, with limited impact on cell
viability. There, we (1) downregulated AMBRA1 using a small
interfering RNA and subsequently (2i) overexpressed a construct

carrying either AMBRA1-wild-type (AMBRA1WT) or AMBRA1PXP,
a mutant form that has lost its ability to bind PP2A (Cianfanelli
et al., 2015). In line with our previous results in primary T cells,
downregulation of AMBRA1 in HeLa cells led to a significant
decrease in FOXO3 levels and a relative increase in the phosphor-
ylation of FOXO3 at S253 (Figure 3E). Strikingly, this effect could
be abolished by overexpression of AMBRA1WT, while overex-
pression of AMBRA1PXP could not counteract the effect of
AMBRA1 downregulation on FOXO3 levels and its relative phos-
phorylation status (Figure 3E).
We then checked whether the decrease in FOXO3 associated

with AMBRA1 loss was a result of increased proteasomal degra-
dation. FOXO3 half-life was thus examined using the protein syn-
thesis inhibitor cycloheximide (CHX). Decrease in FOXO3 could

Figure 2. AMBRA1 Is Necessary for the Expression of FOXP3 in Regulatory T Cells Differentiated In Vitro
Naive CD4+ T cells were transduced with lentivirus-expressing shRNA against AMBRA1 or a scramble construct and cultured for 6 days under regulatory

T cell-polarizing conditions.

(A) Western blot of AMBRA1, FOXP3, and ACTIN. Densitometry of FOXP3 is shown in the right panel (n = 9). Data are shown as mean ± SEM. ***p < 0.001.

(B) Percentage of CD25+ and FOXP3+ cells gated on live dead negative and CD4+ cells was analyzed by flow cytometry. Data are shown as mean ± SEM.

***p < 0.001, n = 6.

(C) AMBRA1 and FOXP3 were analyzed by confocal microscopy. FOXP3 is shown in green, AMBRA1 in red, and nuclei were stained with DAPI. Quantifications of

the AMBRA1 and FOXP3 median fluorescence indexes (MFI) per cell are reported in the graphs on the right; ***p < 0.001; n = 3. Scale bar = 5mm.

(D) Naive T cells were transduced and polarized as in (A). After 6 days, anti-CD3/CD28 was removed, and cells were re-stimulated for another 5 days with anti-

CD3/CD28 in the presence of IL-2 only or IL-2 plus TGF-b. AMBRA1, FOXP3, and ACTIN were analyzed by western blot (left panel). Densitometry of FOXP3 (right

panel). Data are shown as mean ± SEM. *p < 0.05, n = 3.

(E) FOXP3 mRNA expression of in vitro polarized Treg transduced as in (A) was analyzed by qPCR. Cycling threshold values are normalized to those of mRNA

encoding ribosomal protein L34. Molecular weights are indicated at the right side of each western blot image. Data are shown as mean ± SEM. **p < 0.01; n = 9.

See also Figure S2.
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Figure 3. The FOXP3 Activating Transcription Factor FOXO3 Is Positively Regulated by AMBRA1
Naive CD4+ T cells were transduced with lentivirus expressing shRNA against AMBRA1 or a scramble construct and cultured for 6 days under regulatory

T cell-polarizing conditions.

(legend continued on next page)
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be observed in control cells following CHX treatment, and this
was even more rapid in AMBRA1-deficient cells (Figure S3A).
Additionally, treatment of AMBRA1-deficient cells with the pro-
teasome inhibitor MG-132 led to a robust accumulation of
FOXO3 (Figure S3B), suggesting that lack of AMBRA1 results
in proteasomal degradation of FOXO3.

Of note, an additional phosphorylation event on Ser294
(S294), triggered in this case by the kinase ERK, targets
FOXO3 to the proteasome (Yang et al., 2008), even though little
is known about the phosphatase that can remove this inhibitory
phosphorylation. To investigate this issue, we evaluated pri-
mary T cells and assessed the phosphorylation of FOXO3 on
S294 in AMBRA1-proficient or -deficient conditions. Indeed,
we could detect neither a significant increase of phospho-
S294 FOXO3 on total FOXO3 (Figure S3C) nor any sig-
nificant difference in the phosphorylation of ERK1/2 between
AMBRA1-deficient and control Treg (Figure S3C). We therefore
determined, by means of an in vitro phosphatase assay,
whether PP2A could be responsible for dephosphorylating
FOXO3 at S294. With this aim, we incubated FOXO3 immuno-
precipitates with recombinant PP2A. While S253 was strongly
dephosphorylated by PP2A (as in Singh et al. (2010)), S294 ap-
pears not to be a PP2A target site (Figure 3F), confirming that
the latter site is not involved in FOXO3 regulation in our
systems.

Interestingly, an increase in the known AMBRA1-PP2A target
c-Myc (Cianfanelli et al., 2015) that can be observed on ATG7
ablation has been correlated to decreased Treg lineage stability
(Wei et al., 2016). In line with our previous results (Cianfanelli
et al., 2015), we detected a significant increase in c-Myc in
AMBRA1-deficient T cells polarized under Treg conditions (Fig-
ure S3D). This may argue for opposite roles of c-Myc and
FOXO3a in Treg homeostasis.

Lastly, we demonstrated that, in Treg cells, FOXO3 is the key
mediator of the AMBRA1-mediated regulation of FOXP3 expres-
sion. Indeed, overexpression of an active form of FOXO3a (triple
mutant [TM], in which all three previously mentioned phospho-
residues were mutated into alanine) was able to rescue FOXP3
expression in AMBRA1-silenced cells (Figure 3G).

Altogether, our results let us conclude that AMBRA1 regulates
PP2A activity on S253 of FOXO3, protecting FOXO3 from intra-
cellular degradation.

The Regulation on FOXP3 Expression Is AMBRA1
Specific
To understand whether the observed effects on Treg develop-
ment and homeostasis were specific for AMBRA1, and not
related to a global effect of the observed positive signaling of
autophagy (see Figures 1A and 1B), we knocked down other
autophagy genes in differentiating T cells. Indeed, lentiviral
knockout (KO) of BECLIN 1 led to a slight but not significant
decrease in FOXP3 protein expression after in vitro polarization
under Treg-polarizing conditions (Figure 4A). Furthermore,
different from the effect of AMBRA1 inhibition, we could not
observe any change in the levels of T-BET and in the phosphor-
ylation of FOXO3 (Figure 4C), suggesting that BECLIN 1 does not
act on the same pathway of AMBRA1 in this context. We next
tested the impact of ATG7 knockdown on FOXP3; ATG7 is not
part of the upstream VPS34 complex but is involved in auto-
phagy progression and has been shown to be crucial for Treg sur-
vival and stability (Wei et al., 2016). Even in this case, we found
that differentiation of naive T cells under Treg-polarizing condi-
tions was not influenced by ATG7 (Figure 4B). This indicates a
role of ATG7 during Treg differentiation distinct to that previously
described in maintaining lineage (Wei et al., 2016). Concomi-
tantly, no significant changes were detected in either FOXO3
levels or phosphorylation of FOXO3 on Ser253 on ATG7 deple-
tion (Figure 4D).
In brief, we can conclude that the observed positive impact on

FOXO3/FOXP3 and Treg differentiation seems to be specific for
AMBRA1, among key pro-autophagy genes, and it does not
depend on global autophagy regulation.

Ambra1 Deficiency Impacts Treg Functionality Also
In Vivo
Given the role of AMBRA1 in sustaining Treg differentiation via
FOXP3 upregulation in vitro, we next asked whether this protein
could regulate Treg cell induction also in vivo. First, we analyzed
the phenotype of Ambra1 conditional KO mice (Ambra1fl/fl:cre+),
in which this protein is specifically removed only from the T cell
lineage, thanks to the Cre recombinase expression controlled
by the Lck promoter (Figure S4A). Although we observed a
normal percentage of Foxp3+CD25+ Treg cells in all lymphoid or-
gans (Figure 5A), we found that Foxp3 expression was signifi-
cantly downregulated on a per cell basis in Ambra1-deficient

(A) Western blot of AMBRA1, p-FOXO3 S253, FOXO3, p-AKT T308, FOXP3, and ACTIN (left panel) and quantification by densitometry (right panels). Data are

shown as mean ± SEM. **p < 0.01, n = 4.

(B) mRNA expression of FOXO3 was analyzed by qPCR. Cycling threshold values are normalized to those of mRNA encoding ribosomal protein L34. Data are

shown as mean ± SEM. p > 0.05, n = 9.

(C) Western blot of AMBRA1, p-FOXO3 T32, FOXO3, FOXP3, and GAPDH (left panel, asterisk indicates p-FOXO3 T32 band). Densitometry of p-FOXO3

T32/FOXO3 (right panel). Data are shown as mean ± SEM. p > 0.05, n = 4.

(D) Representative images of cells stained with anti-AMBRA1 in red and anti-FOXO3 in green and analyzed at confocal microscope (number of cells analyzed:

99 scramble and 85 shAMBRA, n = 2; scale bar = 5 mm).

(E) HeLa cells were transfected with a control siRNA or a siRNA against AMBRA1 and subsequently with a plasmid overexpressing b-Gal, AMBRA1-WT, or

AMBRA1-PXP. Western blot of AMBRA1, p-FOXO3 S253, and ACTIN (left panel). Quantification of protein bands is shown in the right panel. *p < 0.05;

**p < 0.01, n = 5.

(F) In vitro phosphatase assay of FOXO3 from Jurkat cells. Phosphatase activity of PP2A on FOXO3 was analyzed by western blot using antibodies against

FOXO3, p-FOXO3 S253, p-FOXO3 S294, and PP2A-c. Results are representative of three independent experiments.

(G) Jurkat cells were electroporated with scramble siRNA or siRNA against AMBRA1 and then, after 24 hr, electroporated again with either empty vector (-) or

HA-FOXO3a-TM plasmid. Cells have been stimulated or not o.n. with a-CD3/CD28-coated beads in the presence of IL-2 and TGF-b and subsequently analyzed

for AMBRA1 and HA-tag expression (western blot, on the left) or FOXP3median fluorescence index (cytofluorimetric analysis, on the right). Molecular weights are

indicated at the right side of each western blot image. Data are shown as mean ± SEM. **p < 0.01; n = 3.

See also Figure S3.
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Figure 4. FOXP3 Expression Is Not Dependent on the Autophagic Proteins BECLIN 1 and ATG7
Naive T cells were infected with an shRNA expressing lentiviral construct specific for BECLIN 1 or ATG7, respectively, and cultured for 6 days under regulatory

T cell-polarizing conditions. Infection with an shRNA expressing lentiviral construct against AMBRA1 served as a positive control.

(A and B) Percentage of CD25+ and FOXP3+ cells gated on live dead negative and CD4+ cells was analyzed by flow cytometry in BECLIN 1 (A) or ATG7 (B)

defective cells. Data are shown as mean ± SEM, p > 0.05; n = 4.

(C and D) BECLIN 1, ATG7, p-FOXO3 S253, FOXO3, FOXP3, T-BET, and GAPDH were analyzed by western blot of protein lysates from BECLIN 1 (C) or ATG7

(D) defective cells (left panel). Densitometric analysis is shown in the right panels. Molecular weights are indicated at the right side of each western blot image.

Data are shown as mean ± SEM. p > 0.05; n = 4.
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Treg cells (Figure 5B), as proven by the reduction of its median
fluorescence intensity (MFI). Interestingly, most of these cells
are thymic-derived nTreg, as indicated by Helios expression, a
much more reliable nTreg marker than Nrp1 in our c57/BL6

mouse line (Figure 5C), as also suggested by a previous report
(Singh et al., 2015). Consistent with their Foxp3 downregulation,
we found that these Ambra1 KO Treg cells were unable to sup-
press in vitro Tconv cell proliferation at a rate similar to control

Figure 5. AMBRA1 Is Required for the Generation and Functionality of Treg Cells In Vivo
(A and E) Cytofluorimetric analysis of the percentage of CD25+ Foxp3+ Tregs among CD4+ T cells from thymus, spleen, and lymph nodes (LNs pool) from

Ambra1fl/fl:cre+ (n = 6) and Ambra1fl/fl mice (n = 5) (A) or from Ambra1gt/+ (n = 7) and WT (n = 5) mice (E).

(B and F) Foxp3 median fluorescence index (MFI) in CD4+ CD25+ Foxp3+ Tregs from thymus, spleen, and lymph nodes (LNs pool) from Ambra1fl/fl:cre+ (n = 7) and

Ambra1fl/fl mice (n = 6) (B) or from spleen of Ambra1gt/+ (n = 3) and WT (n = 2) mice (F). *p < 0.05; ***p < 0.001.

(C) Percentage of thymic Foxp3+ Tregs from Ambra1fl/fl:cre+ and Ambra1fl/fl mice positive for Helios (n = 4 ctrl, 6 KO) and Nrp1 (n = 3) expression.

(D and I) WT CD4+ CD25- Tconv cells have been stained with CFSE dye and then cultured with a-CD3/CD28-coated beads in presence or not of purified CD4+

CD25+ Treg cells at 1:1 ratio. Treg cells have been isolated fromAmbra1fl/fl:cre+ (n = 3) andAmbra1fl/flmice (n = 3) (D) or fromAmbra1gt/+ (n = 3) andWT (n = 3)mice (I).

Cell division index (see STAR Methods text for details) is reported in the corresponding graphs on the right. **p < 0.01; ***p < 0.001.

(G and H) Percentage of Foxp3+ Tregs positive for Helios (G) or Nrp1 (H) expression from thymi, spleen, or LNs pool of Ambra1gt/+ (n = 4) and WT (n = 3) mice.

(J and K)NaiveCD4+ T cells were sorted from eitherWT orAmbra1gt/+ mouse splenocytes. Ambra1 and Actin were analyzed inWT resting naive T cells and T cells

following 16 hr of a-CD3/CD28 treatment by western blot (J). Ambra1, Foxp3, and Actin expression in naive T cells derived from either WT or Ambra1gt/+ mouse

splenocytes in vitro differentiated under Treg-polarizing conditions were analyzed bywestern blot (K). Results in (J) and (K) are representative of three independent

experiments. Molecular weights are indicated at the right side of each western blot image. All data are shown as mean ± SEM.

See also Figure S4.
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Figure 6. AMBRA1 Sustains the Increase in nTreg and iTreg Cell Number on Different Immune System Challenges
(A–E) Flow cytometric profile of CD25+ Foxp3+ Treg cells among CD4+ T cells from spleen of Ambra1gt/+ (n = 5 unstimulated and n = 6 LPS) and WT (n = 4 un-

stimulated and n = 6 LPS) mice after 4 days from i.p. LPS injection. The percentage of CD25+ Foxp3+ Treg cells among CD4+ T cells is reported in the graph on the

(legend continued on next page)
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Treg (Ambra1fl/fl) (Figure 5D); however, this does not depend on
differential expression of CD39 and CD73 enzymes (Figure S4B).
We also confirmed similar results with Ambra1 haploinsufficient
(Ambra1gt/+) mice (Cianfanelli et al., 2015), in terms of Foxp3
downregulation in Treg cells (Figures 5E and 5F), Helios, Nrp1,
CD73 and CD39 expression, and defective suppressive
ability (Figures 5G–5I, S4C, and S4D). Altogether, this indicates
that Ambra1 haploinsufficiency is also sufficient to impair Treg
functionality in vivo. Lastly, we investigated whether the de
novo conversion of naive T cells into iTreg is also affected in
Ambra1gt/+murine T cells, similar to what we reported for human
T cells. First, we found that resting naive murine T cells ex-
pressed low level of Ambra1, which was strongly upregulated
following TCR stimulation (Figure 5J). Second, in vitro Treg polar-
ization of naive T cells isolated from Ambra1gt/+ heterozygous
mice resulted in decreased Foxp3 expression compared to
T cells isolated from wild-type mice (Figure 5K).

Taken together, our data indicate that Ambra1 is required to
sustain Foxp3 expression also in vivo in both nTreg and iTreg
populations.

Ambra1 Is Required for a Treg Response to Immune
System Challenges
We next asked whether Ambra1 deficiency could impact Treg
response in immune system challenges.With this aim, we first in-
fected WT and Ambra1gt/+ mice with lipopolysaccharide (LPS),
which promotes both T cell activation (Figure S5A) and Treg in-
duction (Okeke et al., 2013). Interestingly, we found that Ambra1
haploinsufficiency impairs Treg accumulation in the spleen of
LPS-infected mice (Figure 6A). Although most of these cells
are bona fide Helios+ nTreg cells, by distinguishing nTreg and iTreg
according to Helios expression, we found that both nTreg and
iTreg Ambra1gt/+ populations accumulated less than WT cells in
the spleen of LPS-infected mice (Figures 6B and 6C). Further,
we confirmed that Ambra1gt/+ Treg cells show reduced Foxp3
expression on a per cell basis, when compared to control
WT Treg cells upon LPS stimulation (Figure 6D). Interestingly,
such a defective increase in the nTreg cells inside the LPS-
infected spleens is associated with an impaired Treg proliferation
rate, as indicated by reduced Ki67 staining (Figure 6E) in the
absence of Ambra1, and not with an altered Treg recruitment,
as indicated by a similar migration rate in response to chemokine
gradient and the correct expression of CCR7 and CXCR4 recep-
tors by thymic Ambra1 KO Treg cells (Figures S5B and S5C).
Regarding iTreg cells, to better investigate their generation
from Tconv cells in this model, we injected LPS-infected WT

mice with either WT or Ambra1gt/+ purified CFSE-labeled CD4+-

CD25! Tconv cells. In line with the previous results (Figure 6C), in
the absence of Ambra1, we found on LPS a defective
de novo conversion of conventional CD25-CD4+ T cells into
CD25+CD4+ Treg cells (Figure 6F). Moreover, we confirmed that
these cells are bona fide iTreg by looking directly at their
Foxp3, whose expression was reduced in Ambra1gt/+ cells
(Figure S5D).
Lastly, we asked whether Ambra1 deficiency could also

impact immune surveillance against tumors, a well-known
context, in which Treg cells play a fundamental role. Indeed, as
expected, we found that MC38-derived tumors were smaller in
Ambra1fl/fl:cre+mice than those inAmbra1fl/fl controls (Figure 6G),
and this phenomenon correlated with a reduced amount of Tregs
within both DLNs and tumor masses of KO mice (Figure 6H). By
distinguishing nTreg and iTreg according to Helios expression, we
further confirmed that, in this context, both populations from
Ambra1-deficient mice did not increase their number into
DLNs and tumor masses at the same rate than WT nTreg and
iTreg cells (Figures 6I and 6J). Interestingly, it seems that the
strongest effect of Ambra1 deficiency is the defective generation
of iTreg cells in the DLNs of tumor-bearing mice. Since in this
tumormodel most Treg cells infiltrating tumormass are nTreg cells
(Figure S5E), as previously indicated (Waight et al., 2015), our
results suggest that the absence of Ambra1 from the T cell line-
age could affect, at an even greater rate, the growth of tumors in
which infiltrating Tregs have mainly an iTreg phenotype (Valzasina
et al., 2006).
Altogether, our results indicate that Ambra1 deficiency im-

pacts Treg formation/induction and functionality in vivo, during
both LPS-mediated stimulation and tumor response.

Ambra1 Insufficiency In Vivo Worsens the Clinical
Scenario of a Mouse Model of Multiple Sclerosis
The strong impact of Ambra1 on Treg fate decision prompted us
to study a putative involvement of this factor in protecting against
autoimmune diseases. We chose the experimental autoimmune
EAE, induced through MOG(35–55) peptide injection into female
mice, as a mouse model for multiple sclerosis. Interestingly,
Ambra1gt/+ mice were characterized by a more severe clinical
score, when compared to control mice (Figure 7A). On day 18
post immunization, the animals were sacrificed, and spinal
cords were analyzed by immunohistochemistry to reveal the
progress of central nervous system infiltration (H&E staining),
demyelination (Kluver-Barrera staining), and axonal loss (Bie-
cholvsky staining). Again, slices from Ambra1gt/+ mice showed

right (A). In addition, CD25+ Foxp3+ Treg cells have been distinguished according to Helios expression into Helios+ nTreg cells (B) and Helios! iTreg cells (C), and

their frequency among CD4+ T cells quantified in all conditions. The Foxp3 median fluorescence index (MFI) in CD25+ Foxp3+ Treg cells upon LPS injection into

Ambra1gt/+ (n = 11) andWT (n = 3) mice is also reported (D). Further, ki67 positive cells among CD25+ Foxp3+ Treg cells upon LPS injection into Ambra1gt/+ (n = 12)

and WT (n = 5) mice have been quantified (E, representative dot plot on the left and quantification in the graph on the right). *p < 0.05; **p < 0.01; ***p < 0.001.

(F) Conventional CD4+ CD25- T cells stained with CFSE dye from Ambra1gt/+ (n = 3) and WT (n = 6) mice have been injected i.v. into WT recipient mice, sub-

sequently injected i.p. with LPS. After 4 days, mice have been sacrificed and the percentage of CD25+ cells among exogenous CD4+ CFSE+ cells have been

analyzed by flow cytometry. Quantification is reported on the graph below. *p < 0.05.

(G–J) Ambra1fl/fl:cre+ (n = 4) and Ambra1fl/flmice (n = 4) have been injected subcutaneously with 53 105MC38 tumor cells. After 18 days, mice were sacrificed and

tumor’s size was assessed (G). In (H), the representative dot plots of the percentages of Foxp3+ Treg cells among CD4+ T cells from contralateral and draining

lymph nodes (CLNs and DLNs) and tumor masses (TILs, tumor infiltrating lymphocytes) are reported on the left and the relative quantification in the graph on the

right. Further, CD25+ Foxp3+ Treg cells have been distinguished according to Helios expression into Helios+ nTreg cells (I) and Helios- iTreg cells (J), and their

frequency among CD4+ T cells quantified in all conditions. *p < 0.05; **p < 0.01. All data are shown as mean ± SEM.

See also Figure S5.
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Figure 7. Ambra1 Downregulation Worsens the Clinical Readout in Experimental Autoimmune encephalomyelitis (EAE)
Chronic progressive EAE was induced by immunization with MOG35–55.

(A) Mean clinical score of C57BL/6J Ambra1gt/+ mice (gray line and circles, n = 5) and C57BL/6J wild-type controls (black line and triangles, n = 5) after

immunization with MOG35-55. *p < 0.05.

(B and C) Immunohistochemical analysis of spinal cord slices from mice sacrificed at 18 dpi. Central nervous system infiltrating cells were analyzed by hema-

toxylin/eosin (HE) staining; demyelination was assessed by Kluver-Barrera staining and axonal damage by Bielschowsky silver staining (B, scale bar = 500 mm) or

with antibodies against CD3 and Foxp3 proteins (C, scale bar = 60 mm). Quantifications of the data are reported in the corresponding graphs. *p < 0.05, **p < 0.01,

***p < 0.001.

(D)Mean clinical score of C57BL/6JAmbra1fl/fl:cre+mice (white, n = 6) and C57BL/6JAmbra1fl/fl controls (black, n = 5) after immunization withMOG35-55. *p < 0.05.

(E–G) Cytofluorimetric analysis of the percentage of CD4+ and CD8+ T cells among CD45+ infiltrates (E), of CD25+ Foxp3+ Tregs (F) and RORgt+Tbet-, RORgt-Tbet+

and RORgt+Tbet+ cells (G) among CD4+ T cells. *p < 0.05; ***p < 0.001; n = 3.

(legend continued on next page)
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significantly stronger pathogenic signs than those fromwild-type
littermates (Figure 7B). In addition, we found that Ambra1gt/+

mice showed increased levels of CD3+ T cells infiltrates in the
spinal cord, but reduced levels of Treg cells (Figure 7C), in agree-
ment with impaired differentiation of this cell type in the absence
of Ambra1 and with a more aggressive EAE.

We further confirmed that the more severe EAE progression in
Ambra1gt/+micewasdue to the specific absence ofAmbra1 in the
T cell compartment, by finding that EAE onset and progression
were faster also in Ambra1fl/fl:cre+ mice compared to Ambra1fl/fl

controls (Figure 7D). Moreover, cytofluorimetric analyses indicate
that conditional KO mice showed increased levels of both CD4+

and CD8+ T cells infiltrating in the central nervous system (Fig-
ure 7E) and a strong reduction in CD4+ Treg cell percentage
among CD4+ cells (Figure 7F), with a concomitant increased pro-
portion of pro-inflammatoryCD4+Th17cells (RORgt+) (Figure 7G);
of note, this finding was consistent with the reduced amount of
infiltrating Treg cells. Immunofluorescence on spinal cord sections
confirmed the increased amount of CD3+ infiltrates and the
reduction of Foxp3+ infiltrates per slice (Figures 7H–7J).

Altogether, these results strongly indicate AMBRA1 as a bona
fide anti-inflammatory protein, crucial to trigger differentiation
and expansion of Treg, thus protecting against severe autoim-
mune disorders, such as multiple sclerosis.

DISCUSSION

Here, we found pro-autophagic AMBRA1 to be upregulated in
CD4+ T cells 16 hr after T cell receptor engagement. This strongly
correlates with the expression kinetics of FOXP3, which is not
only upregulated in Treg cells but is transiently expressed also
in Teff cells, with its peak in the latter coinciding with AMBRA1 in-
duction. Strikingly, we found that AMBRA1 is required to ensure
FOXP3 expression and development or maintenance of func-
tional Treg cells both in vitro and in vivo. The fact that AMBRA1
is induced during T cell stimulation when negative modulators
of Treg cells, including c-Myc and mTOR, are hyperactivated
(Wang et al., 2011) led us to hypothesize that AMBRA1 assumes
a crucial role in counteracting this event, thus allowing Treg cell
differentiation. Of note, several pathways merge together to
induce the expression of FOXP3. The PI3K/AKT/mTOR pathway
has been shown to negatively affect TGF-b-driven FOXP3
expression (Shen et al., 2011; Haxhinasto et al., 2008), while in-
hibition of this pathway favors differentiation into Treg cells
through activation of the transcription factor FOXO3 (Harada
et al., 2010; Kerdiles et al., 2010; Ouyang et al., 2010). Both
AKT and FOXO3 are targets of PP2A, and dephosphorylation
of either PP2A substrates results in enhanced FOXO3 activity
(Singh et al., 2010; Kuo et al., 2008; Yang et al., 2008; Hu
et al., 2004; Rena et al., 2002). Here, we found that AMBRA1 tar-
gets S253 phosphorylation of FOXO3 via PP2A independent of
AKT, resulting in increased FOXO3 levels associated with effec-
tive FOXP3 transcription.

Interestingly, ablation of PP2A in Treg cells leads to a severe,
multi-organ lymphoproliferative autoimmune disorder (Apostoli-
dis et al., 2016). In more detail, PP2A controls the activity of
mTOR complex 1 in Treg cells, ensuring the maintenance of their
metabolic and cytokine profile, essential for their suppressive
capacity.
Besides regulating PP2A-dependent FOXO3 dephosphoryla-

tion, we previously demonstrated that AMBRA1 can also pro-
mote PP2A-mediated degradation of cMyc (Cianfanelli et al.,
2015), which is a major factor regulating Teff cell differentiation
through metabolic reprogramming (Wang et al., 2011). There-
fore, we hypothesize that the axis AMBRA1-PP2A may favor
Treg differentiation by regulating at the same time c-Myc and
FOXO3, but in opposite ways, thereby forcing a ‘‘Treg fate’’ deci-
sion. Taken together, results of this study not only point to
AMBRA1 as a novel protein triggering anti-inflammatory pro-
cesses and thus contrasting autoimmune diseases (such as
multiple sclerosis) but also opening new interesting scenarios
that may involve AMBRA1 in FOXO3-mediated transcriptional
regulation of a series of processes. In fact, besides its role in
Treg cells, FOXO3 has been shown to regulate autophagy and
mitophagy in skeletal muscles (Mammucari et al., 2007; Roma-
nello et al., 2010); promote cell-cycle arrest, apoptosis, stress
resistance (Chiacchiera and Simone, 2010); and inhibit glycolysis
by downregulating cMyc (Khatri et al., 2010). In sum, AMBRA1
can be defined as a mediator of this FOXO3/cMyc antagonism,
favoring the FOXO3 rather than c-Myc transcriptional program
that culminates in induction of autophagy, inhibition of cell
cycle, and, specifically in T cells, promotion of Treg instead of
Teff commitment.
When we moved to murine models, our data indicated that

Ambra1 is a crucial regulator of Treg commitment and function
also in vivo. Indeed, we first confirmed that iTreg induction from
Tconv cell precursors is defective in the absence of Ambra1.
This was not only observed for iTreg cells generated in vitro
from purified murine Tconv cells but also directly in vivo on both
LPS injection (mimicking an inflamed state) and in a subcutane-
ous murine tumor model, in which the accumulation of iTreg cells
into lymphoid organs and tumor mass was strongly reduced. In
addition, we found that Ambra1 deficiency reduces Foxp3
expression in nTreg cells. Although the mechanism regulating
nTreg formation is less understood compared to iTreg, our data
suggest that Ambra1 may represent a general regulator of
Foxp3 expression in Treg cells upon TCR stimulation, a finding
not only limited to cytokine-mediated Treg induction in periphery
but also extended to Treg cells originating in the thymus upon
TCR stimulation. Interestingly, Foxp3-deficient Treg cells are re-
ported to show defective suppressive function and reduced
expansion (Kuczma et al., 2009). Consistent with this, we found
that Ambra1-deficient nTreg cells, which express low levels of
Foxp3, show defective in vitro suppressive function and an
impaired in vivo proliferation, as indicated by reduced ki67 stain-
ing upon LPS injection and reduced accumulation in DLNs and

(H–J) Immunofluorescence analysis of lumbosacral spinal cord section from EAE-infected Ambra1fl/fl:cre+ (n = 5) and Ambra1fl/fl mice (n = 3). DAPI staining on

whole sections has been used to identify the localization of immune cell infiltrates (H, white arrows, scale bar, 100 mm), which were further analyzed at single-cell

level for the expression of CD3+ (I, in red, indicated by white arrows, scale bar, 15 mm) and Foxp3+ (J, in green, indicated by white arrows, scale bar, 15 mm).

Quantification of the number of CD3+ T cells and Foxp3+ Treg cell infiltrates per section is reported in the corresponding graphs below each panel. *p < 0.05;

**p < 0.01. All data are shown as mean ± SEM or as dot density plot (mean value indicated with a black bar).

604 Developmental Cell 47, 592–607, December 3, 2018



tumor mass of a murine tumor model. Although we cannot
exclude per se additional Ambra1-dependent and Foxp3-inde-
pendent roles in regulating nTreg functionality, our data strongly
suggest that Ambra1 regulates nTreg activity mainly through
the modulation of Foxp3 levels. Therefore, Ambra1 should be
considered as a general regulator of Treg fate commitment both
in vivo and in vitro.
Of note, since Ambra1 was depleted from all T cell lineages in

our murine system, we could not rule out in principle that our re-
sults in vivowere due to a general gain of function of Tconv cells in
the absence of Ambra1, rather than to a specific defect in Treg
generation. However, the deletion of several other autophagic
proteins in the T cell lineage, such as Beclin1 or ATG7, has
always resulted so far in a loss of function of the Tconv cell
response, in terms of reduced proliferation and increased cell
death (Kovacs et al., 2012; Hubbard et al., 2010). Moreover,
upon LPS injection, we found that Ambra1 haplodeficient
Tconv cells are activated at a similar rate compared to controls.
Therefore, the effect of Ambra1 depletion on Treg cells seems

to be the driving force in the observed phenotypes.
Lastly, Ambra1 haplodeficiency and homozygous deficiency

also restrains the number of Treg cells infiltrating the central ner-
vous system in amousemodel ofmultiple sclerosis, exacerbating
the progression of the disease. Therefore, Ambra1 is a positive
regulator of the Treg response in different pathological conditions,
such as inflammation, tumor response, and auto-immunity, and
could represent a novel target for future therapeutic approaches,
aimed at modulating the induction and function of immunosup-
pressive Treg cells in all these different pathological settings.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-human CD4-FITC Miltenyi 130-114-531; RRID: AB_2726690

anti-human CD45RA-PE Miltenyi 130-092-248; RRID: AB_615094

anti-human CD27-APC Miltenyi 130-093-186; RRID: AB_1036201

anti-mouse CD4-FITC eBioscience 11-0041-82; RRID: AB_464892

anti-mouse CD62L-PE eBioscience 12-0629-42; RRID: AB_10804144

anti-mouse CD44 APC eBioscience 17-0441-82; RRID: AB_469390

anti-mouse/rat Foxp3-FITC Biolegend 320012; RRID: AB_439748

anti-Ambra1 Millipore ABC131; RRID: AB_2636939

anti-HA Thermo Fisher 26183; RRID: AB_2533050

anti-human CD3 eBioscience 16-0037-85; RRID: AB_468855

anti-human CD28 eBioscience 16-0289-85; RRID: AB_468927

anti-human CD25-PE Miltenyi 130-091-024; RRID: AB_244320

anti-human FOXP3-APC Miltenyi 130-093-013; RRID: AB_871547

anti-human Interferon-g-PEVio770 Miltenyi 130-096-752; RRID: AB_2661063

anti-human Interleukine-17-FITC Miltenyi 130-105-262; RRID: AB_2652369

anti-mouse CD4-PECy7 Biolegend 100422; RRID: AB_312707

anti-mouse-CD69-PECy7 Biolegend 104512; RRID: AB_493564

anti-mouse CD8a-PE Biolegend 100708; RRID: AB_312747

anti-mouse CD25-PE Biolegend 102008; RRID: AB_312857

anti-mouse/human Helios-Alexa647 Biolegend 137218; RRID: AB_10660750

anti-mouse CD39-PE Biolegend 143804; RRID: AB_11218603

anti-mouse CD73-APC Biolegend 127210; RRID: AB_11218786

anti-mouse Nrp1-APC Biolegend 145206; RRID: AB_2562032

anti-mouse CCR7-PE-Cy7 eBioscience 25-1971-82; RRID: AB_469652

anti-mouse CXCR4-APC eBioscience 17-9991-82; RRID: AB_10670878

anti-human/mouse Ki67-Alexa647 BD Pharmingen 558615; RRID: AB_647130

anti-mouse RORgt-APC eBioscience 17-6988-82; RRID: AB_10609207

anti-mouse/human Tbet-PE eBioscience 12-5825-82; RRID: AB_925761

anti-Foxp3 (for WB) eBioscience 14-4774-80; RRID: AB_467551

anti-ATG7 (for WB) Cell Signalling 2631; RRID: AB_2227783

anti-Beclin1 (for WB) Cell Signalling 4122; RRID: AB_11178656

anti-Tbet (for WB) eBioscience 14-5824-82; RRID: AB_763637

anti-FOXO3 (for WB and IP) Cell Signalling 2497; RRID: AB_836876

anti-phospho-FOXO3 S253 (for WB) Cell Signalling 9466; RRID: AB_2106674

anti-phospho-FOXO3 T32 (for WB) Cell Signalling 9464; RRID: AB_329842

anti-ERK (for WB) Cell Signalling 4695; RRID: AB_390779

anti.phospho-ERK T202/204 (for WB) Cell Signalling 4370; RRID: AB_2315112

anti-LC3 (for WB) Cell Signalling 3868; RRID: AB_2137707

anti-phospho-AKT T308 (for WB) Cell Signalling 4056; RRID: AB_331163

polyclonal anti-Ambra1 (for IF) Covalab 0224

monoclonal anti-FOXO3 (for IF) Sigma WH0002309M3; RRID: AB_1841675

monoclonal anti-FOXP3 (for IF) (FJK-16s) eBioscience 14-5773-82; RRID: AB_467576

Alexa Fluor 488 anti-mouse Molecular Probes R37120; RRID: AB_2556548

Alexa Fluor 555 anti-mouse Molecular Probes A21422; RRID: AB_141822

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cy3 anti-rabbit Jackson IR 111-165-144; RRID: AB_2338006

anti-Foxp3 rabbit polyclonal (for IHC) Abcam 54501

anti-CD3 rabbit monoclonal SP7 (for IHC) Abcam ab16669; RRID: AB_443425

HRP-Goat Anti-Rabbit antibody Perkin Elmer NEF812001EA

HRP-Biotinylated Secondary Antibody Novocastra (Leica) RE7103; RRID: AB_876940

biotin-conjugated goat anti-mouse secondary antibody Perkin Elmer NEF823001EA

Biological Samples

Human Peripheral Blood Mononuclear Cells (from Buffy Coat) Human Donors Volounteers N/A

Chemicals, Peptides, and Recombinant Proteins

anti-CD3/anti-CD28 coated Dynabeads Life Technologies 11131D

Human IL2 Roche 11-147-528-001

Human TGF-b R&D System 240-B

Lipofectamine 2000 Thermo Fisher 11668019

MG-132 Sigma M7449

CCL19 R&D System 440-M3-025/CF

CCL21 R&D System 457-6C-025/CF

Cycloheximide Sigma C4859

chloroquine Sigma C6628

Bafilomycin Sigma SML1661

sulfate latex beads Thermo Fisher S-37227

Protein G dynabeads Thermo Fisher 10004D

PP2Ac recombinant protein Cayman Chemical 10011237

SuperScript II Reverse Transcriptase Thermo Fisher 18064014

CFSE eBioscience 65-0850-84

eFluor670 Cell Proliferation Dye eBioscience 65-0840-85

Lipopolysaccharide Sigma L4005

Percoll GE Healthcare GE17-0891-01

myelin oligodendrocyte glycoprotein p35–55 Epsikem EPK1

pertussin toxin Sigma P7208

Vulcan Fast Red Biocare Medical FR805

DAB chromogen Biocare Medical DB801

HRP-streptavidin Perkin Elmer NEL750001EA

TSA Cyanine 3 Tyramide Reagent Pack Perkin Elmer SAT704A001EA

Critical Commercial Assays

Foxp3 Transcription Factor Staining Buffer Kit eBioscience A25866A

RNeasy Micro Kit Qiagen 74004

CD4+ T cell Isolation Kit Miltenyi 130-104-454

CD25+ Microbeads Miltenyi 130-091-072

RosetteSep Human T cell enrichment cocktail Stemcell 15061

Experimental Models: Cell Lines

Jurkat cell line Laboratory stock N/A

HeLa cell line Laboratory stock N/A

MC38 cell line A kind gift from Dr. Silvia Piconese

(Dipartimento di Medicina Interna

e Specialità Mediche, University

of Rome La Sapienza, Italy)

N/A

Experimental Models: Organisms/Strains

c57BL/6 Ambra1 fl/fl Lck:cre This paper N/A

c57BL/6 Ambra1 gt/+ Cianfanelli et al. (2015) N/A

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Francesco Cecconi (cecconi@cancer.dk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Peripheral blood samples were purified from buffy coats of healthy adult (range 20-65 years of age) volunteer blood donors (indepen-
dently of sex) under procedures approved by ethical committee from Policlinico Tor Vergata (Rome), including informed consensus
for research purpose, by density gradient over Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala, Sweden) according to stan-
dard procedures, as previously described (Cencioni et al., 2015). Briefly, blood cells were incubated with RosetteSep Human T cell
enrichment cocktail antibody mix (StemCell) and unlabeled T cells were isolated by density gradient over Ficoll-Hypaque, with
centrifugation for 20min at 1200rcf. Then T cells have been collected, washed and further processed by Cell Sorting to isolate naı̈ve
cells (as detailed below).

C57BL/6 Lck:Cre transgenic mice purchased from Jackson Laboratory were crossed with C57BL/6 Ambra1 floxed mice, a new
line generated in our laboratory, to generate KO Ambra1 fl/fl Lck:Cre mice (indicated as fl/fl cre+ in the Figures) and control Ambra1
fl/fl mice (fl/fl). Ambra1 gt/+ line was already present in our animal facility (see ‘‘Cianfanelli et al., 2015’’). All mice were bred and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

shRNA against Ambra1 Sigma SHCLNV-NM_017749

shRNA against Atg7 Sigma SHCLNV-NM_006395

shRNA against Beclin 1 Sigma SHCLNV-NM_003766

shRNA scramble Sigma SHC202V

siRNA Ambra1

5’-GGCCUAUGGUACUAACAAAUU-3’

5’-UUUGUUAGUACCAUAGGCCUU-3’

This paper N/A

Foxp3 Taqman probe Applied Biosystems Hs01085834_m1

Tbet Taqman Probe Applied Biosystems Hs00203436_m1

RORc Taqman Probe Applied Biosystems Hs01076112_m1

Foxo3 Taqman Probe Applied Biosystems Hs00921424_m1

ribosomal protein L34 Taqman Probe Applied Biosystems Hs00241560_m1

primers for Ambra1 amplification RT-PCR

Fw: 5’-AACCCTCCACTGCGAGTTGA-3’

Rw: 5’-TCTACCTGTTCCGTGGTTCTCC-3’

This paper N/A

Recombinant DNA

pLPCX-b-Gal Cianfanelli et al. (2015) N/A

pLPCX-AMBRA1-WT Cianfanelli et al. (2015) N/A

pLPCX-AMBRA1-PXP Cianfanelli et al. (2015) N/A

pCDNA3-FOXO3a-TM-HA This paper N/A

Software and Algorithms

Adobe Illustrator CS6 Adobe System www.adobe.com

ImageJ2 NIH https://imagej.nih.gov/ij/

ZEN 2009 Light edition software Zeiss www.zeiss.com

FlowJo vX.0.7 FlowJo, LLC www.flowjo.com

Other

High Performance Cell Sorting (MoFlo) Beckman Coulter N/A

Neon Transfection System Thermo Fisher N/A

Zeiss LSM 700 Zeiss N/A

BD Accuri C6 Flow Cytometer BD Bioscience N/A

BD FACSCanto II Flow Cytometer BD Bioscience N/A

LightCycler 480 Roche N/A

Transwell Assay 24-well Multiwell 3mm-pores Corning Costar 3415
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maintained under conventional conditions at Plaisant Srl (Castel Romano) and IRCCS Fondazione Santa Lucia Animal Facilities. They
were kept in cages of no more than 5-6 mice each, divided by sex, under 12h/12h light/dark cycle, with standard temperature,
humidity and pressure conditions according to FELASA guidelines. Small red squared mice house and paper were used for cage
enrichment. From breeding until weaning a specific food (richer in fat and protein than the standard one used for maintenance)
were used in all cages. Mice health were monitored daily by veterinary staff and health analysis for pathogens were performed every
three months according to FELASA guidelines. Weaning was performed not earlier than 28 post-natal days. For all the experiments,
mice were sacrificed by neck dislocation at 2-3 months of age. Male mice have been used for studies with tumors, while female mice
for EAE experiments. All other experiments were performed on mice independently of sex. Blood has been collected from heart
ventricles by syringe needle or from submandibular plexus. All efforts weremade tominimize animal suffering and to reduce the num-
ber of mice used, in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC). The mice
protocols have been approved by the IRCCS Fondazione Santa Lucia and the Plaisant Srl Ethical Committees as well as by the Italian
Ministry of Health (Authorizations #459/2015-PR and #84/2014-B). They have been written following both the ARRIVE Guidelines,
and the numeric details have been chosen following the criteria described in The National Centre for the Replacement, Refinement
and Reduction of Animals in Research (NC3Rs) (http://www.nc3rs.org.uk/).
Jurkat cell line has been cultured in complete RPMI 1640 medium (Gibco) supplemented with 10% Fetal Bovine Serum (Gibco),

2mM L-glutamine, 100U/ml penicillin/streptomycin, 1x Gibco MEM Non-essential amino-acids and 1mM Sodium pyruvate (Thermo
Fisher).
HeLa cell line has been cultured in complete DMEM medium (Gibco) supplemented with 10% Fetal Bovine Serum (Gibco) and

100U/ml penicillin/streptomycin solution.
Murine T cells have been cultured in complete RPMI 1640 medium (Gibco) supplemented with 10% Fetal Bovine Serum (Gibco),

2mM L-glutamine, 100U/ml penicillin/streptomycin, 1x Gibco MEM Non-essential amino-acids, 1mM Sodium pyruvate, 100mg/ml
Gentamycin and 55mM beta-mercaptoethanol (Thermo Fisher).
MC38 tumor cells have been cultured in complete DMEM medium (Gibco) supplemented with 10% Fetal Bovine Serum (Gibco),

2mM L-glutamine, 100U/ml penicillin/streptomycin, 1x Gibco MEM Non-essential amino-acids,1mM Sodium pyruvate and 55mM
beta-mercaptoethanol (Thermo Fisher).

METHOD DETAILS

Cell Isolations
Human or murine naive CD4+ T cells were isolated by high performance cell sorting (MoFlo) from human peripheral blood mononu-
clear cells (PBMC) or mouse spleens, respectively. The human CD4+ CD45RA+ CD27+ fraction was sorted using anti-human
CD4-FITC, anti-human CD45RA-PE and anti-human CD27-APC (all Miltenyi). The murine CD4+ CD62Lhigh CD44low fraction was
sorted using anti-mouse CD4-FITC, anti-mouse CD62L PE and anti-mouse CD44 APC (eBioscience).

Cell Culture, Lentiviral Infection and Transfection
Human naı̈ve CD4+ T cells were cultured in X-VIVO and stimulated in the presence of anti-CD3/anti-CD28 coated Dynabeads (Life
Technologies) and 10 ng/ml IL-12 (Th1); 10 ng/ml IL-2 and 2 ng/ml TGF-b (Treg) or in the absence of cytokines (Th0) for 5 days.
AMBRA1 was downregulated by infection with a lentiviral construct expressing a shRNA against AMBRA1 (Sigma) and polarized
as described. Mouse CD4+ T cells were cultured in RPMI and stimulated in the presence of anti-CD3/anti-CD28 coated Dynabeads
(Life Technologies) and 2,5 ng/ml human-TGF-b.
HeLa cells were transfected with Lipofectamin2000 (Life Technologies) according to the manufactures’ protocol with a siRNA

against AMBRA1 or with the following vectors: pLPCX-b-Gal, pLPCX-AMBRA1-WT; pLPCX-AMBRA1-PXP.
HeLa cells were treated with the proteasome inhibitor MG-132 (5 mM) or the ribosomal inhibitor Cycloheximide for the indicated

time periods.
Human peripheral blood T cells have been polarized under Treg conditions and treated or not with lysosomal inhibitor 50nM

chloroquine or 50nM Bafilomycin for 1 hour before protein extraction for western blot analysis.
Jurkat cells have been electroporated with a specific siRNA against Ambra1 and with pCDNA3-FOXO3a-TM-HA plasmid (after

24 hours) using Neon Transfection System (Thermo Fisher), followingmanufacturer instructions. After 6 hours, Jurkat cells were stim-
ulated at 1:1: ratio with anti-CD3/CD28 (eBioscience)-coated latex beads (Invitrogen) for 16 hours and then processed for FOXP3
expression (flow cytometry) and AMBRA1 and HA levels (western blot).

Flow Cytometry
All plots shown are on populations gated on lymphocytes by forward and side scatter. For intracellular staining the FOXP3 staining kit
(eBioscience) was used. Cells were stained with the following antibodies: anti-human CD4, anti-human CD25, anti-human FOXP3,
anti-human Interferon-g, anti-human Interleukine-17 (Miltenyi), anti-mouse CD4, anti-mouse CD8, anti-mouse Foxp3, anti-mouse
CD25, anti-mouse Helios, anti-mouse Nrp1, anti-mouse CD39, anti-mouse CD73, anti-mouse CCR7, anti-mouse CXCR4, anti-
mouse RORgt and anti-mouse Tbet (Biolegend) and anti-human/mouse ki67 (BD Pharmingen). Samples were analysed using BD
Accuri C6 or FACSCanto II cytometers (BD Bioscience) and analysed using FlowJo vX.0.7 software.
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Transwell Assay
5 x 105 thymocytes have been starved from serum for 2 hours in Basal Medium (RPMI complete medium without FBS, BSA added at
final 0.1% concentration) and then plated in 100ml of Basal Medium in the upper chamber of 3mm-pore transwell assay chambers
(Corning). The lower chamber has been filled with 600ml of Basal Medium containing CCL19 and CCL21 chemokines at 50nM
(R&D System). Cells have been allowed tomigrate for 2 hours and then quantified with BDAccuri C6 cytometer (gating on CD8-CD4+-

CD25+ cells). Migration index indicates the number of migrated cells (corrected for initial cell number) relative to the amount of control
(fl/fl) migrated ones.

Western Blot and In Vitro Phosphatase Assay
Total cell lysates and western blots were performed as previously described (Cianfanelli et al., 2015). Briefly, cells were lysed with
RIPA buffer (10 mM Tris-Cl pH 8.0; 1 mM EDTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS;140 mM NaCl; including
protease and phosphatase inhibitor cocktail fromThermo Scientific), denatured usingNuPage LDSSample Buffer (Themro Scientific)
and heated at 95"C for 5min. The following primary antibodies were used: anti-AMBRA1 (SDIX, Millipore), anti-FOXP3, anti T-BET
(both e-Bioscience), anti-FOXO3, anti-phospho-FOXO3 S253, anti-LC3, anti-phospho-AKT T308 (all Cell Signaling), anti-HA (Thermo
Fisher), anti-ACTIN.

Endogenous FOXO3 substrate was isolated from amammalian system (Jurkat cells) to ensure proper phosphorylation status. Cells
were lysed in phosphatase assay buffer (50mM Hepes, pH 7.5, 100 mM NaCl, 2 mM MgCl2, 1 mM dithiothreitol (DTT) and 0.5%
NP-40) supplemented with protease and phosphatase inhibitors. FOXO3a was immunoprecipitated with Anti-FOXO3 antibody
(cat num 2497, Cell Signaling) and then incubated with Protein G dynabeads (Thermo Fisher Scientific), subsequently PP2Ac recom-
binant protein (Cayman chemical) was added.

Immunocytochemistry
Cells were washed in PBS and fixed with 4% formaldehyde in PBS for 15 min, permeabilized with 0.4% Triton X-100 for 10 min,
blocked in 3% Normal goat serum and incubated over-night at 4 degrees using the following primary antibodies: polyclonal anti-
AMBRA1 (Covalab 0224), monoclonal anti-FOXO3 (Sigma) and monoclonal anti-FOXP3 (eBioscience) and finally labelled with
anti-mouse (Alexa Fluor 488, Molecular Probes, Eugene, OR) or anti-rabbit (Cy3, Jackson ImmunoResearch, West Grove, PA) sec-
ondary antibodies. Nuclei were stained with DAPI and examined under a Zeiss LSM700 100x oil-immersion objective.We used ‘‘ZEN
2009 Light edition’’ software and ImageJ for image analysis. All analyses were performed in non-saturated single z-confocal planes.

Real-Time PCR
RNA was extracted using the RNeasy Micro Kit (Qiagen) according to the manufactures protocol. A mixture containing random
hexamers, oligo(dT) (Promega) and SuperScript II Reverse Transcriptase (Invitrogen) was used for cDNA synthesis. Transcripts
were quantified by real-time quantitative PCR on a LightCycler 480 (Roche) with Applied Biosystems predesigned TaqMan Gene
Expression Assays and Absolute QPCR ROX mix (Thermo Fisher Scientific). The following probes were used (Applied Biosystems
assay identification numbers in parentheses): FOXP3 (Hs01085834_m1), T-bet (Hs00203436_m1), RORc (Hs01076112_m1),
FOXO3 (Hs00921424_m1). For each sample, mRNA abundance was normalized to the amount of ribosomal protein L34
(Hs00241560_m1).

Suppression Assay
Murine T cells have been isolated from spleen and purified using Miltenyi CD4+ T cell Isolation Kit and Miltenyi CD25+ Microbeads to
isolate CD4+ CD25- T cells (Tconv) andCD4+ CD25+ T cells (Treg cells). Tconvs have been pre-treatedwith CFSE (eBioscience) for 30min
and Treg cells with eFluor670 Cell Proliferation Dye (eBioscience). Then Tconvs have been cultured for up to 3 days in 96w plate at 1:1
ratio with anti-CD3/CD28 coated latex beads (Invitrogen) plus IL2 and in presence or not of Treg cells at 1:1 ratio. CFSE fluorescence
have been analysed at 1 and 3 days from initial stimulation. The Cell Division Index (i.e. the mean number of cell divisions in each
condition) has been calculated according to FlowJo Software procedure.

LPS Infection
2 months-old mice have been injected i.p. with 200 mg of lipopolysaccharide (LPS). Then after 4 days mice have been sacrificed and
cells isolated from spleen for cytofluorimetric analysis. When indicated, WT mice have been previously injected i.v. with 2*10^6
purified naı̈ve CD4+ CD25- T cells (Miltenyi CD25+ Microbeads) labelled with either CFSE or eFluor670 Cell Proliferation dyes (eBio-
science) and then immediately injected i.p. with LPS.

Tumor Model
5 x 10^5MCA38 cells were injected subcutaneously into the right flank of two-month old c57BL6malemice. After 18 days, micewere
sacrificed and tumors, together with inguinal lymph nodes were collected. Tumor size was recorded as longest diameter3 (shortest
diameter)2 (in cubic millimeters). Tumor tissue were mechanically dissociated over 70mm-cell strainers, and mononuclear cells were
enriched from tumor-derived cell suspensions by 40% - 80% Percoll (GE Healthcare) density gradient, by collecting cells at the
interface between 40% and 80% Percoll solution. T cells were extracted from lymph nodes as previously described.
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Mice and EAE Induction
8 weeks old mice were sacrificed by neck dislocation and T cells have been isolated from spleen, inguinal lymph nodes and thymus
for cytofluorimetric analyses.
EAE was induced in 8 weeks old female c57BL6 Ambra1gt/+ or c57BL6 wild-type mice or in 12 weeks old female c57BL6

Ambrafl/fl:cre or control c57BL6 Ambrafl/fl mice by active immunization with myelin oligodendrocyte glycoprotein p35–55
(MOG(35–55)) as previously described (Mandolesi et al., 2012). Animals were scored daily for clinical symptoms of EAE, according
to the following scale: 0, no clinical signs; 1, flaccid tail; 2, hind limb weakness; 3, hind limb paresis; 4, complete bilateral hind
limb paralysis; 5, death.
For cytofluorimetric analysis, immune infiltrates have been isolated from brain and spinal cord of EAE mice by centrifugation on a

Percoll 35% - 70% gradient.

Evaluation of Neuropathology in EAE Mice
At the time of sacrifice, mice were transcardially perfused with 4% paraformaldehyde. Spinal cords were removed and post-fixed in
the same fixative for 2-4 h, washed in PBS, and then embedded in paraffin or post-fixed o.n. in the same fixative, cryopreserved in
sucrose 30% for 24 hours and then included in OCT solution. Tissue sections were cut at 4 mm on a microtome or at 12 mm with the
cryostat and stained for histological examination. Haematoxylin and eosin staining were used to reveal perivascular inflammatory
infiltrates, Kluver Barrera staining was used to reveal demyelinated areas, and Bielschowsky staining was used to detect axonal loss.

Immunohistochemistry and Immunofluorescence
Immunohistochemical staining was performed on spinal cord slides, in order to evaluate FoxP3 (anti-Foxp3 rabbit polyclonal ab,
54501, Abcam) and CD3 (anti-CD3 rabbit monoclonal ab, clone SP7, Abcam) expression. Paraffin slides have been deparaffinized
in xylene and rehydrated through graded alcohols. Antigen retrieval has been performed with slides heated in 0.01 M citrate buffer
(pH 6.0) in a bath for 20 min at 97"C. After antigen retrieval, the slides were allowed to cool, rinsed with TBS and the endogenous
peroxidase was inactivated with 3% hydrogen peroxide. After protein block (BSA 5% in PBS 1x), every slide has been incubated
with specific primary antibody. The sections have been rinsed in TBS and incubated for 1 hour with respectively Goat Anti-Rabbit
antibody (Alkaline Phosphatase-conjugated) for FoxP3 and Novocastra Biotinylated Secondary Antibody (HRP-conjugated) for
CD3 and visualized with Vulcan Fast Red and DAB chromogen respectively. Finally, the sections were counterstained with haema-
toxylin and mounted. For each sample, positive cells were counted evaluating at least five fields at 400x magnification in each
sample.
For FOXP3 immunofluorescence, spinal cord slices were washed, permeabilized in 0.4% Triton/PBS for 30 minutes, blocked in

0.5% BSA/0,5% Casein in TN Buffer (hereafter ‘‘blocking buffer’’) for 1h and incubated overnight at 4"C with a mouse anti-FOXP3
antibody (eBioscience) 1:100 in blocking buffer. Immunodetection was performed with a goat anti-mouse AlexaFluor488 antibody
1:1000 in blocking buffer (2h room temperature). Nuclei were counterstained in DAPI 0.5 mg/ml.
CD3 required an amplification step to be properly detected by immunofluorescence. Briefly, slides were treated with 0,3%H202 in

TN buffer for 1 h, blocked for 1h in blocking buffer then incubated overnight at 4"Cwith amouse anti-CD3 antibody (Biolegend) 1:50 in
blocking buffer. Slides were subsequently incubated 1h with a biotin-conjugated goat anti-mouse secondary antibody (Perkin Elmer)
1:1000 in blocking buffer, treated for 30 min with HRP-streptavidin (1:250 in blocking buffer, Perkin Elmer) and processed with a Cy3
tyramide solution (Perkin Elmer) for 10 min. Nuclei were counterstained as indicated above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis has been performed using paired or unpaired student T-test (two groups) or with one-way and two-way ANOVA
(multiple groups). Wilcoxon Signed Rank Test have been used for qPCR data. Data are shown asmean ± SEMor SD or as dot density
plot (mean value indicated by black horizontal bar).

DATA AND SOFTWARE AVAILABILITY

No datasets or software have been generated in this study.
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ABSTRACT

The efficacy of Ataxia-Telangiectasia Mutated (ATM) kinase signalling inhibition 
in cancer therapy is tempered by the identification of new emerging functions of ATM, 
which suggests that the role of this protein in cancer progression is complex. We 
recently demonstrated that this tumor suppressor gene could act as tumor promoting 
factor in HER2 (Human Epidermal Growth Factor Receptor 2) positive breast cancer. 
Herein we put in evidence that ATM expression sustains the proportion of cells 
with a stem-like phenotype, measured as the capability to form mammospheres, 
independently of HER2 expression levels. Transcriptomic analyses revealed that, 
in mammospheres, ATM modulates the expression of cell cycle-, DNA repair- and 
autophagy-related genes. Among these, the silencing of the autophagic gene, 
autophagy related 4C cysteine peptidase (ATG4C), impairs mammosphere formation 
similarly to ATM depletion. Conversely, ATG4C ectopic expression in cells silenced 
for ATM expression, rescues mammospheres growth. Finally, tumor array analyses, 
performed using public data, identify a significant correlation between ATM and ATG4C 
expression levels in all human breast cancer subtypes, except for the basal-like one.

Overall, we uncover a new connection between ATM kinase and autophagy 
regulation in breast cancer. We demonstrate that, in breast cancer cells, ATM and 
ATG4C are essential drivers of mammosphere formation, suggesting that their 
targeting may improve current approaches to eradicate breast cancer cells with a 
stem-like phenotype.

INTRODUCTION

The cancer stem cell hypothesis proposes that 
cancers arise from and are maintained by a small 
population of cancer-initiating cells residing within tumor 
mass. These cells are characterized by the re-expression 
of stem cell markers and self-renewal potential, and 
have therefore been named cancer stem cells (CSCs) or 
more exactly cancer stem-like cells. [1]. In recent years, 
CSCs have been identified in multiple cancers, including 

breast cancer, and they were shown to be particularly 
resistant to conventional anticancer therapy, which may 
contribute to treatment failure and tumor relapse [2]. 
The fate of cancer stem cells is determined by the “stem 
cell niche” in the tumor, which comprises stromal cells, 
cytokines, and growth factors. Moreover this niche is 
characterized by starvation and hypoxic conditions that 
are considered critical niche factors to promote invasive 
growth of tumors. The observation that CSCs have a 
specific regulation by the microenvironment suggests the 
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presence of a peculiar metabolic demand and a specific 
response to environmental stresses in these cells compared 
to the bulk tumor [3]. Molecular mechanisms involved in 
their regulation, maintenance and resistance to therapies 
are peculiar and specific for this subpopulation of cells in 
the tumor and so targeting strategies for the destruction 
of CSCs specific signalling pathways provides a novel 
opportunity for cancer research [3].

Ataxia-Telangiectasia Mutated (ATM) is a 
multifunctional kinase that plays complex and controversial 
roles in cancer. ATM is historically considered a tumor 
suppressor gene for its central role in the DNA damage 
response (DDR) [4, 5]. Indeed, this kinase is considered 
as a good target for cancer therapies and, consistently with 
its DDR function, also drives the therapeutic resistance of 
CSCs [6-8]. We have recently identified ATM as a promoter 
of HER2 tumorigenicity in breast cancer [9], suggesting a 
dual function of ATM in cancer. In particular, we showed 
that abrogating ATM function significantly impaired 
HER2-dependent tumorigenicity in vitro and in vivo also 
uncovering a novel cancer-related function of ATM as 
regulator of HER2 receptor stability [9]. Importantly, 
ATM plays non-nuclear functions in addition to the DDR 
signalling that may contribute to its dual, opposing role in 
cancer [6-8]. The emerging role of ATM in the regulation 
of autophagy is intriguing [10-12], although its impact on 
cancer progression has been poorly investigated so far. 
Interestingly, by using Atm-/-Becn1+/- mice model, it was 
demonstrated that the genetic inactivation of the autophagic 
gene Beclin 1 results in a significant delay of lymphoma and 
leukaemia onset normally occurring in Atm-deficient mice, 
due to the rescue of mitochondrial abnormalities and not 
of the DDR [13]. This observation supports the hypothesis 
that ATM kinase and autophagy could talk each other in the 
regulation of cancer progression.

The role of autophagy in carcinogenesis remains 
elusive. Autophagy may promote or counteract tumor 
initiation and progression depending on the specific 
context [14]. Recent evidence support the idea that 
autophagy could act as a cytoprotective process to 
augment CSC survival under conditions of nutrient or 
growth factor starvation, metabolic stress, and hypoxia 
within the “stem cell niche” in the tumor [15, 16]. 
Consistently, autophagy is an important driver of stem-
like phenotype in breast cancer [17-19] and autophagic 
genes such as ATG4A and Beclin 1 play a role in breast 
(B)CSC maintenance, further supporting the idea that 
BCSCs employ autophagy for promoting their survival 
and growth [18, 19].

Overall these evidences led us to investigate the role 
of ATM kinase in the regulation of the stem-like phenotype 
in breast cancer. Herein, we utilised the preparation of 3D 
spheroid cultures, also known as “mammospheres” [20], as 
functional assay to enrich for a population of cells with a 
stem-like phenotype to investigate the role of ATM in the 
regulation of Breast Cancer Stem-like cells. Our results give 

novel insights into the molecular mechanisms underlying 
mammosphere formation attributing a previously 
unrecognised role in this process to the crosstalk between 
ATM kinase and ATG4C autophagic gene in breast cancer 
progression.

RESULTS

ATM expression determines the ability to form 
mammospheres and promotes breast cancer-
stem like phenotype

Recent works suggest that HER2 is a driver 
of cancer stem-like phenotype in luminal estrogen 
receptor-positive (ERp) breast cancers, in the absence 
of HER2 gene amplification, and in breast cancers 
with amplification of HER2 receptor [21, 22]. In order 
to analyse the impact of ATM kinase on formation of 
cells with a stem-like phenotype in breast cancer, we 
choose as cancer model system: 1) mammospheres 
derived from luminal estrogen receptor-positive HER2-
low breast cancer cell line (MCF7); 2) mammospheres 
derived from luminal estrogen receptor-positive HER2-
overexpressing breast cancer cell line (MCF7-HER2). To 
avoid off-target effects, ATM expression was genetically 
downregulated by two specific shRNA interference in both 
cell lines, using lentiviral vectors, (Figure 1A) and in vitro 
mammospheres formation was assayed by measuring the 
ability to grow in low serum and anchorage independent 
conditions [20] (Figure 1B). In these experiments, we 
observed that the downregulation of ATM led to a decrease 
in mammospheres number and size in both MCF7 cell 
lines with the two ATM target sequences (Figure 1B). 
On average, 200 mammospheres formed from 8000 
MCF7 cells (~2,5% of Sphere Forming Efficiency, SFE) 
seeded under serum-free suspension conditions and 
400 mammospheres formed from 8000 MCF7-HER2 
cells (~5 %, SFE) (Figure 1B), which is in accordance 
with the crucial role of HER2 receptor as promoter of 
mammospheres formation. Interestingly, the silencing of 
ATM caused a ~50% reduction in mammospheres number 
and diameter in both cell lines (Figure 1B). In addition 
to sphere formation, the colony formation capacity 
of dissociated mammospheres seeded in 2D adherent 
plate was analysed. As shown in Figure 1C, silencing 
of ATM expression significantly reduced the number of 
colonies grown in both cell lines. It is well established 
that, cells grown as mammospheres, compared to cells 
grown in adherent conditions, significantly upregulate 
the expression of genes driving the stem like phenotype 
[23]. In line with this observation, we could show that 
the expression of HER2 and of several stem cell markers 
such as SRY-box 2 (SOX2), POU class 5 homeobox 1 
(POU5F1; best known as OCT4) and Nanog homeobox 
(NANOG) was elevated in mammospheres, derived from 
both cell lines, compared to adherent cells (Figure 2A). 



Oncotarget21694www.impactjournals.com/oncotarget

Similarly, the level of ATM mRNA was upregulated in 
mammospheres, when compared to adherently cultured 
cells (Figure 2A). However, the selective silencing of ATM 
expression, with both target sequences using lentiviral 
vectors, resulted in the impairment of SOX2 , but not of 
OCT4 and NANOG mRNA expression in mammospheres 
(Figure 2B).

To further investigate the role of ATM expression 
in driving the stem-like phenotype in breast cancer, we 
evaluated, by flow cytometry, the percentage of aldehyde 
dehydrogenase (ALDH) activity-positive cell population 
in our cell lines; indeed ALDH activity is validated as 
a well-known marker of the sub-population of cells 
with stem-like characteristics [24]. Consistently with 
previous reports [10], HER2 overexpression enhanced 
ALDH activity (Figure 2C) [10]. More interestingly, 
we could show that the genetic downregulation of ATM 
expression, with both shRNA sequences, resulted in the 
reduction of ALDH activity in both cell lines (Figure 2C 
and Supplementary Table 1). Overall, while these data 
indicate a role of ATM expression in the modulation of 
mammospheres formation, probably this is independent 
of HER2 expression levels. They also suggest that ATM 
exerts a mild effect on the expression of stemness markers.

Identification of ATM-dependent regulated gene 
set in mammospheres

To further uncover the molecular mechanism 
involved in ATM-mediated regulation of mammospheres 
formation, we performed a gene expression analysis. We 
used two different RNA interference sequences targeting 
ATM and we performed the experiment as biological 
triplicate: three independent lentiviral infections were 
carried out on both cell lines (MCF7 and MCF7-HER2) 
silenced or not for ATM, grown as mammospheres. 
Microarray based expression profiling, pooling all the 
experiments, revealed that 550 probes for MCF7 and 196 
probes for MCF7-HER2 were significantly expressed in 
mammospheres derived from cells silenced for ATM in 
a differential fashion compared to those obtained from 
control cell lines, interfered with shGFP (Figure 3A). As 
ATM impairs mammospheres formation independently 
of HER2 expression (Figure 1), we focused our analysis 
on the differential expression of 115 genes intersected in 
MCF7 and MCF7-HER2, which are downregulated or 
upregulated upon ATM expression silencing (Figure 3A). 
We hypothesized that these genes could be responsible for 
ATM-dependent reduction of mammospheres formation 
irrespective of HER2 expression levels. Functional 
annotation of these 115 genes using DAVID (Database 
for Annotation, Visualization and Integrated Discovery) 
revealed that they are mainly associated to mitosis, 
regulation of protein kinase, cell cycle, DNA repair and 
cell death (Figure 3B). In Supplementary Table 2, we 
selected the first 10 upregulated and first 10 downregulated 

genes in mammospheres shATM versus shCTR, involved 
in these pathways (Supplementary Table 2). Validation 
of the expression pattern of 9 genes (4 upregulated and 
5 downregulated), from our 20 selected genes, obtained 
by microarray analysis was performed by qRT-PCR 
(Figure 3C and Supplementary Figure 1A-1B). In all 
cases, the trend of fold change of expression identified 
in the microarrays studies was confirmed by qRT-PCR 
experiments (Figure 3C). Interestingly, when we compared 
the expression of our selected genes in mammospheres 
with respective adherent parental cell lines, we observed 
that silencing ATM in mammospheres resulted in an 
expression profile more similar to that of adherent parental 
cells, supporting the idea that ATM expression could 
modulate essential genes involved in mammospheres 
formation (Supplementary Figure 1A-1B) [19].

Autophagic gene ATG4C promotes 
mammospheres formation

It was recently reported that some autophagic 
regulator genes, such as Beclin-1 and ATG4A, modulated 
the autophagic flux in mammospheres derived from 
MCF7 cells, and that the deregulation of this feature 
impaired mammospheres forming capacity [18, 19]. 
By analyzing our microarray and qRT-PCR expression 
data, we observed that the expression of the autophagic 
gene ATG4C was significantly downregulated in 
mammospheres interfered for ATM expression, compared 
to control ones (Supplementary Table 2 and Figure 3C). 
Moreover, ATG4C mRNA expression was upregulated 
in cells grown as mammosphere compared to the ones 
grown in adherent conditions (Supplementary Figure 1A). 
Overall, these data suggest that ATG4C may promote 
mammospheres formation.

To further validate our hypothesis we downregulated 
ATG4C expression by specific RNA interference selective 
for this isoform (Figure 4A and Supplementary Figure 
2C). Remarkably, we could show that the downregulation 
of ATG4C expression impairs mammospheres forming 
ability (Figure 4B), similarly to what previously observed 
upon ATM expression silencing (Figure 1A-1B). ATG4C 
is one on the four members of ATG4s protease family 
(including ATG4A, B, C and D); the family members share 
similar structure but have very well established different 
functions [25]. Recently, ATG4A has been identified as a 
modulator of mammospheres formation [18]. Accordingly, 
we could show that the expression of all ATG4 family 
members is enhanced, although to different extent, in 
mammospheres compared to adherent cells. Importantly 
ATG4A was the ATG4 family members most strongly up 
regulated in our models (Figure 5A). More interestingly, 
ATM does not affect the mRNA levels of ATG4A, B and 
D neither in MCF7 nor in MCF7-HER2 cells (Figure 5B) 
driving the conclusion that ATM selectively impinges on 
ATG4C expression.
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Figure 1: ATM expression promotes mammospheres formation. MCF7 and MCF7-HER2 breast cancer cell lines were 
infected with lentivirusexpressing two different RNA interference for ATM (shATM #1 and shATM #3) or a control sequence (shGFP). 
A. Representative Western Blot analysis of ATM and HER2 protein levels in mammospheres (MS); GAPDH was used as loading control 
(upper panel). The graph represent quantification of ATM protein levels and it was determined using the ImageJ software. Results are 
indicated as mean±s.d. for three independent experiments B. Single cells were plated in ultralow attachment plates as described in 
Materials and methods section, so that cells with stem cell properties were allowed to grow as non-adherent spheroids (mammospheres). 
Images of the mammospheres were captured on day 7. Representative phase-contrast images of mammospheres are shown. Bars denote 
50 µm. Numbers of the mammospheres (diameter>50 µm) were counted, and the % of Sphere Forming Efficiency (%SFE) was calculated 
based on the numbers of cells that were initially seeded as mean±s.d. for three independent experiments performed with both targeting 
sequences for ATM (shATM#1 and shATM#3). The diameter of mammosphere (in µm) was quantified using I.A.S software (Delta Sistemi, 
Italy). C. Mammospheres were dissociated by trypsin digestion and 600 cells/well were seeded in 6-well plates in differentiating media 
(mammospheres medium + 5% FBS serum). Colony formation was assessed 7 days later and stained with MTT (left panel). The number of 
colonies are expressed as mean±s.d. for three independent experiments performed with both targeting sequences for ATM (shATM #1 and 
shATM #3) . Student’s t-test **P<0.01, ***P<0.001) (right panel).
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Figure 2: ATM expression promotes stem-like phenotype. A. The expression of HER2, ATM and SOX2, OCT4 and NANOG 
mRNA levels in non-infected Mammospheres (MS) and Adherent (Adh) cells was investigated using by quantitative Real-Time PCR. 
Relatives quantities (RQ) were calculated to TBP (TATA-box Binding Protein) and are relative to MCF7 adherent parental cells (Adh). 
Results are expressed as the mean±s.d. for at least three independent experiments and analyzed using Student’s t-test (*P<0.05, ***P<0.001). 
B. The expression of SOX2,OCT4 and NANOG mRNA levels was investigated as in infected Mammospheres (MS) with lentivirus 
expressing control interference (shGFP) or shATM. C. Indicated cells were assayed for ALDH activity utilizing the ALDEFLUORTM 
assay (STEMCELLTM TECHNOLOGIES). Cells incubated with ALDEFLUOR substrate (BAAA) and the specific inhibitor of ALDH, 
diethylaminobenzaldehyde (DEAB), were used to establish the baseline fluorescence of these cells (R1) and to define the ALDEFLUOR-
positive region (R2). Incubation of cells with ALDEFLUOR substrate in the absence of DEAB (DEAB-) induces a shift in BAAA 
fluorescence defining the ALDEFLUOR-positive population (R2). The quantification of ALDH-positive cells in each breast cancer cell line 
is shown (lower panel). Error bars indicate the s.d. from three independent experiments with both targeting sequences for ATM (shATM#1 
and shATM#3).
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Figure 3: Gene expression profiling of mammospheres with or without interfering ATM expression. A. Number of 
differentially expressed mRNAs between mammospheres silenced for ATM and control mammospheres, obtained from three independent 
experiment performed with both targeting sequences for ATM (shATM#1 and shATM#3) and selected by the following conditions: 
|Log2FC|>0.58, T-test<0.05. In the Figure are shown the number of differentially expressed genes in mammospheres derived from MCF7 
and from MCF7-HER2 cells. The intersection area encloses 115 common genes between  mammospheres derived from both cell lines. 
B. Gene Ontology analysis of intersection set (115 mRNAs), obtained by the DAVID online tool. C. Microarray and qRT-PCR comparison. 
Log2 Fold Change of 9 genes between mammospheres shATM vs shCTR detected by microarray (black lines) were compared with 
those measured by qRT-PCR (grey lines). Positive values represent gene expression upregulation and negative values downregulation in 
mammospheres silenced for ATM gene (shATM) compared to control cells (shCTR). qRT-PCR results were normalized with TBP. Error 
bars indicate standard deviations of at least three independently performed experiments.
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ATM modulates ATG4C levels and sustains 
autophagic flux in mammospheres

ATG4C is a member of ATG4s proteases that are 
responsible for the cleavage of Microtubule-associated 
protein 1A/1B-light chain 3 (LC3-I) into LC3-II protein, 
which is then lipidated and recruited to autophagosomal 
membranes [25]. Tracking the conversion of LC3-I 
to LC3-II is indicative of ATG4s activity and thus of 
autophagic activity [26]. We therefore investigated 
whether the loss of ATM-dependent regulation of ATG4C 
expression level may result in a defect in autophagosome 
formation in mammospheres upon ATM silencing. To 
quantify autophagosome formation we analysed the 
expression and the processing of LC3 protein, a well-
known marker of autophagy [27]. Western blot analysis 

showed that the downregulation of ATM expression 
in mammospheres triggers the reduction of ATG4C 
protein levels (Figure 6A), and the impairment of LC3-I 
conversion into LC3-II monitored through quantification 
of LC3-II/ LC3-I ratio (Figure 6A).

To further assess the effect of ATM-dependent 
regulation of ATG4C on autophagic response we checked 
the levels of the autophagic receptor p62/SQSTM1, 
an indicator of the autophagic flux which is known to 
be degraded following autophagy induction [28, 29]. 
Interestingly the downregulation of ATM expression 
in mammospheres, resulted in the accumulation of 
p62 compared to control cells (Figure 6A). Since 
autophagosome formation can result either from increased 
de novo autophagosome biosynthesis or from the 
inhibition of the autophagic flux, we distinguished between 

Figure 4: ATG4C expression promotes mammospheres formation. MCF7 and MCF7-HER2 breast cancer cell lines were 
transfected with ATG4C siRNA or a control sequence (SignaliSilence ®,Cell Signaling) using Lipofectamine ® 3000 Reagent (Life 
Technologies). A. Representative Western Blot analysis of ATG4C protein levels in mammospheres (MS); Tubulin was used as loading 
control (upper panel). B. Single cells were plated in ultralow attachment plates as described in Materials and Methods section, so that cells 
with stem cell properties were allowed to grow as mammospheres. Images of the mammospheres were captured on day 7. Representative 
phase-contrast images of mammospheres are shown (upper). Bars denote 50  µm. Numbers of the mammospheres (diameter>50  µm) were 
counted, and the %SFE was calculated based on the numbers of cells that were initially seeded (Bottom). mean±s.d. for three independent 
experiments and analysed using Student’s t-test (*P<0.05, **P<0.01, ***P<0.001). The diameter of mammosphere (in  µm) was quantified 
using I.A.S software (Delta sistemi, Italy).
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these two possibilities using the lysosomal inhibitor 
chloroquine (CQ). Interestingly, in control condition, as 
expected, the CQ treatment blocks autophagic flux after 
LC3-II formation and before p62 degradation, resulting 
in an increased in LC3-II and p62 levels, (Figure 6B). 
Conversely, CQ treatment failed to induce an increase in 
LC3-II and p62 levels in ATM silenced mammospheres 
(Figure 6B) suggesting a block in the autophagic flux in 
shATM cells.

We confirmed these results by performing a confocal 
microscopy analysis of LC3 protein in mammospheres 
downregulated or not for ATM. In normal condition LC3 
protein is cytosolic whereas it appears as “puncta” when 
autophagy is induced (LC3-II form). We could show a 
marked increase of LC3 dots in mammospheres compared 
to adherent cells in basal condition (Supplementary 
Figure 2A). Interestingly, consistently with western blot 
analysis (Figure 6A-6B), silencing of ATM expression 
drives a dramatic reduction in the formation of LC3-II 
dots in mammospheres (Figure 6C). To further investigate 
whether the reduction in the number of LC3 dots may be 
due to differences in the autophagic flux, MCF7 cells and 

derived mammospheres, were treated with Chloroquine 
(CQ). Efficacy of this treatment was confirmed by an 
increase in LC3-II dots number/cells in response to CQ 
in control adherent cells and control mammospheres 
(Figure 6C and Supplementary Figure 2A). Conversely, 
shATM did not increase LC3 dots formation after 
chloroquine treatment in mammospheres, indicating that 
the downregulation of ATM expression induces a decrease 
in the autophagic flux in this context (Figure 6C), which 
confirmed data obtained with western blot analysis.

We next decided to check for autophagosome 
degradation. To this end, we quantified LC3-II dots 
co-localized with the lysosomal protease Cathepsin 
D, following CQ treatment. As expected, we found a 
significant reduction of LC3-II dots fused with lysosomes 
in shATM cells compare to control cells (Figure 6D). Of 
note, ATG4A, ATG7 and ATG5-12 are stable following 
shATM or siATG4C treatments (Supplementary Figure  
2B-2C). These data indicate a specific and unique effect 
of ATM on ATG4C protein. Overall these results suggest 
that ATM expression sustains ATG4C levels and thus the 
autophagic response in mammosphere context.

Figure 5: Downregulation of ATM expression selectively impinges on ATG4C expression. A.The expression of ATG4A, B, 
C and D mRNA levels in non-infected Mammospheres (MS) and Adherent (Adh) cells was investigated using by quantitative Real-Time 
PCR. Relatives quantities (RQ) were calculated to TBP (TATA-box Binding Protein) and are relative to MCF7 adherent parental cells 
(Adh). Results are expressed as the mean±s.d. for at least three independent experiments and analyzed using Student’s t-test (*P<0.05, 
**P<0.01). B. The expression of ATG4A, B, C and D mRNA levels was investigated as in (A) in infected Mammospheres (MS) with 
lentivirus expressing control interference (shGFP) or shATM.
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Figure 6: ATM expression regulates ATG4C levels and autophagic flux in mammospheres (MS). A. Representative 
Western Blot analysis of ATM, ATG4C, p62 and LC3 protein levels in mammospheres (MS) derived from MCF7 cell lines, with or without 
shATM. Actin was used as loading control. The graphs represented quantification of LC3 II/I ratio, LC3II/actin and p62/actin ratio was 
determined using the ImageJ software. Results are indicated as mean±s.d. for three independent experiments performed with both targeting 
sequences for ATM (shATM#1 and shATM#3) and analysed using Student’s t-test (*P<0.05, **P<0.01, ***P<0.001). B. Representative 
Western Blot analysis of p62 and LC3 proteins in mammospheres (MS) with or without shATM and treated with CQ (20 µM, 30 min). 
Actin was used as loading control. The graphs represented quantification of LC3 II/I ratio, LC3II/actin and p62/actin ratio was determined 
using the ImageJ software. Results are indicated as mean±s.d. for three independent experiments performed with both targeting sequences 
for ATM (shATM#1 and shATM#3) and analysed using Student’s t-test (*P<0.05). C. Representative image, using confocal microscopy, 
ofthe formation of autophagosome assayed by immunofluorescence for endogenous LC3 protein in MCF7 cells seeded from dissociated 
mammospheres. Mammospheres were treated or not with choloroquine CQ (20 µM, 30 min) for analysing autophagic flux. The graph show 
the accumulation of LC3 dots per infected cells. Results are expressed as the mean±s.d. for at least three independent experiments performed 
with both targeting sequences for ATM (shATM#1 and shATM#3) and analysed using Student’s t-test (*P<0.05). D. Representative image, 
using confocal microscopy, of the lysosomal degradation of autophagosomes assayed by immunofluorescence for endogenous LC3 and 
Cathepsin D proteins in MCF7 cells seeded from dissociated mammospheres. Mammospheres were treated with choloroquine CQ (20 µM, 
30 min) in order to visualize the autophagosome degradation (co-localization LC3-II dots with Cathepsin D). The graph indicates a clear 
reduction of LC3-II dots co-localizing with Cathepsin D in ShATM infected cells. Results are expressed as the mean±S.D of at least three 
independent experiments performed with both targeting sequences for ATM (shATM#1 and shATM#3) and analysed using Student’s t-test 
( ***P<0.001).
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Restoration of ATG4C expression rescues ATM 
ability to form mammospheres

To further validate the functional link between ATM 
and ATG4C expression in the modulation of autophagy and 
mammospheres formation, we overexpressed ATG4C in 
mammospheres previously silenced for ATM expression. 
In Figure 7A we confirmed by RT-PCR the overexpression 
of ATG4C in MCF7 and MCF7-HER2 cell lines interfered 
with shCTR and shATM constructs (Figure 7A). Importantly, 
the overexpression of  ATG4C in cells silenced for ATM 
expression, significantly rescued the percentage of spheres 
formation (%SFE) of shATM cells which turn to be 
comparable to the one of shCTR cells (Figure 7B). This result 
demonstrated that there is a strong correlation between ATM-
dependent regulation of ATG4C expression level and ATM-
dependent regulation of mammospheres formation. This 
connection was independent of HER2 receptor expression 
levels as it can be observed in both cell lines. We cannot 
exclude that other proteins could be directly or indirectly 
involved in this regulation. Interestingly, re-expression of 
ATMwt in shATM mammospheres rescues ATG4C levels and 
mammosphere formation (Supplementary Figure 3A and 3B) 
further confirming the correlation between mammosphere 
formation and expression levels of ATM and ATG4C mRNA.

ATM and ATG4C gene expression correlation in 
breast cancer human samples

To further evaluate the clinical significance of 
our findings, we asked whether we could identify 
a significant correlation between ATM and ATG4C 
expression in breast cancer human samples. To this 
aim we took advantage of The Cancer Genome Atlas 
(TCGA) microarray data on of breast cancer samples. 
To quantify the correlation, we downloaded normalized 
genes microarray data from the TCGA Data Coordination 
Center [30] and computed the Pearson correlation 
coefficients and corresponding P values (Table 1). 
Highlighting ATM expression showed a significant 
positive correlation with the expression of autophagic 
gene ATG4C among microarray data derived from 
511 breast cancer samples (Table 1). This observation 
suggests that the functional correlation between ATM 
and ATG4C genes in mammospheres could have also a 
significant relevance in breast cancer patients.

Breast cancer is a very heterogeneous disease. To 
further explore the relationship between ATM and ATG4C 
genes we calculated the correlations between ATM and 
ATG4 genes in all four subtypes of breast cancer based 
on published classifications [30]: two estrogen receptor 
(ER)-positive subtypes separated mainly by relatively 
low (luminal A) and high (luminal B) expression of 
proliferation-related genes, a subtype enriched for HER2-
amplified tumors [human epidermal growth factor receptor 
2 (HER2)-enriched], a subtype associated with triple-

negative [lacking expression of ER, progesterone receptor 
(PR), and HER2] tumors (basal-like). Positive correlation 
between ATM and ATG4C expression was statistically 
significant in all subtypes, except for the basal like subtype, 
suggesting that the functional link between ATM and 
ATG4C genes could have a clinical significance (Table 1).

DISCUSSION

Although our knowledge concerning new functions 
of ATM kinase has greatly increased during the last 
decade, their exact role in carcinogenesis and cancer 
therapies remains elusive. We previously demonstrated 
that ATM promotes HER2-dependent tumorigenesis 
in breast cancer, reporting also a context-dependent 
role of ATM targeting in cancer [9]. In this study, we 
described for the first time a mechanism through which 
ATM regulates autophagy in a fashion independent on 
HER2, which has crucial implications in breast cancer 
progression. In particular, we showed that: (1) ATM 
expression is induced in mammospheres culture as 
compared to parental adherent breast cancer cell lines, 
and (2) ATM depletion with a small interfering RNA leads 
to impaired mammospheres formation. Interestingly, we 
put in evidence that ATM expression sustains SOX2 
expression and ALDH activity without significantly 
impinging on other stemness markers such as NANOG 
and OCT4 (Figure 2) suggesting the existence of 
mechanisms of modulation of mammosphere formation 
by ATM other than the regulation of the stemness 
genes. To clarify this issue, we performed microarray 
experiments revealing that, in mammospheres, ATM 
regulates the expression of genes involved in the control 
of DNA repair and cell division, which is consistent 
with the central role of ATM as guardian of the genome 
[4]. Moreover, in this experiment we showed that other 
ATM-dependent function could be involved in the 
regulation of Breast cancer stem-like phenotype. In 
particular, we focused our attention on the autophagic 
gene ATG4C. Indeed, autophagy is a well-established 
pro-survival mechanism for BCSCs maintenance [17]
[18, 19] suggesting the hypothesis that ATM may 
modulate BCSCs via ATG4C. Accordingly, we observed 
by western blot and real time PCR that the depletion 
of ATM leads to the decrease in mRNA and protein 
levels of ATG4C. The ATM-dependent downregulation 
of ATG4C expression correlates very well with an 
impairment of the autophagic flux in mammospheres 
silenced for ATM. Consistently, we showed that silencing 
of ATG4C impairs mammospheres formation similarly 
to the silencing of ATM. More interestingly, ATG4C 
overexpression rescues mammospheres defects induced 
by ATM down regulation. These findings provide the first 
evidence on a link between the expression of ATM and 
the autophagic gene ATG4C. In previous studies, ATM 
and ATG4C were reported to have a tumor-suppressive 
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role [31, 32]. Here, we demostrated that these proteins 
promote stem-like phenotype in breast cancer, suggesting 
that ATM kinase and autophagy could play also a 
tumorigenic role in breast cancer.

In addition, in this study, we demonstrated that ATM 
specifically regulates ATG4C isoform in mammospheres, 

without affecting other members of ATG4 family, even 
though the precise molecular mechanism deserves 
further investigation. Little information is reported about 
the transcriptional regulation of the ATG4 proteases. 
Some observations indicated that ATG4C could be 
transcriptionally regulated by p53 upon DNA damage 

Figure 7: ATG4C expression rescues mammospheres formation ability in ATM interfered cells. MCF7 and MCF7-HER2 
breast cancer cell lines transfected with construct overexpressing human pCMV3-hATG4C-HA (ATG4C) and control GFP overexpressing 
construct, using Lipofectamine ® 3000 Reagent (Life Technologies) A. The expression of ATG4C mRNA levels in Mammospheres (MS), 
was investigated by quantitative Real-time PCR. Relatives quantities (RQ) were calculated to TBP and are relative to control MCF7 
mammospheres. Results are expressed as the mean±s.d. for at least three independent experiments. B. Single cells were plated in ultralow 
attachment plates as described in Materials and methods section, so that cells with stem cell properties were allowed to grow as non-
adherent spheroids (mammospheres). Images of the mammospheres were captured on day 7. Representative phase-contrast images of 
mammospheres are shown (upper). Bars denote 50 µM. Numbers of the mammospheres (diameter>50 µM) were counted, and the %SFE 
was calculated based on the numbers of cells that were initially seeded (Bottom). Mean±s.d. for three independent experiments performed 
with both targeting sequences for ATM (shATM#1 and shATM#3) and analysed using Student’s t-test ( **P<0.01, ***P<0.001). The 
diameter of mammosphere (in µM) was quantified using I.A.S software (Delta sistemi, Italy).
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activation, and that ATG4C mRNA is modulated by miR-
376b upon starvation and rapamycin-induced autophagy 
[33, 34]. Future experiment will be launched to clarify 
whether ATM regulates ATG4C expression through p53 or 
via the modulation of miR-376b.

Moreover, we cannot rule out that ATM may 
regulate also ATG4 protein levels and activity. 
Interestingly, ATG4s proteins are reported to be 
regulated by ROS during starvation [35]. According 
to this study, the Cys81 residue near the catalytic site 
of ATG4 is a direct oxidation target by H2O2 and the 
oxidation of this residue inhibits ATG4 protease activity. 
This, in turn, prevents the delipidation of LC3 without 
affecting the C-Terminal processing of LC3 by ATG4, 
thus leading to increased autophagosome formation 
[35]. It was proposed that cytosolic ATM regulates 
autophagy via its activation upon ROS rather than DNA 
damage induction [36-39]. This evidence prompts us to 
speculate that the selective ATM-dependent regulation 
of ATG4C and autophagy in mammospheres may be 
ascribed to differences in ROS regulation between cells 
grown in adherent conditions or as mammospheres. 
Interestingly, ATM dependent regulation of ROS 
plays a critical role in hematopoietic stem cell (HSC) 
maintenance [40]. In this study, the treatment of 
Atm-/- mice with antioxidant N-acetylcystine (NAC) 
restored the HSC pool, confirming the critical role of 
ROS regulation by ATM for stemness [40]. So, we 
could speculate that ATM could act as a ROS sensor 
modulating the autophagic flux according to ROS 
levels in different populations of cells within the tumor. 
Further experiments are required to clarify whether 
ATM activity is involved in the regulation of the 
stem-like phenotype, and whether ROS- and/or DNA 
damage-mediated ATM activation are essential for the 
regulation of this phenotype. Finally, we showed that 
ATG4A, ATG7 and ATG5-ATG12 protein levels are 
unaffected by shATM treatment (Supplementary Figure 
2B), supporting the idea that defects in autophagic flux 

mainly rely on ATG4C, even though the elucidation of 
the molecular mechanism requires further experimental 
investigations.

Interestingly, the findings reported in this study 
suggest that ATM may represent a novel candidate target 
to impair the autophagic activity in Breast Cancer Stem-
like cells independently of HER2. Indeed, our results 
suggest that ATM targeting severely impinges not only 
on the DDR, as previously reported [41-43], but also 
on autophagy functionality, which is required for the 
homeostasis of the specific subset of breast cancer cells. 
Along similar lines, we surmise that ATG4C could also 
represent a valuable molecular target, as demonstrated by 
a large set of evidences suggesting that anti-autophagy 
compounds are effective in suppressing tumor growth 
and countering tumor resistance to chemotherapies 
[44][45][46]. Moreover, the inhibition of autophagy 
is reported to sensitize CSCs to several anticancer 
treatment [47]. Unfortunately, the relevance of autophagy 
inhibition in cancer treatment remains controversial 
because of the limited availability of chemical 
modulators. ATG4s are the only cysteine proteases 
among ATG genes proposed as an attractive candidate to 
efficiently achieve autophagy inhibition in cancer so far 
[48]. As an example, ATG4B has been recently proposed 
has a novel target for leukemic stem cells, supporting 
the idea that ATG4s proteases are good target for CSCs 
eradication [49].

Remarkably, we were able to show a correlation 
between ATM and ATG4C expression in all breast 
cancer subtypes except for the basal-like one 
(Table 1) underscoring a clinical impact of our findings. 
This evidence suggests also that the elucidation of the 
molecular mechanism whereby ATM regulates ATG4C 
and autophagy in breast cancer can be relevant as it may 
pave the way for the development of new biomarkers for 
diagnostic and/or prognostic evaluation and for the design 
of novel therapeutic strategies.

Table 1: Correlation of ATM with ATG4C gene in BRCA samples from TCGA cancer atlas data

TCGA sample group (n) Pearson correlation P-value Bonferroni corrected 
P-value

All BRCA (511) 0.26 2.70E-09 1.35E-08

Basal (95) 0.15 1.26E-01 6.30E-01

HER2 (58) 0.37 3.55E-03 1.78E-02

Luminal A (231) 0.17 9.60E-03 4.80E-02

Luminal B (127) 0.3 3.29E-04 1.65E-03

We computed the Pearson correlation coefficients and corresponding uncorrected and Bonferroni corrected P-values 
between ATM and ATG4C genes in expression data from 511 breast cancer samples extracted from the TCGA Cancer Atlas. 
Statistically significant results shown in bold font (P<0.05).
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MATERIALS AND METHODS

DNA constructs, antibodies and reagents

The shATM construct, generously provided 
by Y Lerenthal and Y Shiloh, had the following 
sequence: shATM construct (#1 position 912 
5’-GACTTTGGCTGTCAACTTTCG-3’) and shATM 
(#3 position 8538 5’ GGA GCG CAC CAT CTT CTT 
C 3’) shRNA and control shGFP 5’- GGAGCGC 
ACCATCTTCTTC-3’ [50]. The ATG4C siRNA was from 
Signaling Silence ®,Cell Signaling. ATG4C expression 
construct pCMV3-C-HA was from Sino Biological Inc 
(HG16060-CY). pEGFP-C3(Clontech).The following 
antibodies and reagents were used: anti-ATM (2C1; 
Santa Cruz Biotechnology), anti-tubulin (Sigma, 
St. Louis, MO, USA), Mouse anti-c-ErbB-2 protein 
monoclonal antibodies, clone 3B5 (Ab-3, Oncogene 
Science,Uniondale, NY), anti-ATG4C (Cell Signaling, 
Beverly, MA, USA), anti-Hsp90 (F8, Santa Cruz 
Biotechnology), anti-LC3 (Cell Signaling, Beverly, MA, 
USA), anti-p62 (Santa Cruz Biotechnology), anti-Actin 
(Sigma, St. Louis, MO, USA), anti-GAPDH (Chemicon). 
Cloroquine (Sigma, St. Louis, MO, USA), anti-ATG4A 
(Biorbyt United Kingdom), anti-ATG7 (Cell Signaling, 
Beverly, MA, USA), Anti-ATG5 (Cell Signaling, Beverly, 
MA, USA), anti-Cathepsin D (Scripps laboratories, San 
Diego CA).

Cell cultures, transfection and infection

Human breast cancer cell lines MCF-7 and MCF-
7HER2, described in Stagni et al 2015 [6], were cultured 
in RPMI-1640 containing 2 mM L-glutamine and 
supplemented with 10% HyClone* Fetal Bovine Serum 
(Invitrogen) at 37°C in a CO2 incubator (5%) . ATM was 
silenced in MCF7 and MCF7-HER2 cells by lentivirus 
mediated expression of short-hairpin RNA using 
lentivirus produced in HEK 293T cells by cotransfecting 
pSIN18.cPPT.RNAi. p.EGFP.WPRE lentiviral vector 
with targeting sequences together with respective 
plasmids encoding for gag-pol and VSV-G proteins. Viral 
supernatant was collected 48 h post-transfection, filtered 
through a 0.45 μm pore size filter and added to the cells 
(MCF7 and MCF7-HER2 breast cancer cell lines) in the 
presence of 2 μg/ml polybrene [8]. Cells were transiently 
transfected using Lipofectamine 3000 (Life Technologies) 
essentially following the manufacturer’s instruction.

Mammosphere culture

Single cell suspensions of breast cancer cell 
lines, MCF7 and MCF7-HER2, were grown in ultralow 
attachment 6-well plates (Corning) at a density of 
4000 cell/mL in mammosphere medium [Dulbecco’s 
modified Eagle’s medium/F- 12, containing 5 ug/mL 

insulin (Sigma), B27 (Invitrogen), 20 ng/ml epidermal 
growth factor (GIBCO), 10 ng/ml basic fibroblast 
growth factor (GIBCO) and 0,4% Bovine Serum 
Albumine (Sigma)] as described in Dontu et al. 2003 
[20]. After 7 days, the diameter of mammospheres were 
measured in phase contrast picures using the I.A.S. 
software (Delta Sistemi, Rome, Italy). Numbers of 
the mammospheres (diameter>50 µM) were counted 
and the efficiency of mammosphere formation was 
evalueted (%SFE= number of mammospheres / 
number of plated cells * 100). Mammospheres pellet 
was collected by gentle centrifugation (900 rpm, 
5 min) to further analysis or dissociated into single 
cell by trypsin addiction (5 min 37°C) and mechanical 
pipetting. Single cells were plated at a density of 600 
cell/well in mammosphere medium supplemented 
with 5% Fetal Bovine Serum (HyClone, Invitrogen) 
to test the clonogenic activity. After 10 days the cells 
were stained with 3-[4,5-Dimethylthiazol-2-yl]-2,5-
Diphenyltetrazolium Bromide (MTT Vitality Stain, 
promega) 5 mg/ml for 16 hours and the colony number 
enumerated. Mammopheres diameter was measured 
usig I.A.S. software (Delta Sistemi, Rome, Italy).

ALDH activity assay

To measure and isolate cells with high ALDH 
activity, the Adelfluor assay was performed according to 
manufacturer’s (Stemcell Technologies, Durham, NC) 
guidelines. Dissociated single cells were suspended in 
Aldefluor assay buffer containing the ALDH substrate, 
Bodipyaminoacetaldehyde (BAAA) at 1,5 μM and 
incubated for 40 minutes at 37 °C. To distinguish 
between ALDH-positive and -negative cells, a fraction 
of cells was incubated under identical condition in 
the presence of a 10-fold molar excess of the ALDH 
inhibitor, diethylamino benzaldehyde (DEAB). This 
results in a significant decrease in the fluorescence 
intensity of ALDH-positive cells and was used to 
compensate the flow cytometer (FACScanto, Becton 
Dickinson).

RNA extraction and analysis

Total RNA was extracted from breast cancer 
cell lines MCF7 and MCF7-HER2 and derived 
mammospheres with TRIzol (Invitrogen) according to 
the manufacturer’s instructions. RNA quantitation was 
performed via quantitative real-time PCR (RT-PCR). 
The total RNA was reverse-transcribed with SuperScript 
III reverse transcriptase (Invitrogen), and amplified by 
using the Power SYBR Green PCR Master Mix (Applied 
Biosystems) and the 7900HT Fast Real- Time PCR 
System (Applied Biosystems). Primers were designed 
from the Roche Universal Probe Library and were as 
follows:
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Relative changes in gene expression were quantified 
by applying the comparative threshold method, also called 
2−ΔΔCt method, after determining the Ct values for the 

reference gene (TBP, the endogenous control) and the target 
genes in each sample set. All reactions were performed in 
triplicate. Numerical data were expressed as mean±s.d.

Gene name Primer sequence 5' - 3'

hsa-ANL For TCCCTAGAAGAAGCTGAAGCAG

hsa-ANL Rev TTCAATTCATCAATCAAAAGTGTTC

hsa-ATG4A For ACAGATGAGCTGGTATGGATCCTT

hsa-ATG4A Rev AGACGAGCACTTATATCAGACAACA

hsa-ATG4B For ATTGGTGCCAGCAAGTCAA

hsa-ATG4B Rev GCAGGCCAGATGTGAAGG

hsa-ATG4C For GCATAAAGGATTTCCCTCTTGA

hsa-ATG4C Rev GCTGGGATCCATTTTTCG

hsa-ATG4D For ACGTTTCTCAGGACTGCACA

hsa-ATG4D Rev ACAGACTTCCACTCGGCTGT

hsa-ATM For TTGTTGTCCCTACTATGGAAATTAAG

hsa-ATM Rev AGCGAAATTCTGCTTTAAATGAC

hsa-ECT2 For AGTAAAAGATCTTCCCTTTGAACCT

hsa-ECT2 Rev CTCGGGCATCCATTTGAA

hsa-HER2 For TCCTGTGTGGACCTGGATGAC

hsa-HER2 Rev CCAAAGACCACCCCCAAGA

hsa-HMOX1 For GGCAGAGGGTGATAGAAGAGG

hsa-HMOX1 Rev AGCTCCTGCAACTCCTCAAA

hsa-HSPA6 For CCGCCTATTTCAATGACTCG

hsa-HSPA6 Rev ATTGATGATCCGCAACACG

hsa-NEDD9 For GAGCTGGATGGATGACTACGA

hsa-NEDD9 Rev AGCTCTTTCTGTTGCCTCTCA

hsa-SPRR2A For TCAACAGCAGCAGTGCAAG

hsa-SPRR2A Rev CTGTGGACACTTTGGTGGTG

hsa-PLK4 For GAAAACCAAAAAGGCTGTGGT

hsa-PLK4 Rev TGAGATGCATACTCCTTTACAAGC

hsa-RAD51 For AATCCAAATGTAATGCTTTGGTG

hsa-RAD51 Rev AGGACTGAGATTCTGATTTGACG

hsa-SOX2 For GGCAGCTACAGCATGATGCAGGAGC

hsa-SOX2 Rev CTGGTCATGGAGTTGTACTGCAGG

hsa-TBP For TGCCCGAAACGCCGAATATAATC

hsa-TBP Rev TGGTTCGTGGCTCTCTTATCCTC

hsa-NANOG For CAGCTGTGTGTACTCAATGATAGATT

hsa-NANOG Rev ACACCATTGCTATTCTTCGGCCAGTTG

hsa-OCT4 For GACAACAATGAAAATCTTCAGGAG

hsa-OCT4 Rev CTGGCGCCGGTTACAGAACCA



Oncotarget21706www.impactjournals.com/oncotarget

Protein extraction and western blot analysis

Cells pellet were incubated in RIPA buffer 
(50 mM Tris-Hcl pH 7.4, 1% NP-40, 0,5% Sodium 
Deoxycholate, 0,1% SDS, 150mM NaCl, 2mM EDTA, 
1mM phenylmethylsulfonyl fluoride, 25mM NaF, 1mM 
orthovanadate, 40 mM beta-glycerophosphate, 10 mg/
ml TPCK, 5 mg/ml TLCK) 30’ on ice and centrifugated 
at 12000 rpm 10’ a 4°C. For immunoblotting, 20 μg of 
protein extract were separated by SDS–polyacrylamide gel 
electrophoresis, blotted onto nitrocellulose membrane and 
detected with specific antibodies. All immunoblots were 
revealed by enhanced chemiluminescence (Amersham). 
Quantification of western blot were determinated using 
ImageJ software. All statistical analyses were performed 
with GraphPad Prism 5 software (GraphPad Software, San 
Diego, CA, USA),using the Student’s t-test, P<0.05 being 
considered significant.

Immunofluorescence

Cells were washed in PBS and fixed with 
4%paraformaldehyde in PBS for 30 min. After 
permeabilization with 0.4% TritonX-100 in PBS for 5 
min or with Digitonin 50µg/ml (in the case of Cathepsin 
D staining) for 5 min, cells were blocked in 3% normal 
goat serum in PBS and incubated overnight at 4°C with 
primary antibodies. We used the antibodies directed 
against LC3. Cells were then washed in blockingbuffer 
and incubated for 1 h with labelled anti-rabbit (FITC or 
Cy3, Jackson ImmunoResearch, West Grove, PA, USA) 
secondary antibody. Nuclei were stained with 1 mg/
ml DAPI and examined under a Zeiss LSM 700100 oil-
immersion objective (Zeiss, Oberkoechen, Germany). We 
used ‘ZEN2009 Light edition’ software for image analysis. 
All measurements in this workwere performed by a blind 
approach. All analyses were performed innonsaturated 
single z-confocal planes.

Microarray hybridization and data analysis

The microarray assay was conducted using a 
biological triplicate and two different target sequence 
for ATM to avoid off targets effects. In particular three 
independent experiments were performed as follow:

1 Mammospheres MCF7 and MCF7-HER2 infected 
by lentivirus mediated expression of shGFP as shRNA 
control or shATM#1.

2 Mammospheres MCF7 and MCF7-HER2 infected 
by lentivirus mediated expression of pSin18 empty vector 
as shRNA control or shATM#1.

3 Mammospheres MCF7 and MCF7-HER2 infected 
by lentivirus mediated expression of shGFP as shRNA 
control; or shATM#3 .

Mammospheres pellet were collected after 7 days of 
culture. Total RNA was extracted with TRIzol (Invitrogen) 

according to the manufacturer’s instructions. RNA quality 
was assessed with an Agilent Bioanalyzer RNA 6000 Nano 
kit; 200 ng of RNA was labeled with Low Input Quick 
Amp Labeling Kit, One-Color (Agilent Technologies), 
purified and hybridized overnight onto, the Agilent 8X60K 
whole human genome oligonucleotide microarrays (Grid 
ID 039494) according to the manufacturer’s instructions 
for one-color protocol. The Agilent DNA microarray 
scanner (model G2505C) was used for slide acquisition 
and spot analysis was performed with Feature Extraction 
software ver 10.7 (Agilent Technologies).

Data analysis

Data filtering and analysis were performed using 
Microsoft Excel and R-Bionconductor. All the features with 
the flag gIsWellAboveBG=0 (too close to background) 
were filtered out and excluded from the following analysis. 
Filtered data were normalized by aligning samples to 
the 75th percentile. Differentially expressed genes were 
selected by a combination of fold change and 1-tail T-test 
thresholds (p-value<0.05; fold-change ratio >1.5 or <1/1.5 
in linear scale and FCR is >0.58 in logaritmic scale). 
The analysis of over- and under- represented functional 
annotations was performed using the DAVID web tool 
[51]. Hierarchical sample clustering and heatmaps were 
obtained by TM4 MultiexperimentViewer [52]. Updated 
microarray probe annotations were downloaded from 
the official Agilent website (https://earray.chem.agilent.
com). Array data are deposited in private status on Gene 
Expression Omnibus database https://www.ncbi.nlm.nih.
gov/geo, record GSE81360.

Comparative analysis with cancer genome atlas

From the TCGA data portal (http://cancergenome.
nih.gov.) we downloaded all breast cancer expression data 
files (in the aggregated gene symbol format, for 17814 
genes in total) , including all metadata [30]. The whole 
dataset includes 511 primary tumours samples (metastatic 
and normal tissue samples were excluded), grouped into 
subtypes according to the Pam50 signature [29] : basal-
like n=95, HER2-enriched n=58, luminal A n=231, 
luminal B, n=127). Within this dataset, we computed the 
Pearson correlation index, using R-Bioconductor, between 
ATG4C and ATM genes and all expression TCGA data 
divided into tumours subtypes.

Statistical analysis

All statistical analyses and graphs were performed 
with GraphPad Prism 5 software (GraphPad Software, San 
Diego, CA, USA). All data are represented as mean±SD. 
Mean values and standard deviation were generated 
from at least three biological replicates.For comparision 
between two groups the Student’s t-test was used, P<0.05 
being considered significant.
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Dysfunctions in mitophagy, the process by which mitochondria are eliminated, are associated with cancer. We found
that the proautophagic protein AMBRA1 (activating molecule in beclin 1 regulated autophagy) binds the
autophagosome adapter LC3, and that this interaction is crucial for mitochondrial clearance with or without
involvement of the E3-ligase PARKIN. The discovery of a novel mitophagy pathway has the potential to promote new
anticancer strategies.

Considering that mitochondria repre-
sent the cellular powerhouses, it is not a
surprise that dysfunctional mitochondria
are detrimental to the cell. Accumulation
of damaged mitochondria is a feature of
aging and multiple types of disease,
including cancer. Fortunately, mamma-
lian cells have developed a way to remove
damaged mitochondria through a form of
selective autophagy called mitophagy.

Mitophagy is induced after the loss of
mitochondrial membrane potential (DCm)
and mitochondrial depolarization. PTEN-
induced putative kinase 1 (PINK1) is stabi-
lized at the mitochondria, where it recruits
the E3 ubiquitin ligase PARKIN. In this
context, activating molecule in beclin 1 reg-
ulated autophagy (AMBRA1) interacts
with PARKIN to enhance mitochondrial
clearance.1 In our study,2 we identified
AMBRA1 as a LIR (LC3-interacting
region)-containing protein and found that
this motif is essential for the binding
between AMBRA1 and LC3 only following
mitophagy induction. In line with the find-
ings of Van Humbeeck et al.1 we provide
molecular evidence that this interaction is
crucial for the promotion of PARKIN-
mediated mitochondrial clearance.

In addition to the PINK1/PARKIN
pathway, the so-called mitophagy

receptors can also regulate mitophagy.
These receptors are localized at the outer
membrane of mitochondria and possess a
consensus sequence (LIR motif: W/F/
YxxL/I) that allows binding with LC3 for
selective autophagy. To date, 2 types of
mitophagy receptors have been identified:
BCL2/adenovirus interacting protein 3
(best known as NIX/BNIP3L-BNIP3),
which is involved in mitophagy during
red blood cells maturation, and FUN14
domain containing 1 protein (best known
as FUNDC1), which is involved in
mitophagy induced by hypoxia or mito-
chondrial membrane depolarization. Our
results suggest that AMBRA1 represents a
third type of mitophagy receptor. We pre-
viously demonstrated that a pool of
AMBRA1 could be found associated with
BCL2 at the outer mitochondrial mem-
brane.3 We now show that AMBRA1 pos-
sesses a LIR domain that allows it to bind
to LC3 upon mitophagy induction. We
further demonstrate that targeting
AMBRA1 to mitochondria (AMBRA1-
ActA) is sufficient to induce massive mito-
chondrial clearance in both PARKIN-
dependent and -independent systems.
Interestingly, it has recently been demon-
strated that BECLIN 1 (best known as
BECN1) interacts with PARKIN and

regulates translocation of PARKIN to the
mitochondria.4 Since we showed that
downregulation of BECN1 reduces
AMBRA1-ActA-induced mitophagy, it
would be interesting to investigate the role
of BECN1 in this process. In principle,
we can hypothesize that BECN1 delivers a
putative E3 ubiquitin ligase in order to
ubiquitylate mitochondria in AMBRA1-
ActA-induced mitophagy.

Until now it was not clear whether the
major pathways of mitophagy were depen-
dent on or independent of each other. Our
work indicates that a parallel pathway for
mitophagy may exist when PARKIN is not
present. It should be noted that lack of
PARKIN is not particularly unusual; the
PARK2 (best known as PARKIN) gene is
silenced in a number of common cell lines,
such as HeLa or mouse embryonic fibro-
blasts. Of note, all known mitophagy
receptors are regulated by specific kin-
ases5,6 and it would be important to inves-
tigate whether the mitochondrial pool of
AMBRA1 is subjected to post-translational
modifications under mitochondrial stress.

A common feature of all mitophagic
proteins is their deregulation in cancer.
PARKIN-deficient mice are susceptible to
hepatocarcinogenesis. In addition, the
PARK2 gene is often targeted in malignant
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tumors.7 Together, these data define
PARK2 as a tumor suppressor gene
(TSG). BNIP3 expression is lost in several
cancers such as breast and pancreatic can-
cers8 and NIX expression is deregulated in
ductal carcinoma of the breast.9

In line with these data, we recently
discovered that AMBRA1 mutant mice
develop spontaneous tumors. Mutations
of AMBRA1 can also be found in a
number of human cancers.10 In princi-
ple, inactivation of AMBRA1-induced
mitophagy may be an aspect of the
AMBRA1-deficient phenotype in tumor-
igenesis and warrants more detailed
study as a potential prognostic indicator
in cancer.

When we forced AMBRA1 to the mito-
chondria surface using the AMBRA1-ActA
construct, we observed that all mitochon-
dria were ubiquitylated, as also observed in
PARKIN-deficient cells. Thus, we can con-
clude that AMBRA1-ActA most likely
serves as an adaptor for E3 ligases. This
would not be an unusual job for this pro-
tein. Indeed, we demonstrated that the
kinase ULK1, which is important in
upstream regulation of autophagy, is ubiq-
uitylated by the E3-ligase TNF receptor
associated factor 6 (TRAF6) in a manner
mediated by AMBRA1.11 It is now crucial
to identify which kind of E3 ubiquitin
ligase is involved in AMBRA1-induced
mitophagy. To better understand the

molecular mechanisms underlying the
TSG function of AMBRA1, it would be
interesting to identify new substrates of
this unrevealed E3 ubiquitin ligase that
might be related to controlling apoptosis
or cell proliferation.

Another common feature of all mito-
phagic proteins is the negative regulation
by BCL2 family members; BCL2 inhibits
PARKIN-mediated mitophagy, whereas
BCL2L1 inhibits FUNDC1-mediated
mitophagy. We demonstrated that BCL2
could inhibit the proautophagic activity of
AMBRA13 and it will therefore be very
important to explore whether BCL2 can
also control AMBRA1-induced mitoph-
agy. Overexpression of BCL2 family
members is often associated with unfavor-
able pathogenesis in cancer, and this
might at least in part be related to their
role in inhibiting the different pathways
of mitophagy. In Figure 1 we summarize
our model of the role of AMBRA1 in
mitophagy in mammalian cells.

In conclusion, the loss of mitophagy
proteins appears to promote tumorigene-
sis, underlying a tumor suppressor func-
tion of mitophagy. Despite the complex
nature of the role of autophagy/mitophagy
in cancer, it thus appears that stimulation
of mitophagy may play a pivotal role in
fighting cancer. Our discovery of a new
AMBRA1-induced mitophagy pathway,
and in particular the identification of a
new E3 ubiquitin ligase and its substrates
in this context, could open new avenues of
research in cancer therapy.
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KIN. PARKIN ubiquitylates mitochondria (ubiquitin molecules are indicated as “Ub” in the figure),
which can then be recognized by the cargo protein p62. AMBRA1 (activating molecule in beclin 1
regulated autophagy) plays a crucial role in triggering mitochondria degradation by interacting
with LC3 through its LIR (LC3-interacting region) motif. Furthermore, high levels of AMBRA1-ActA
at the mitochondria are able to induce massive mitophagy in both PARKIN-dependent and -inde-
pendent context. It is likely that an E3 ubiquitin ligase is involved in mitochondria ubiquitylation
following AMBRA1-ActA expression. Based on our knowledge of other mitophagy receptors, a
kinase is probably involved in the post-translational regulation of AMBRA1 under mitochondrial
stress. Finally, in cancer, an increase in BCL2 expression leads to inhibition of PARKIN-mediated
mitophagy and, most likely, AMBRA1-mediated mitophagy.
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a b s t r a c t

Mitochondria are considered the powerhouse of the cell and disturbances in mitochondrial functions are
involved in several disorders such as neurodegeneration and mitochondrial diseases. This review sum-
marizes pharmacological strategies that aim at modifying the number of mitochondria, their dynamics
or the mitochondrial quality-control mechanisms, in several pathological instances in which any of these
mechanisms are impaired or abnormal. The interplay between different cellular pathways that involve
mitochondria in order to respond to stress is highlighted. Such a high mitochondrial plasticity could be
exploited for new treatments.

© 2015 Published by Elsevier Ltd.

1. Introduction

In mitochondria, energy obtained by nutrients is converted,
thanks to the oxidative phosphorylation system (OXPHOS) –
located in the inner-membrane of the mitochondria, into ATP. Mito-
chondria plays many other roles, such as regulating signals through
mitochondrial reactive oxygen species (ROS) [1] that they produce,
in regulating the membrane potential [2] and cell death processes
[3], and in modulating calcium signalling [4] and steroid produc-
tion [5]. According to the endosymbiotic hypothesis, mitochondria
were previously considered to be prokaryotic cells (derived from
alphaproteobacteria) and able to carry out oxidative functions that
were not possible for eukaryotic cells. Mitochondria next went on to
be considered as endosymbionts inside the eukaryotes. This speci-
ficity renders the mitochondria a unique organelle with its own
mitochondrial DNA (mtDNA). However, mtDNA encodes only a few
crucial proteins (13 proteins). Consequently, a controlled importa-
tion of nuclear DNA (nuDNA)-encoded proteins is required to allow
a proper mitochondria functionality [6].

Mitochondrial shape is also crucial for their function, this being
regulated through an association with the cytoskeleton [7]. More-
over, mitochondria are highly dynamic organelles, undergoing
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Tel.: +39 6501703093.
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continuous fusion and fusion in order to react to extra cellular
stressors [8].

When the organelle is excessively damaged, it becomes danger-
ous for the cell, initiating the apoptotic pathway [9]. Fortunately,
cells have developed a mitochondrial quality control system that
can selectively degrade damaged mitochondria, through a selective
autophagic process, called mitophagy [10]. Healthy and damaged
mitochondria are illustrated in a simplified way in Fig. 1.

Considering that mitochondria, the principal source of energy
for the cell, coordinate metabolism, and coordinate a subtle balance
between mtDNA and nuDNA transcription and translation, it is not
surprising that defects in these functions are involved in several
diseases requiring therapy [11,12].

In particular, ageing-related diseases, such as neurodegenera-
tive diseases and cancer are linked to mitochondrial disturbances.
For instance, mitochondrial dysfunction and increased oxida-
tive damage (high production of ROS that can in turn damage
mtDNA) are often associated with Alzheimer disease (AD), and
Parkinson disease (PD), suggesting that oxidative stress may
play an important role in the pathophysiology of these diseases
[13]. Moreover, mtDNA mutations could contribute to cancer
progression by increasing mitochondrial oxidative damage and
changing the energy capacities of the cell (reviewed in [14]).
Finally, metabolic disorders such as obesity and type 2 diabetes,
are also directly linked to mitochondrial dysfunction. A number
of mitochondrial therapeutic interventions aimed at improv-
ing these metabolic disorders have been favourably reviewed
[15].
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Fig. 1. Mitochondrial physiology and its major dysfunctions: principal pathways that can be manipulated to restore the organel functions. Mitochondria produce ATP through
the oxidative phosphorylation system (OXPHOS). When the cytosolic ATP/ADP ratio becomes too low, the AMP-dependent kinase (AMPK) is activated and acts principally
on the transcriptional co-activator PGC-1!. Mitochondrial DNA (mtDNA) encodes 13 key proteins responsible for respiratory chain synthesis and ATP synthase. The other
mitochondrial proteins are imported from the cytosol after transcription of nuclear DNA (nuDNA). Mutations of the mitochondrial or nuclear DNA lead to alterations in the
respiratory chain that, in turn, induce an increase in ROS production. Following apoptotic stimuli, the mitochondrial outer membrane becomes permeable (pore-opening)
and cytochrome c (Cyt c) is released into the cytosol, where it can activate the apoptotic pathway.

Here are discussed the strategies aimed at repairing mitochon-
dria functions in diseases in which they are damaged, such as PD,
AD, Charcot–Marie–Tooth type 2A, the dominant optic atrophy and
mitochondrial diseases such as the mitochondrial encephalopathy
lactic acidosis. Thanks to the growing understanding of mito-
chondrial functions, we are now able to act, by using therapeutic
compounds, on several functional aspects of the organelle. In this
review, we present pharmacological strategies that affect mito-
chondria biogenesis, mitochondrial dynamics and mitochondria
quality control, and we try to highlight the high plasticity that offers
mitochondria a mechanism for coping with stress.

2. Strategies that affect mitochondrial biogenesis

Mitochondrial diseases are characterized by mutations on
genes mtDNA- or nuDNA-encoded. For example, mitochondrial
encephalopathy lactic acidosis is a disease due to a mutation in the
mitochondrial tRNA gene that leads to defective assembly of oxida-
tive phosphorylation complexes and defects in energy metabolism
in the neuromuscular system [16]. Mutations on nuclear-encoded
mitochondrial genes can also lead to defects in mitochondrial
metabolic functions [17,18]. Cellular energy deficit is also a fea-
ture of several diseases, such as neurodegeneration, cancer, and
metabolic diseases as obesity and type 2 diabetes [19]. Conse-
quently, boosting mitochondria biogenesis, and thus the number of
mitochondria, has considerable therapeutic potential since it may
enhance ATP synthesis.

Physiologically, mitochondria number is stimulated following
a workload or a reduction in nutrients. Indeed, caloric restric-
tion is the well-known physiological intervention that can increase

lifespan [20]. A well-known way to stimulate mitochondrial
biogenesis is to exert pressure on PGC-1! (peroxisome proliferator-
activated receptor gamma coactivator 1 alpha), a key player in
mitochondrial biogenesis. PGC-1! stimulates the activity of tran-
scription factors such as nuclear respiratory factor (NRF-1), which,
in turn, modulates the expression of other factors important for
mtDNA replication and transcription [21]. More recently, synthetic
chemicals that mimic the effects of a low-calorie intake have been
identified and very well reviewed in Andreux et al. [22]. Here we
summarize these principal components.

The Sirtuin family of histone deacetylase [23] is a good target to
promote mitochondria biogenesis. In fact, these proteins depend
on the metabolic co-factor NAD+ [24]; moreover, Sirtuin 1 (SIRT-
1) is able to activate transcription factors such as PGC1! [25]. The
first compound discovered to act on Sirtuins was resveratrol, which
by acting on AMPK (AMP-activated protein kinase), is responsible
for an increase in NAD+ production that leads indirectly to Sirtuin
activation [26,27]. Following this discovery, other SIRT-1-activating
compounds have been identified, i.e., SRT1720 and SRT2014. The
latest study describes a role for SRT1720 in extending the lifes-
pan of mice by about 9% [28]. Again in order to activate sirtuins,
researchers have developed a dietary supplemented with the NAD+

precursors nicotinamide mononulecotide (NMN) or nicotinamide
riboside. In fact, NMN ameliorates glucose intolerance by restoring
NAD+ levels in a type 2 diabetic mouse model [29].

The activation of AMPK is another way to increase mitochon-
drial biogenesis. AMPK is responsible of the enhancement of
energy production which follows an increase of the AMP/ATP ratio
[30]. AICAR (the AMPK agonist 5-aminoimidazole-4-carboxamide
riboside) is responsible for AMPK activation and can then rescue
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mitochondrial dysfunction [31]. The mTOR inhibitor Rapamycin
can also act on AMPK activation, this action leading to a lifespan
increase in mice and other organisms [32,33].

Other small molecules can trigger mitochondrial biogenesis by
acting on downsteam effectors, such as the nuclear receptors NRF-1
(nuclear respiratory factor 1) and TFAM (mitochondrial transcrip-
tion factor A). Among them, we can mention compounds acting
on the three peroxisome proliferators-activated receptors PPARs
(agonists), such as L-16501L, GW501516, bezafibrate and rosiglita-
zone. Also compounds acting on oestrogen-related receptor-! can
stimulate mitochondrial biogenesis, similarly to compounds acting
more downstream on co-factors [22].

3. Strategies that affect mitochondrial dynamics

Mitochondria undergo a continuous fission and fusion. This
dynamic process is very important for a normal morphology of the
organelle, and to allow correct mitochondrial functions [34,35]. Key
proteins regulate fusion events: MFN1 and MFN2 (Mitofusin 1 and
2), two GTPases anchored to the outer mitochondrial membrane
[36] and another GTPase, OPA1 (optic atrophy 1), localized in the
intermembrane space and the inner membrane of mitochondria
[37,38]. A disturbance in the activity of these three proteins leads to
excessive mitochondria fragmentation that in turn, impacts mito-
chondrial functions (depolarization of mitochondrial membrane,
loss of mtDNA, respiratory chain alterations) [39]. Of note, these
fusion factors are crucial for early development, as demonstrated
by the fact that all mice lacking MFN1, MNF2 or OPA1 die at an
early embryonic stage [39,40]. Mitochondrial fission is regulated
by another GTPase, the dynamin-related protein 1 (DRP1) [41].
Drp1 is recruited to mitochondria through mitochondrial fission
factor or MiD49/51 [41–43]. Cells lacking Drp1 present deficiency
in mitochondrial fission with elongated mitochondria [44]. Most
importantly, point mutations in Mfn2 or OPA1 lead to neurode-
generative diseases, such as Charcot–Marie–Tooth type 2A and the
dominant optic atrophy [45,46].

As a result, in recent years, Drp1 has become an obvious target
for these neurodegenerative diseases. One of the primary pheno-
types associated with loss of fusion in mammalian cells is a severe
defect in mitochondrial respiratory functions, caused in part by loss
of mtDNA within a subset of mitochondria, this being due to exces-
sive mitochondria division (an important factor contributing to the
aetiology of these neurodegenerative diseases) [47,48]. Indeed, one
of the fundamental roles of mitochondrial fusion is to provide an
exchange mechanism that allows mtDNA maintenance [49].

Several chemical compounds have been reported to induce
mitochondrial elongation through the inhibition of mitochondrial
fission mediated by Drp1. In 2008, Cassidy-Stone et al. [50] iden-
tified mdivi-1 (mitochondrial division inhibitor 1) as the first
selective inhibitor of mitochondrial division dynamins. The mech-
anism of mdivi-1 inhibition is distinct from the more general DRP
inhibitor, dynasore, which was discovered in a chemical screen
for inhibitors of dynamin-1 GTPase activity [51]. Dynasore inhibits
the GTP hydrolysis of dynamin-1, dynamin-2 and Drp1 in a non-
competitive manner, by binding to the GTPase domain in both
assembled and unassembled states. Mdivi-1 selectively inhibits the
activity of mitochondrial division DRPs by binding to an allosteric
site, which does not exclusively act through the GTPase domain.
Upon binding, mdivi-1 creates or stabilizes a conformational form
of unassembled, and probably dimeric Dnm1 that can bind GTP, but
at a significantly lower affinity. In addition, Mdvi-1 only partially
blocks apoptosis by acting early in the pathway to inhibit mitochon-
drial outer membrane permeabilization (MOMP). Drp1 activity is
regulated by covalent phosphorylation, ubiquitylation and sumoy-
lation [52,53]. By attenuating mitochondrial division and increasing

mitochondrial connectivity, mdivi-1 is a selective inhibitor of mito-
chondrial division and apoptosis; this is highly beneficial in some
of the many heteroplasmic mtDNA-linked diseases in humans.

Wang et al. [54] identified in 2012, from a phenotype image-
based screen, the “M1 Hydrazone”, a small molecule that also
promotes the fusion of fragmented mitochondria and protects cells
from mitochondrial fragmentation associated cell death (M1 pre-
treated cells showed decrease in Cytochrome c (Cyt c) release and
higher survival rate). M1 regulates protein levels of the subunits
of mitochondrial adenosine triphosphate (ATP5A and 5B). It is now
considered as another approach to the treatment of diseases asso-
ciated with mitochondrial dysfunction.

More recently, Yue et al. discovered a small natural compound,
15-oxospiramilactone (S3) derived from spiramine A of Spiraea
japonica (rose family plant) which potently induces mitochondrial
fusion. S3-induced inhibition of USP30, a mitochondrial-localized
deubiquitinase, increased the ubiqutinylation of MFN1 and MFN2
without affecting their protein levels. This non-degradative ubiqui-
tinylation of MFNs is involved in regulation of mitochondrial fusion
[55]. S3 can restore the normal distribution of mtDNA and recover
membrane depolarization; furthermore, it increases ATP levels and
OXPHOS capacity. S3 has promising therapeutic implications in
the treatment of diseases such as Charcot–Marie–Tooth type 2A
and autosomal dominant optic atrophy. Hitherto, S3 is the first
identified naturally derived small molecule from plants to activate
mitochondrial fusion and facilitate restoration of the mitochondrial
network.

The function of pharmacological compounds created to act on
mitochondrial dynamics are illustrated in Fig. 2.

4. Strategies that could affect mitochondrial quality control

4.1. Mitophagy

Given the important mitochondria roles described above, dam-
aged mitochondria could be detrimental to the cell. In fact,
accumulation of dysfunctional mitochondria is a characteristic
of many types of diseases, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), ageing and cancer [56,57]. AD is the
most common age-associated neurodegenerative disorder, char-
acterized by cognitive dysfunction and loss of memory, caused
by neuronal death in cerebral cortex. Neurofibrillary tangles and
extracellular amyloid plaques composed of beta-amyloid derived
from amyloid precursor protein (APP) are observed in AD human
brains. Mitochondrial damage has been implicated in the devel-
opment of the disease: abnormalities in mitochondrial structure
and accumulation of beta-amyloid fragment in mitochondria have
been observed in AD patients [58,59]. PD is caused by loss of
dopaminergic neurons in the substantia nigra, a region important
for motor control and coordination. An increase of mutations and/or
deletions of the mtDNA is observed in patients with PD [60,61].
Consistently, mitochondrial damage accumulation is observed in
dopaminergic neurons of PD patients. Mitochondrial dysfunction
has also been correlated with ageing. Indeed, mitochondria are the
primary source of ROS [62]. Ageing particularly affects mitochon-
drial homeostasis with mtDNA mutations accumulating due to ROS
generation in mitochondria, an event that has been correlated with
age-related decreased autophagic activity [63,64].

Fortunately, cells have developed a mechanism to remove dam-
aged mitochondria through a selective autophagy process called
mitophagy. Stimulation of mitophagy may have a pivotal role in
combating AD and PD development through the elimination of
defective mitochondria. Autophagy (from ancient Greek, meaning
self-eating) is a catabolic process occurring in all eukaryotic cells,
by which cytoplasmic material (e.g., proteins, lipids and organelles)
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Fig. 2. Overview of the compounds acting on mitochondrial dynamics. Dynosore acts in a non-specific manner on DRP1 (inhibitor of dynamin-1, 2 and DRP1). By contrast,
mdivi-1 inhibits DRP1 selectively and thus decreases division events that lead to a reduction of apotosis by blocking Cyt c release. M1 Hydrazone is a small molecule
that, by regulating levels of the subunits of mitochondrial adenosine phosphatase, promotes fusion of fragmented mitochondria and protects also cells from mitochondria-
fragmentation-associated cell death. S3 induces mitochondrial fusion through inhibition of the deubiquitinase USP30. Consequently, USP30 cannot remove regulative
ubiquitins on MFN1 and MFN2 which in turn increase their activity, promoting fusion events.

is degraded through the lysosome machinery. This process
involves de novo formation of double-membraned vesicles, termed
autophagosomes, which sequester the cytoplasm-derived materi-
als and transport them to the lysosomes for degradation. There are
three types of autophagy: microautophagy, chaperone-mediated
autophagy (CMA), and macroautophagy. Macroautophagy is well
conserved from yeast to mammals, and is the predominant path-
way of autophagy. Non-selective autophagy (bulk autophagy) is
induced by starvation, whilst selective autophagy is induced when
organelles (such as mitochondria, and in this case the process is
called mitophagy) are damaged or unwanted in the cell.

Fragmentation of the mitochondria is a critical step prior
to engulfment of mitochondria into autophagosomes. Mitochon-
dria damaged by the uncoupler CCCP (carbonyl cyanide m-chloro
phenyl hydrazone) − due to a loss of their mitochondrial membrane
potential (!" m), are subjected to mitophagy [65,66]. During this
process, the protein kinase PINK1 is stabilized to the outer mem-
brane of the mitochondria, where it can recruit the E3 ubiquitin
ligase PARKIN. These two proteins are found to be mutated in auto-
somal recessive forms of PD [65]. The mitochondrial quality control,
driven by PINK1/PARKIN proteins, has been more effectively char-
acterized by RNAi screens [67]. New proteins such as HSPA1L (Heat
shock 70 kDa protein 1-like), BAG4 (BAG family molecular chap-
erone regulator 4), and SIAH3 (siah E3 ubiquitin protein ligase
family member 3) have been found to modulate translocation of
PARKIN to damaged mitochondria, whereas TOMM7 (translocase
of outer mitochondrial membrane 7 homolog) stabilizes PINK1
on the mitochondria. Interestingly, it has been demonstrated that
after mitochondrial depolarization, the cytosolic pool of AMBRA1
interacts with PARKIN to enhance mitochondrial clearance [68].
We recently investigated the molecular mechanism responsible
for the AMBRA1-dependent enhancement of PARKIN-mediated
mitophagy. AMBRA1 was found to be a LIR-containing protein;
as we have demonstrated, this motif is essential for the bind-
ing between AMBRA1 and LC3, following mitophagy induction.
Furthermore, we have shown that this interaction is crucial in
order to amplify PARKIN-mediated mitochondrial clearance [69].

In this system, it has recently been demonstrated that the other
pro-autophagic factor BECLIN 1 also interacts with PARKIN and
regulates PARKIN translocation to mitochondria [70].

In mammalian cells, mitophagy receptors are localized at
the outer membrane of mitochondria and possess a consensus
sequence (W/F/YxxL/I) that allows their binding with LC3 for
selective autophagy. Until today, 2 types of mitophagy receptors
have been identified: The group including NIX/BNIP3L and BNIP3
(BCL-2/adenovirus E1B 19 kDa protein-interacting protein 3-like)
[71–73] and FUNDC1 (FUN14 domain-containing protein 1) [75].

NIX/BNIP3L and BNIP3 contain LIR motifs that can recruit LC3 to
the mitochondria during red blood cell maturation [74]. Phospho-
rylation of BNIP3 on serine 17 and 24 are required to promote the
binding with LC3 and thus needed for a correct mitophagy [76].

FUNDC1 is a mitochondrial outer membrane factor possessing
three TM domains. The N-terminal region of FUNDC1 contains a
LIR motif; it is exposed into the cytosol, where it can binds LC3
under hypoxia or after mitochondrial membrane depolarization.
The activity of FUNDC1-mediated mitophagy is also regulated at a
post-translational level. After membrane depolarization, FUNDC1
is phosphorylated on Serine 17 by the ULK1 kinase [75], whereas
Liu et al. demonstrated that FUNDC1 required a dephosphorylation
on tyrosine 18 and serine 13 to be active in the mitophagic pathway
[76].

In addition to NIX and FUNDC1, AMBRA1 has been recently
described as a novel regulator of mitophagy [69]. AMBRA1 has
long been known to be a key mediator of autophagy, regulating
positively the PI3K complex [77]. In 2011, a pool of AMBRA1 was
demonstrated to be associated to BCL-2, in the outer mitochondrial
membrane [78]. In addition, AMBRA1 possesses a LIR domain in its
C-terminal part that allows its binding with LC3 upon mitophagy
induction (after mitochondrial membrane depolarization). Fur-
thermore, high levels of AMBRA1 at the mitochondria (obtained
by overexpressing a mitochondria-targeted AMBRA1, also known
as AMBRA1-ActA) are able to trigger massive mitophagy in both
PARKIN-dependent or independent systems in mammalian cells.
AMBRA1-ActA can thus be considered a novel inducer of mitophagy
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Fig. 3. Key players of mitophagy in mammalian cells. The PINK1/PARKIN pathway is induced after mitochondrial membrane depolarization. PINK1 is stabilized to mitochondria
and allows mitochondrial recruitment of PARKIN. PARKIN ubiquitylates mitochondria that can subsequently be recognized by the scaffold protein p62. In this context, AMBRA1
is crucial to bring damaged mitochondria to degradation, by interacting with LC3 through its LIR motif. High levels of AMBRA1 at the mitochondria can induce massive
mitophagy in a PARKIN-dependent or -independent context. AMBRA1 can thus be considered as a mitophagy receptor that binds LC3 through its LIR motif. FUNDC1, NIX/BNIP3L
and BNIP also interact with LC3 through LIRs. Basically, FUNDC1 is phosphorylated on Tyr18 and Ser13. Hypoxia or mitochondrial depolarization induce dephosphorylation
of the protein, leading to a stronger binding with LC3. By contrast, phosphorylation of BNIP3 on ser17 is necessary to favour its binding with LC3.

in the absence of any treatments with CCCP (a mitochondrial
uncoupler known as the master mitophagy inducer), a finding
which could herald new therapies to fight important human disor-
ders, including age-associated pathologies such as PD, in which the
PINK1/PARKIN pathway is mutated. Related to this, a pharmacolog-
ical tool, named PMI (P62-mediated mitophagy) has been recently
discovered to induce mitophagy in mammalian cells. This com-
pound increases the expression and signalling of the autophagic
adaptor molecule p62/SQSTM and induces mitochondrial removal.
Even more interesting, this compound retains activity in cells
devoid of a fully functional PINK1/PARKIN pathway [79]. This
finding is of great interest in order to facilitate dissection of
the molecular mechanisms underlying mitophagy. The mitophagy
pathways described above are illustrated in Fig. 3.

4.1.1. Interplay between mitophagy and calcium
Gomez-Sanchez et al. [80] demonstrated that calcium overload

is important in PINK1/PARKIN-mediated mitophagy. In fact, they
found that increase of full-length PINK1 levels observed upon CCCP
treatment is not due only to the stabilization of the protein but
also to de novo PINK1 synthesis in a calcium dependent pathway.
Since calcium chelators are able to inhibit mitochondrial removal
following CCCP treatment, it will be interesting to test whether
these kind of agents can directly decrease PINK1 transcription and
thus act on mitophagy. Connected to this, Parkin mitochondrial
localization increases the ER-mitochondrial crosstalk, favouring
calcium transfer [81]. Since ER transfers calcium towards the mito-
chondria is fundamental for cell metabolism, it is not a surprise
that disruption of proteins involved in ER/mitochondria connec-
tion induce calcium defects. Also, intracellular calcium has been
shown to influence mitochondrial mobility [82]. In conclusion,
all compounds that improve ER/mitochondria junction could be

opportune for the development of new therapies. Interestingly, the
mitochondria-initiated calcium-mediated inter-organelle stress
response is involved in cell death resistance in cancer cells [83].
In this review, we do not discuss apoptosis, which is another cru-
cial feature of mitochondrial function, but this aspect has been
extensively reviewed in [84].

4.2. Mitochondrial UPR

In addition to mitophagy, mammalian cells possess another
quality control mechanism that involves the mitochondria-specific
chaperones and proteases against misfolded proteins. Cancer cells,
for example, survive in a highly oxidative environment. High levels
of ROS induce oxidative damage to DNA, lipids and proteins, leading
to their misfolding and aggregation in the mitochondria. Following
an increase of misfolded and aggregated proteins into mitochon-
dria, the cells triggers the mitochondrial unfolded protein response
(UPRmt), in order to decrease the proteotoxic stress and reach a
good homeostasis. The UPRmt is analogous to the UPR of the endo-
plasmic reticulum [85] but it was discovered more recently [86,87].
This signalling is controlled by 3 key proteins: (1) the transcription
factor CHOP, which activates transcription of the mitochondrial
chaperones and proteases [88]; there are two major mitochondrial
chaperone systems that allow protein folding in the mitochon-
drial matrix: mtHSP70 and the HSP60-HSP10 machinery [89]; (2)
the oestrogen receptor alpha (ER!), which exerts a cytoprotective
action on the cell by acting on the proteasome and the protease
Omi [90], and (3) SirT3, a novel major coordinator of the UPRmt

that orchestrates both the antioxidant machinery and mitophagy
[91].

The UPRmt is crucial for overcoming mitochondrial stress.
Interestingly, Jin and Youle [92], demonstrated that a connection
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Fig. 4. UPRmt signalling, as a target to develop therapeutic strategies in mammals. High levels of ROS induce oxidative damage to DNA, lipids and proteins, leading to
their misfolding and aggregation. Following an increase of misfolded and aggregated proteins (mitochondrial proteotoxic stress) into mitochondria, the cells trigger the
mitochondrial unfolded protein response (UPRmt). UPRmt can be activated after a loss of mtHSP70 that occurs in cells of PD patients, after a decrease of Mrsp5 that triggers
an imbalance between mitochondrial proteins and nuclear-encoded mitochondrial proteins. Three key proteins are involved in the UPRmt signalling: CHOP, a transcription
factor that activates transcription of chaperones and proteases; the oestrogen receptor alpha (ER!), that regulates proteasome activity, and the SirT3 protein that orchestrates
both the antioxidant machinery and mitophagy. UPRmt could thus be a novel target for therapeutic approaches. In fact, antibiotics seem to mimic, at least in C. elegans, Mrsp5
decrease and then lead to longevity. Interconnection between UPRmt, mitochondrial biogenesis, mitophagy, longevity and dynamics-related events are illustrated.

between the two quality control levels do, indeed, exist: expression
of unfolded proteins in the matrix induces PINK1/PARKIN-
mediated mitophagy and thus a reduction of unfolded protein load.
Moreover, Papa et al. [91] recently demonstrated that if proteotoxic
stress cannot be resolved, a mitophagic pathway, dependent of the
protein SirT3, is triggered. SirT3 favours the activity of magnesium
speroxide dismutase (MnSOD), a protein involved in the transfor-
mation of toxic superoxide into hydrogen peroxide and diatomic
oxygen [93–95]. Consequently, a reduction of SirT3 is linked to
an increase in ROS production [96]. Although the mechanism by
which SirT3 coordinates the selection of damaged mitochondria
has not been fully elucidated, it nevertheless shows mitochondria’s
remarkable plasticity in responding to stress.

Another study by Burbulla et al. illustrates the connection
between UPRmt and mitophagy: they showed that impaired
intramitochondrial quality control, in PD, mediated by loss
of mtHSP70 (also called Mortalin), can be compensated by
PINK1/PARKIN-mediated mitophagy [97].

Of note, a gradual decrease of mitochondrial function occurs
during ageing, as demonstrated by numerous studies, performed by
using simple organisms as well as mammalian models [98]. Jovai-
saite et al. [99] recently showed that activation of UPRmt correlates

with longevity both in Caenorhabditis elegans and in mice [100]. The
expression of mitochondrial ribosomal protein S5 (Mrps5) corre-
lated with longevity. Knockdown of mrps-5 expression decreases
the translation of mtDNA-encoded components that leads to an
imbalance between mtDNA and nuDNA-encoded OXPHOS com-
plex components. This imbalance acts similarly to a proteotoxic
stress for the host cell that – in turn, activates UPRmt and pro-
longs lifespan. To pharmacologically mimic the reduction of mrps-5,
Houtkooper et al. used antibiotics (doxycycline and chlorampheni-
col) that specifically targeted bacterial translation and thus also
inhibited mitochondrial translation. They have obtained satisfac-
tory results both in C. elegans and mouse hepatocyte cell cultures:
Indeed, antibiotics are able to induce mito-nuclear imbalance lead-
ing to an UPRmt and an increased of lifespan in C. elegans. Notably,
exposition of worms or cells to mitochondrial biogenesis induc-
ers, such as rapamycin and resveratrol (the well-known longevity
agent described before) or NAD+ boosters (stimulator of the sir-
tuin 1 pathway), induce UPRmt [100,101]. The next step is to better
understand the physiological role of UPRmt in mammals, although
it seems that innovative therapeutic strategies can be developed,
based on this process. In fact, given the studies performed in C. ele-
gans, it is expected that pharmacological approaches that can mimic
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UPRmt could improve lifespan and health in age-related diseases
such as AD or PD.

5. Discussion/conclusion

Mitochondria exhibit an ample range of stress responses in
order to preserve the host cell. This feature underlines the fact that
mitochondria are organelles with a high malleability. Therapeutic
agents developed to restore mitochondrial function act princi-
pally on mitochondria biogenesis and fusion/fission mechanisms.
By gathering all information concerning possible ways to repair
mitochondrial functions, it emerges that all pathways intended to
save mitochondrial functions are interconnected. Biogenesis fig-
ures seem to be closely linked to the UPRmt pathway, which is
also linked to longevity. In addition, mitophagy, which is linked to
mitochondrial dynamics (preceded by an increase in fission events),
can be triggered if the UPRmt pathway is not sufficient to help the
cell. Finally, a recent study demonstrated that UPRmt is directly
linked to mitochondrial dynamics: SIRT3 binds and activates OPA1
to regulate mitochondrial dynamics during stress [102]. The inter-
connection between all mitochondrial pathways is illustrated in
Fig. 4.

In conclusion, all therapies aimed at stimulating biogenesis can
indirectly increase longevity, most likely by exerting pressure on
the UPRmt pathway. Further work should help to better understand
whether mitophagy is important in increasing lifespan following
caloric restriction. Finally, since novel molecules have been recently
defined as novel mitophagy regulators (e.g., AMBRA1), efforts are
now required to find new therapeutic approaches to exploit or
target directly these novel mitophagic players. The same kind of
studies are also required to find new compounds that can directly
mimic UPRmt, such as the antibiotics used in nematodes (that can
create an imbalance between mtDNA and nuDNA).

Ideally, following from all the findings outlined here, the next
step would be to identify a compound that acts on one of the path-
ways described before. This in turn would enhance the three other
ways for restoring complete mitochondrial function under stresses.
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Abstract
During aging, the process of mitophagy, a system that allows the

removal of dysfunctional mitochondria through lysosomal

degradation, starts to malfunction. Because of this defect, damaged

mitochondria are not removed correctly, and their decomposing

components accumulate inside the cells. Dysfunctional

mitochondria that are not removed by mitophagy produce high

amounts of reactive oxygen species (ROS) and, thus, cause

oxidative stress. Oxidative stress, in turn, is very harmful for the

cells, neuronal cells, in particular. Consequently, the process of

mitophagy plays a crucial role in mitochondria-related disease.

Mitochondrial dysfunctions and oxidative stress are well-

established factors contributing to Parkinson’s disease (PD), one of

the most common neurodegenerative disorders. In this review, we
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report various known antioxidants for PD treatments and describe

the stimulation of mitophagy process as a novel and exciting

method for reducing oxidative stress in PD patients. We describe

the di!erent mechanisms responsible for mitochondria removal

through the mitophagy process. In addition, we review the

functional connection between mitophagy induction and reduction

of oxidative stress in several in vitro models of PD and also agents

(drugs and natural compounds) already known to be antioxidants

and to be able to activate mitophagy. Finally, we propose that there

is an urgent need to test the use of mitophagy-inducing

antioxidants in order to fight PD.

Keywords: mitochondrial selective degradation;
neurodegeneration; oxidative stress; Parkinsonism

Parkinson’s disease and mitochondrial
oxidative stress
Parkinson’s disease (PD) is a severe and widespread

neurodegenerative disorder characterized by a progressive

reduction of neurons in the substantia nigra pars compacta leading

to dopamine deficiency and α-synuclein aggregate formation. This

pathology is associated with motor and non-motor symptoms,

including bradykinesia, rigidity, dystonia, anxiety, dementia, and

sexual dysfunction. The disease stems from the impairment of

several molecular pathways, including α-synuclein proteostasis,

mitochondrial function, oxidative stress, calcium homeostasis,

axonal transport, and neuroinflammation (Poewe et al., 2017).

Although the etiology of PD is still elusive, mitochondrial

dysfunctions and related oxidative stress are crucial contributing
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factors (Figure 1). Several findings suggest that mitochondria are

the primary source of reactive oxygen species (ROS) that are

possibly contributing to intracellular oxidative stress (Starkov,

2008; Murphy, 2009). Various groups observed a reduction in

mitochondrial complex I protein level or activity in the nigral

neurons of PD patients (Schapira et al., 1990; Bose and Beal 2016).

Inclusions of α-synuclein protein aggregates in the mitochondria

induce an impairment in the mitochondrial complex I activity

leading to oxidative stress (Devi et al., 2008). Moreover, it was

demonstrated that the downregulation in dopaminergic neurons of

the mitochondrial transcription factor A (TFAM), essential for

mitochondrial DNA expression, leads to a defect in the electron

transport chain, thus, promoting neuronal degeneration in

adulthood (Ekstrand et al., 2007). In addition, some mitochondria-

related genes, i.e. phosphatase and tensin homolog-induced kinase

1 (PINK1), parkin RING-in-between-RING E3 ubiquitin protein

ligase (PARK2/PRKN), Parkinsonism-associated deglycase

(DJ-1/PARK7), and F-box protein 7 (Fbxo7), prove to be mutated in

the familial form of PD. These variations compromise mitochondria

functioning and contribute to oxidative stress production.

Furthermore, PD patients show high levels (40–60%) of mtDNA

deletions, associated with a cytochrome c oxidase deficiency in the

substantia nigra (Bender et al., 2006; Kraytsberg et al., 2006). Isobe

and colleagues showed that the levels of oxidized coenzyme Q-10

(CoQ10) in PD patients’ cerebrospinal fluid were significantly

increased (Isobe et al., 2010). Other pathologies, such as

Alzheimer’s disease (AD), multiple sclerosis (MS), or amyotrophic

lateral sclerosis (ALS) are related to damaged mitochondria and
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oxidative stress production (Dutta et al., 2006; Sau et al., 2007;

Campbell et al., 2011; Swerdlow et al., 2014). To date,

pharmacological substitution of striatal dopamine, and more

recently, therapies for cellular transport of α-synuclein remain the

principal treatment for PD.
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Figure 1:

Generation of mitochondrial ROS contributes to PD.

A defect in the complex I or complex III of mitochondrial respiratory chain promotes the

accumulation of reactive radicals, leading to oxidative stress.

Given the link between mitochondrial dysfunctions and ROS
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production in PD, clinical approaches that counteract the oxidative

stress may be beneficial for patients. We review below some of the

main promising antioxidants for improving PD patient health. In

addition, we propose, as a novel and more e!ective strategy for

combating PD, the adoption of a combined approach through the

activation of both endogenous or exogenous antioxidants and the

clearance system that eliminates ROS-produced damaged

mitochondria (known as mitophagy).

Antioxidants: preclinical and clinical studies in
PD
As nigrostriatal dopaminergic neuron degeneration in PD patients

is related to oxidative stress and mitochondrial dysfunctions,

general antioxidants or mitochondrial-targeted antioxidants

(MTAs) may be a fruitful therapy for counteracting PD. Unlike the

ubiquitous antioxidant, a common feature of MTAs is the presence

of a positive charge in the lipophilic cation, known as

triphenylphosphonium (TPP), necessary for crossing the

mitochondrial membranes (Murphy and Smith, 2007). In this

section, we list the most promising MTAs and general antioxidants

in treating PD, their structures being reported in Figures 2 and 3.
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Figure 2:

MTAs.

Structures of TPP -containing molecules that seem to be able to fight PD, such as MitoQ10

(A), MitoVitE (B), and SkQ1 (C).

+
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Figure 3:

Main general antioxidants.

Structures of a series of antioxidants that counteract Parkinsonism, such as AEOL11114 (A),

AEOL11203 (B), AEOL11216 (C), apocynin (D), diapocynin (E), urate (F), vitamin E (G), vitamin C

(H), TUDCA (I), CoQ10 (J), creatine (K) and melatonin (L), caffeine (M), curcumin (N), EGCG
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MTAs
MitoQ

Mitoquinone (MitoQ) constitutes a 10-carbon aliphatic carbon

chain necessary for TPP covalent binding to the endogenous

antioxidant CoQ10 (Figure 2A). MitoQ is able to scavenge peroxyl,

peroxynitrite, and superoxide and, after completing its function, is

reduced to the active form ubiquinol by the complex II of the

respiratory chain (Smith and Murphy, 2011). As in vitro and in vivo

studies demonstrated the beneficial e!ects of MitoQ, it underwent

phase I and then phase II clinical trials (Gane et al., 2010; Snow et

al., 2010). Despite its promising role, no neuroprotective benefits

were detected in PD patients after MitoQ oral intake (Snow et al.,

2010). Further studies are, thus, necessary to better analyze the

therapeutic e!ect of MitoQ in PD patients.

MitoVitE

MitoVitE is the first MTA to be discovered and consists of TPP

linked to the α-tocopherol of vitamin E through a two-carbon chain

(Figure 2B). Despite its fast intake in the mitochondria of cell

culture or mice tissue subjected to oxidative damage, the use of

MitoVitE in patients is still being debated. In fact, although

MitoVitE has a protective e!ect in both cellular and animal models

(Jauslin et al., 2003; Zhang et al., 2012), no beneficial e!ects were

observed in vivo in striatal neurons. Moreover, high doses of

MitoVitE are neurotoxic (Convey et al., 2006).

SkQ1

SkQ1 constitutes the TPP attached to plastoquinone (Figure 2C).

This structure allows the incorporation of SkQ1 into the inner
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mitochondrial membrane (IMM) where it protects from ROS-

induced oxidation (Skulachev et al., 2011). It was observed that SkQ1

treatment reduces degeneration of dopaminergic neurons of the

substantia nigra and ventral tegmental area (VTA) in PD mouse

models (Pavshintsev et al., 2017).

General antioxidants
Metalloporphyrins

Synthetic catalytic antioxidants known as AEOL 11114, AEOL 11203,

and AEOL 11216 metalloporphyrins show promising e!ects for PD

treatment due to their ability to penetrate the blood brain barrier

together with their oral bioavailability and longer plasma

elimination half-lives (Liang et al., 2017) (Figure 3A–C).

Apocynin and diapocynin

Apocynin (4-hydroxy-3-methoxyacetophenone) and its derivate

diapocynin are plant antioxidants that function as NADPH oxidase

inhibitors. Their protective role in PD model systems was evaluated

in vivo (Vejrazka et al., 2005; Luchtefeld et al., 2008) (Figure 3D, E).

Urate

Acid uric or urate is a scavenger of superoxide, hydroxyl radical,

single oxygen, and also an iron chelator (Cohen et al., 1984) (Figure

3F). Although over the year it was shown to improve the condition

of PD patients, the treatment is limited as urate in high levels

causes gout (Choi et al., 2004).

Vitamins

The antioxidant function of vitamins in counteracting oxidative

stress was discovered in 1992 (Sies et al., 1992). In particular,

vitamin E e"cacy to prevent PD progression was demonstrated by
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several groups (Zhang et al., 2002). By contrast, the role of vitamin

C is still controversial (Zhang et al., 2002; Etminan et al., 2005)

(Figure 3G, H).

TUDCA

Tauroursodeoxycholic acid (TUDCA) is a derivate from tauroine

conjugated to the endogenous bile acid ursodeoxycholic acid

(UDCA) (Figure 3I). It was observed that TUDCA improves

mitochondrial functions in PD patient-derived fibroblasts

(Mortiboys et al., 2015) and has a neuroprotective role in the

nematode-PD model (Ved et al., 2005). Moreover TUDCA acts as an

antioxidant in several neurodegenerative diseases, including ALS,

AD, and HD (Keene et al., 2002; Nunes et al., 2012; Elia et al., 2016).

Recently, Rosa and co-workers demonstrated that TUDCA has a

neuroprotective e!ect by stimulating mitophagy in in vitro and in

vivo models of PD (see the “Pharmacological inducers of

mitophagy” section below) (Zheng et al., 2017).

CoQ

In vitro and in vivo studies demonstrated the beneficial role of

coenzyme Q10 (CoQ ) in PD (Beal et al., 1998; Horvath et al., 2003;

Moon et al., 2005). At high doses (1200 mg daily), CoQ  shows

beneficial results in PD rating (Shults et al., 2002) and is currently

in the clinical trial phase III (Figure 3J).

Creatine

Creatine is a nitrogenous derivative of the guanidinium cation

necessary for supplying energy in vertebrate muscle and nerve cells

(Figure 3K). In addition, its antioxidant function was well

established in PD mice models (Matthews et al., 1999). Clinical
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studies demonstrate that creatine has a neuroprotective role in PD

patients. At present, creatine is still in the phase III clinical trial, in

a long-term study on 1720 patients with PD (Bloom, 2007; Couzin,

2007).

Melatonin

Melatonin is a pineal hormone with an antioxidant function that

was demonstrated in di!erent animal models of PD (Saravanan et

al., 2007; Borah and Mohanakumar, 2009). Melatonin was shown to

block the pro-oxidant e!ect of both dopamine and L-dopa in an in

vitro study (Miller et al., 1996). Moreover, it preserves the activity

of tyrosine hydroxylase (TH) in MPP+-treated rats (Jin et al., 1998).

Additionally, melatonin is used to reduce REM sleep behavior

disorder (RBD), which is a typical feature of parkinsonism and

other forms of dementia (Aurora et al., 2010) (Figure 3L).

Caffeine

As ca!eine is in co!ee and other beverages, it is the most widely

consumed psychoactive drug. Di!erent groups found that ca!eine

has a neuroprotective e!ect, attenuating the reduction in striatal

dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC) and DAT-

binding sites (Chen et al., 2001; Joghataie et al., 2004). More

recently, Negida and colleagues revealed that ca!eine reduces

oxidative stress in PD through its antioxidant function, at the

mitochondria. In addition, they found that ca!eine binds

α-synuclein proteins preventing their aggregation in Lewy’s bodies

and enhances the number of dopamine receptors (Negida et al.,

2017) (Figure 3M).

Curcumin
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Curcumin is a plant diarylheptanoid with a bright yellow color. It is

widely used in cooking for its anti-inflammatory and antioxidant

properties. Curcumin was shown to alleviate motor deficits and

neuronal damage in 6-OHDA (6-hydroxydopamine)-treated rats.

In fact, it inhibits the conversion of MPTP to MPP+ toxic metabolite

(Rajeswari and Sabesan, 2008) (Figure 3N).

Epigallocatechin gallate

Epigallocatechin gallate (EGCG) is a plant catechin typical of the

green tea. EGCG has a neuroprotective e!ect in the MPTP (1-metil

4-fenil 1,2,3,6-tetraidro-piridina) in vivo model of PD. In

particular, EGCG controls ferroportin, which is the iron-export

protein in the substantia nigra, and alleviates oxidative stress, thus,

conferring a rescue e!ect against MPTP toxicity (Xu et al., 2017)

(Figure 3O).

Resveratrol

Resveratrol, which is a polyphenol of red grapes, was shown to

reduce mitochondria dysfunction of 6-OHDA dopaminergic

neurons of rat (Jin et al., 2008). Moreover, a diet rich in resveratrol

combats MPTP neurotoxicity (Blanchet et al., 2008). This

polyphenol stimulates SIRTUIN-1 activity, thus, controlling various

transcription factors and co-activators, including PGC1-α that

regulates mitochondria biogenesis (Peng et al., 2016) (Figure 3P).

Iron chelators

As iron accumulation was found in the nervous system of patients,

di!erent iron chelators were used in preclinical studies of PD

(Weinreb et al., 2013). Among them, desferrioxamine (DFO)

preserves striatal dopamine degeneration induced by 6-OHDA
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treatment, thus, partially restoring the normal behavior (Ben-

Shachar et al., 1992). Despite its functional role, DFO is a large

molecule, and its size limits the blood brain barrier crossing (Zheng

et al., 2005). Novel iron chelators were tested in the in vitro model

of PD (Shachar et al., 2004).

Besides these general antioxidants, the combination of R-α-lipoic

acid and acetyl-L-carnitine has also beneficial e!ects in the in vitro

model of PD, stimulating mitochondria biogenesis and reducing

oxidative stress (Zhang et al., 2010).

Mitophagy
Antioxidant administration in combination with new approaches

focused on the reduction of ROS could be more e!ective in halting

neurodegeneration in PD.

Mitochondria are the main source of ROS production during

oxidative phosphorylation for ATP production (Lenaz, 2001).

Functional mitochondria maintenance is fundamental for cellular

behavior, in particular, for neuronal cells. Despite its low mass, the

brain consumes 20% of the body’s oxygen for the production of

ATP (Attwell and Laughlin, 2011). The majority of ATP production

comes from the mitochondrial respiration chain, although

glycolysis contributes to ATP generation (Rangaraju et al., 2014).

Correct mitochondria functioning is, thus, crucial in order to

regulate, in each region of the neuron, the balance between energy

supply and energy demand. Therefore, some mitochondria remain

in the soma, while others are carried along axons and dendrites in

order to form energy sites in the presynaptic terminals and in
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proximity of the nodes of Ranvier (Berthold et al., 1993; Shepherd

and Harris, 1998).

A selective elimination of damaged mitochondria through

mitophagy and the maintenance of healthy mitochondria are, thus,

both mandatory for cellular viability (Palikaras and Tavernarakis,

2014). Mitophagy is the most characterized selective autophagy

pathway, and it is regulated by the outer mitochondrial membrane

(OMM), IMM, or cytosolic proteins named mitophagy receptors

(Hamacher-Brady and Brady, 2016).

Mitophagy receptors
Upon mitophagy induction, mitophagy receptors are recruited to

damaged mitochondria. The engulfment of undesired mitochondria

into the autophagy machinery needs a direct interaction between

mitophagy receptors (see Table 1) and the autophagosome markers

microtubule-associated proteins 1 light chain 3 (LC3s) or GABA type

A receptor-associated proteins (GABARAPs). The binding is

mediated by a particular sequence on mitophagy receptors, known

as the LC3-interacting region (LIR) motif. Moreover, two crucial

posttranslational modifications occur during mitophagy:

phosphorylation and ubiquitylation. The former can be a positive or

negative change that allows or inhibits the mitophagy receptor-

autophagosome marker binding (Hamacher-Brady and Brady,

2016). The latter, takes place on the OMM proteins and is a signal

for cytosolic mitophagy receptor recruitment and, therefore, for

mitochondria elimination (Yamano et al., 2016). This pathway is

able to selectively eliminate damaged mitochondria in order to

maintain cellular homeostasis and to preserve mitochondria
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vitality.

Table 1:

Overview of the known mitophagy pathways.

PINK1/PARK2-dependent pathway

PINK1 is a mitochondria kinase that functions as a sensor of mitochondria status. Upon mitochondria stress, PINK

FUNDC1: is an OMM protein whose role in mitophagy was clarified since 2012 (Wu et al., 2014). It possesses an LIR

PINK1/PARK2-independent pathway

BNIP3L: this OMM protein is the mammalian homolog of NIX, and it regulates mitophagy upon reticulocyte diffe

BCL2-L13: the mammalian homolog of Atg32 interacts with LC3B and regulates mitochondria-selective removal (

FKBP8/FKBP38: is a member of the FK 506-binding protein family, and it interacts preferentially with LC3A in ord

PINK1/PARK2-dependent/independent pathway

AMBRA1: is a cytosolic protein localized also on the OMM (Strappazzon et al., 2011) that interacts with the autopha

Cardiolipin
Cardiolipin or 1,3-bis(sn-3′-phosphatidyl)-sn-glycerol is a lipid of

the IMM that functions as a sensor of mitochondrial stress. In

detail, upon mitophagy induction, cardiolipin is externalized on the

mitochondria where it interacts with the autophagosome marker

LC3-II in order to mediate the engulfment into the autophagosome

machinery (Chu et al., 2013).

Mitophagy receptors as therapeutic targets
for PD
Neurodegenerative diseases, including PD, AD, and HD, are

characterized by the accumulation of damaged mitochondria that

produces critical e!ects on neuron functionality (Johri and Beal,

2012). Recent evidence shows that the selective mitochondria

autophagy contributes to improving mitochondrial status and

cellular homeostasis of neurons. In particular, two mitophagy

receptors, Nix and AMBRA1, show a central role in delaying cell

death in PD models through an antioxidant action. In particular,

Koentjoro and colleagues demonstrated that when the main
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mitophagy process (PINK1/PARK2-mediated mitophagy) is

abrogated in PD dopaminergic neurons, Nix is able to stimulate a

damaged mitochondria selective removal that preserves

dopaminergic neurons. Moreover, phorbol 12-myristate 13-acetate

(PMA) was reported to induce Nix expression, leading to a

reduction in ROS production in PD dopaminergic neurons

(Koentjoro et al., 2017).

In a similar manner, AMBRA1-mediated mitophagy is able to rescue

mitophagy in fibroblasts of PD patients in which PINK1 or PARK2

are mutated (Strappazzon et al., 2015). In addition, a particular

form of AMBRA1, localized at the OMM (AMBRA1 ) is able to

stimulate mitophagy in an in vitro model of PD and reduces cell

death induced by rotenone or 6-OHDA treatments, by limiting

selectively the source of oxidative stress (Di Rita et al., 2018). In line

with such evidence, both Nix and AMBRA1 could be considered as

attractive therapeutic targets in drug development and human

application.

Moreover, Chu and colleagues demonstrated that cardiolipin drives

mitophagy in response to low doses of rotenone or 6-OHDA

through a direct interaction with LC3. Despite the fact that, at

present, cardiolipin has no antioxidant functions, in line with

AMBRA1 and NIX, it possesses phosphorylation sites in the o!set of

its LIR motif that could control mitophagy in a fine-tuned system.

These analogies could suggest that these three mitophagy

regulators could control mitochondria degradation through the

autophagy machinery in PD and that their synergic action could be

useful in reducing PD progression by limiting the accumulation of

ActA
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damaged mitochondria in neurons.

To date, scientists are able to induce mitophagy in vitro and in vivo,

mainly using pharmacological compounds, i.e. antimycin A, or

oligomycin or carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone (FCCP), and simulating hypoxic/ischemic

conditions. However, in the near future, the generation of a drug

that could specifically stimulate both AMBRA1- and NIX-mediated

mitophagy presents an attractive challenge for counteracting PD by

strongly reducing oxidative stress and preserving mitochondria

health in dopaminergic neurons.

Inducers of mitophagy
As maintaining mitophagy is crucial in age-related diseases,

several inducers of mitophagy were developed and can be classified

in pharmacological or natural compounds.

Pharmacological inducers of mitophagy
NRF2 induction through PMI

NRF2 (nuclear factor erythroid 2-related factor 2) is a transcription

factor that controls the expression of several genes, such as PINK1,

nuclear dot protein 52 (NDP52) and sequestosome 1 (P62) by

linking the antioxidant response element (ARE) in their promoter

regions. It is, thus, considered the master regulator of the cellular

redox homeostasis. NRF2 activity is able to defend cells against

mitochondrial toxins; indeed, its function is suppressed in

mitochondrial disorders such as PD (Georgakopoulos et al., 2017).

PMI/HB229 is an inducer of NRF2 and stimulates P62 production by

reversibly inhibiting the activity of Kelch-like ECH-associated
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protein 1 (KEAP1), which is important for NRF2 degradation by the

proteasome.

Mechanistically, PMI interferes protein-protein interaction (PPI)

between NRF2 and KEAP1, blocking the NRF2 ubiquitylation and

favoring its nuclear accumulation. Consequently, NRF2 activates

gene production; among the genes activated, P62 becomes

upregulated, and mitophagy is activated. Of note, this e!ect of

NRF2 is independent of the PINK1/PARK2 pathway.

Interestingly, the mitophagic activity of PMI is related to the redox

status of mitochondria as selective scavenging of mitochondrial

superoxides (i.e. NAC, Mito-TEMPOL) inhibits the PMI-induced

mitophagy. In this context, the inhibition of mitophagy by Mito-

TEMPOL is intriguing, suggesting that ROS is necessary for

inducing PMI-dependent mitophagy.

As PMI has an antioxidant action and induces mitophagy

independent of PINK1/PARK2, its action has considerable potential

in the case of PD patients, and as such, merits further study.

MitoQ

Mitoquinone was originally used to suppress ROS production and

lipid peroxidation as explained above in the “Antioxidants:

preclinical and clinical studies in PD” section. Interestingly, MitoQ

was shown to reduce oxidative stress through mitophagy induction

in an in vivo model of diabetic kidney disease (DKD). In fact, Xiao

and collaborators demonstrated that MitoQ activates

mitochondria-selective removal controlling the NRF2 expression,

activity, and translocation, which, in turn, cooperates with PINK1
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mitophagy induction (Xiao et al., 2017). Moreover, MitoQ was

shown to support mitophagy by increasing mitochondrial

membrane depolarization (ΔΨm) in aggressive cancer cells (Biel

and Rao, 2018).

Phorbol 12-myristate 13-acetate (PMA)

Phorbol 12-myristate 13-acetate (PMA) was shown to favor Nix

transcriptional activation in vitro through the stimulation of

protein kinase C α (PRKCA) activity and by promoting the binding of

the transcription factor SP1 to GC-rich elements in the Nix

promoter in cultured neonatal rat cardiac myocytes (Galvez et al.,

2006). More recently, PMA was found to stimulate mitophagy in PD

models by increasing Nix expression (Koentjoro et al., 2017). This

pharmacological induction of Nix promotes CCCP-induced

mitophagy in the PARK2-and PINK1-related PD patient cell lines.

Drugs targeting Nix are, thus, expected to provide neuroprotective

action in PD patients.

TUDCA

TUDCA strongly prevents CCCP-induced cell death, ROS generation,

and mitochondrial damage in neuroblastoma cell line. The

neuroprotective role of TUDCA in this cell model is mediated by

PARK2-dependent mitophagy. The demonstration that

pharmacological upregulation of mitophagy by TUDCA prevents

neurodegeneration provides new insights into the use of TUDCA in

order to favor mitochondrial quality control in PD context.

Natural compound inducers of mitophagy
Melanoidin

Melanoidin derives from aged vinegar or pomegranate extract (PE)
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and is a well-known antioxidant (Delgado-Andrade et al., 2005).

Yang and colleagues found that melanoidins from Shanxi aged

vinegar-induced mitophagy (Yang et al., 2014). In particular, they

reported that melanoidins reduce ROS in normal human liver cells

and mouse livers through a mitophagy-dependent pathway. These

results support the fact that melanoidins are able to reduce ROS

levels through mitophagy activation, by degrading damaged

mitochondria, the source of oxidative stress. In addition, to be

direct free radical scavengers, melanoidins are, thus, mitophagy

inducers in the context of injury-induced hepatocytes and

cardiomyocites (Yang et al., 2016).

Melanoidins appears, thus, as new therapeutic target to be tested in

the context of PD.

Of note, during the roasting process of co!ee, melanoidins are

formed (Moreira et al., 2012). As co!ee could be one of the main

sources of melanoidins in the human diet, their health implications

are of great interest. Interestingly, epidemiologic links exist

between ca!eine and lower PD risk (Ross et al., 2000; Hernán et al.,

2002). However, the potential of co!ee diet on health of PD patients

were tested, but ca!eine did not show improvement of PD

symptomatic e!ects (Postuma et al., 2017). It should be interesting

to test the e!ect of melanoidins directly on PD patients instead of

ca!eine.

Urolithin A

Urolithin A is a microflora human metabolite originating from the

digestion by intestinal bacteria. Its precursor is the ellagic acid

(ellagitannin family). When this acid is consumed by diet, the
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bacterial microflora is able to transform it into urolithin A. Some

foods are rich in ellagic acid (e.g., blackberries, cranberries, grapes,

pecans raspberries, etc.); however, among these foods, it appears

that pomegranates have the highest potential for producing the

urolithin A.

This metabolite was shown to prevent accumulation of damaged

mitochondria and improve lifespan in nematode and exercise

capacity in mice (Ryu et al., 2016).

Again, it is expected that urolithin A may favor health of PD

patients by causing mitophagy and reducing oxidative stress.

Spermidine

Spermidine is a small organic molecule of the polyamine family and

controls several physiological processes such as cell growth,

proliferation, and survival (Gevrekci, 2017). Interestingly,

sperimidine levels decline with age in some tissues such as the

heart and kidneys (Nishimura et al., 2006). A diet enriched with

spermidine was found to improve lifespans of yeast, nematodes

flies, and mice (Eisenberg et al., 2009). Moreover, spermidine

activates mitophagy in aged cardiomyocytes, thus, repairing

mitochondrial activity (Eisenberg et al., 2016). Qi and colleagues

demonstrated that spermidine-induced mitophagy is dependent on

ATM (ataxia-telangiectasia-mutated kinase) (Qi et al., 2016).

Administration of spermidine delays PD-related degenerative

processes in the fruit fly Drosophila melanogaster and in the

nematode Caenorhabditis elegans, two established model systems

for PD pathology (Büttner et al., 2014). Spermidine-dietary

supplementation, thus, has the potential for improving the health
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of PD patients.

Resveratrol and other GSE components

Di!erent studies demonstrated that resveratrol alleviates

symptoms and is beneficial against cancers, heart disorders, and

Alzheimer’s disease. Recently, Wu and colleagues reported that

daily assumption of GSE (grape skin extracts) alleviates

mitochondrial dysfunctions in a D. melanogaster model of PD. In

particular, besides resveratrol, GSE contains quercetin, myricetin,

catechins, tannins, anthocyanidins, and ferulic acid. This work

reported that there is a link between mitophagy stimulation and

resveratrol beneficial e!ects necessary for improving lifespan (Wu

et al., 2018).

Conclusion/perspectives
PMA, MitoQ, TUDCA, PMI, or GSE administration in mice models of

PD, and eventually in PD patients, could, thus, o!er an e!ect

method of combating PD stimulating both antioxidant responses

and mitophagy.

Another exciting issue is the proposal to increase the mitophagy

process in PD patients through melanoidin, urolithin A, or

spermidine consumption. Thus, there is a need to generate and test

specialized diet to fit the PD context (see the proposed model in

Figure 4).
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Figure 4:

Antioxidants and/or mitophagy inducer administration in order to counteract PD.

The use of pharmacological compounds able to activate both mitophagy and antioxidant

responses could be a promising strategy in PD mice models in order to delay

neurodegeneration. In addition, it could be worth testing a diet enriched in natural

mitophagy inducers and/or antioxidants, such as pomegranate or cheese, as a method of

limiting oxidative stress and, thus, neurodegeneration in PD patients.
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CHAPTER 5

Neuroblastoma and oxidative stress:
From pathogenesis to in vitro models
of neurodegeneration
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Neuroblastoma

Neuroblastoma (NB) is a tumor that originates from the cells of the autonomic nervous

system. “Neuro” indicates that the tumor develops in the nerves; “blastoma” indicates,

on the other hand, that the cells involved are immature or developing.

Among the various solid tumors of infants NB is, after those affecting the central ner-

vous system (CNS), the most widespread (8%) in patients under the age of 1.1 Indeed,

15% of deaths linked to childhood neoplasia are due to NB. Unfortunately, in major and

serious cases, after the diagnosis, NB is already at the step metastasis stage and children are

refractory to chemotherapy.

NB is a cancer that occurs at all ages, but as said before, the majority of patients

affected by NB are children. In some rare cases, it is possible to perform a prenatal diag-

nosis using ultrasound; however, the average age of young patients at diagnosis varies

between 1 and 2 years and almost all tumors (about 95%) are discovered by the age of

5 years. Its cause remains unknown, but it often occurs in children born to parents

who are alcoholics, smokers, who suffer from hypertension, or in children with mothers

younger than 20.2

This said, basically, NB is due to genetic disturbances, which are linked to mutations

in genes such as oncogenes (which promote tumor formation) or tumor suppressors

(which block the cancer) that occur during childhood. These kinds of gene mutations

deregulate proliferation of immature nerve cells (neuroblasts), which cause cancer.

Several genes are known to be involved in the onset of NB such as MYCN oncogene

and ALK, PHOX2B genes. In particular, the amplification of MYCN (25% of NB cases)

is correlated with a high risk of disease and poor prognosis.

Contribution of oxidative stress in cancer pathogenesis

Free radicals and reactive oxygen species (ROS) take part in the so-called reactive species.

These species are generated following metabolic reactions inside the mitochondria of

eukaryotic cells. At a low concentration (normal condition), they play a crucial role in

the signal transduction pathways and in particular in the redox signaling, acting as second

messengers. A correct regulation of reactive species production is thus vital for cell function.

Oxidative stress occurs when the prooxidant/antioxidant balance is lost, altering and

damaging many intracellular molecules, including DNA, RNA, lipids, and proteins.3

The mechanisms and pathways involved in oxidative stress are conserved in mammali-

an cells.

Cancer cells, which are known to possess an increased metabolism, require high con-

centrations of ROS in order to be able to proliferate at a higher rate than normal cells. In

addition, ROS favor other aspects of tumor development and progression, such as eva-

sion of apoptosis or anoikis, tissue invasion and metastasis, and angiogenesis.

68 Oxidative stress and dietary antioxidants in neurological diseases



For this reason in the field of cancer therapy, several radio and chemotherapeutic

drugs are used to modulate tumor behavior by directly modulating ROS production.

Contribution of oxidative stress in neuroblastoma pathogenesis

Oxidative stress associated with NB growth
Solid tumors, such as NB, exhibit regions of acute/chronic hypoxia that may be predis-

posed to develop an oxidative tumor environment. An oxidative and antioxidant imbal-

ance exists in the blood circulation system of children with liquid and solid cancers.4

However, oxidation status of tumor has not clearly been defined as an indicator of the

severity of the NB.

One study of Novotny et al. indicates that a deregulation in the redox status occurs in

NB.5 These authors investigated whether plasma measurements of oxidants/antioxidants

in an animal model of human NB were correlated with tumor growth. Although they

found no clear response in plasma antioxidant activity, they did find an increase of oxi-

dative stress in the animal model of human NB at the beginning of the growth, thus sug-

gesting a link between oxidative stress and NB formation (Fig. 1).

MYCN amplification provides resistance of NB cells to oxidative stress
MYCN amplification correlates with high-risk disease and poor prognosis. Overexpres-

sion of MYCN in whole mice or cells is able to induce NB and tumor progression.6–8 In

addition, cells with MYCN amplification show resistance to apoptosis. By contrast,

MYCN downregulation promotes proliferation arrest,9 differentiation, and apoptosis

in human NB cells.10,11 Since resistance and the degree of malignancy of NB correlate

with the amplification of the oncogene MYCN, MYC appears to be a crucial factor in

promoting cell survival in NB.

Fig. 1 Oxidative stress contributes to cancer progression. Reactive oxygen species production
increases oxidative stress and induces cancer cells proliferation.
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For this reason, identification of the relationship betweenMYCN amplification and

cancer resistance to apoptosis presents an interesting challenge. A crucial link is emer-

ging between pro-survival activity of NB and the efficiency of its antioxidant system. In

line with this, in 2008, Marengo and collaborators demonstrated that high levels of glu-

tathione (GSH) preserve cells following irradiation and chemotherapy.12 In particular,

they showed that cells with amplified MYCN possess higher levels of glutathione, this

conferring an increased ability to dispose of reactive oxygen species, such as H2O2. By

contrast, neuroblastoma cells with low levels of MYCN are more sensitive to oxidative

stress due to a decrease in GCL (responsible for GSH biosynthesis), leading to the

reduction of glutathione production. Because GSH is the most abundant low-

molecular thiol involved in cellular detoxification against reactive oxygen species,13

the authors cited highlight a link between the resistance of NB cells to apoptosis

and their antioxidant function. They demonstrated that MYCN transcriptionally

upregulates the catalytic subunit of GCL in MYCN-amplified NB cells, but not in

NB cells without MYCN amplification, thus conferring resistance to oxidative

damage. In addition, they found that inhibition of GCL favors apoptosis of NB cells.12

Such results underline GCL as a potential therapeutic target for the treatment of NB

with MYCN amplified.

Recently, it has been demonstrated that a forced overexpression of MYCN, in neural

crest progenitor cells, enhances glutaminolysis, a hallmark of cancer metabolism, which

contributes, in part, to ROS production. Glutaminolysis by inducing oxidative stress ren-

ders NB cells sensitive to ROS augmentation. To corroborate this, Wang and colleagues

found that dimethyl fumarate (DMF), a Food and Drug Administration, approved drug

for multiple sclerosis, blocks proliferation of NB cells in vitro and tumor growth in vivo.

Mechanistically, the authors demonstrated that DMF stops NB cell proliferation by

increasing ROS levels, which, in turn, suppresses MYCN expression.14 These recent

data indicate that manipulation of the metabolism and the increase of ROS could be a

novel way for combatting NB (Fig. 2).

Nitro-oxidative stress contributes to NB cell death
Nitrogen species (RNS) are reactive species derived from nitrogen and cellular metab-

olism. In analogy with ROS production, they are mainly generated from mitochon-

dria.15 They are classified as ions (peroxynitrite) or nonions (nitric oxide). Also like

ROS, RNS are involved in several physiological processes, such as cellular response

to stress, mitochondrial network, signaling, and apoptosis.16,17 However, the imbalance

between oxidants-nitrosants and their elimination are associated with nitro-oxidative

stress production. In this latter case, RNS are harmful for the cell, leading to cellular dys-

functions by acting on proteins, lipids, DNA, and sugars.18,19 The potentially deleterious

effects of RNS can be neutralized by the antioxidative defense systems.20,21
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A recent work by Gorska and colleagues indicates that favoring the imbalance

between production and elimination of RNS could expose NB cells to apoptosis.22

In particular, the same authors tested the effect of 2-methoxyestradiol on NB

SH-SY5Y cells. 2-methoxyestradiol is an agent already known to be efficient for breast

and prostate cancer treatment. They discovered that at pharmacologically relevant con-

centrations, 2-methoxyestradiol induces apoptosis of neuroblastoma SH-SY5Y cells via

nitric oxide generation and reduction of mitochondrial membrane potential. The same

work confirms the efficiency of 2-methoxyestradiol in the treatment of cancer and in this

case NB. In addition, it proposes the hypothesis that favoring an imbalance of the redox

status in NB cells could favor apoptosis of these cells (Fig. 3).

In vitro uses of neuroblastoma cell line

A common hallmark of neuroblastoma cell lines is the ability to proliferate in an unlimited

manner, constituting the most diffuse in vitro model system for generating neuronal cells

Fig. 2 Correlation between glutathione and MYC levels and cancer cells resistance. High levels of MYC
and GSH contribute to tumor cell proliferation, thus allowing irradiation- and chemo-resistance. Low
levels of the oncogene MYC are associated with the death of cancer cells.
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upon several differentiation-inducing treatments. In recent years, NB cell lines were widely

used for various purposes: (a) to analyze anticancer effects of antimalarial drugs23 or (b) to

understand the relationship between proliferation, differentiation, and apoptosis,24 or

(c) to unravel the virus-host cell relationship25 or (d) to better understand the molecular

mechanisms at the basis of pediatric cancer neuroblastoma.26

To date, there are three different morphological variants of neuroblastoma cells that

favor the heterogeneity among these cells: neuroblastic (N), substrate adherent (S), and

intermediate (I).27–29 These variants can be distinguished by using different biochemical

markers, such as tyrosine hydroxylase (TH), dopamine-β-hydroxylase (DβH), and tyros-

inase (Tyr) (Table 1).

Among these cells, SH-SY5Y is the elective model system in neuronal differentiation

in vitro. In particular, SH-SY5Y cells can be both adherent and floating cells with

neuroblast- and epithelial-like phenotypes. In contrast to epithelial-like cells,

neuroblast-like SH-SY5Y cells are positive for tyrosine hydroxylase and dopamine-β-
hydroxylase, typical markers of catecholaminergic neurons, thus mimicking neuronal

cells.30 In addition, SH-SY5Y cells can be differentiated to a more mature neuron-like

phenotype by using an easy in vitro method allowing a more consistent comparison with

neurons. Differentiated SH-SY5Y cells present several neuritic projections and are pos-

itive for differentiation markers.31 We summarize the differentiation protocol in Fig. 4.

In the last 10 years, SH-SY5Y cells have been used in several studies in order to

understand the causes/effects of oxidative stress in neuronal cells and to find molecular

mechanisms that could reduce it, thus counteracting neurodegeneration.32,33

Fig. 3 NO accumulation causes a reduction of neuroblastoma cells. 2-methoxyestradiol induces
nitric oxide generation, so contributing to a reduction of mitochondrial membrane potential and
apoptosis.
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Overview of the main mechanisms that reduce oxidative stress
in neuroblastoma cells

During the last 10 years, many studies have described molecules that are able to coun-

teract oxidative stress in neuroblastoma cells used as an in vitro model of neurodegener-

ative pathologies, including Parkinson (PD) and Alzheimer diseases (AD).

In the following section, we focus on the most characterized processes for combatting

oxidation events and ameliorating neurotoxicity thus preserving cell viability in neuro-

blastoma cells.

Table 1 Overview of neuroblastoma cell lines and their classification.

Parental cell line Subtypes Morphologic variant Protein marker

SKNSH SH-SY5Y N TH, DβH
SH-EP S
SH-EPI S Tyr
SH-EPIE S
SH-IN I TH, DβH

SK-N-BE(1) SK-N-BE(1)n N
SK-N-BE(1)s S

SK-N-BE(2) BE(2)-M17 N TH
BE(2)-M17V N TH
BE(2)-M17F S THTH
BE(2)-M17M I
BE(2)-7S S Tyr
BE(2)-C I DβH, TH

LA-N-I LAI-15n N TH
LAI-19n N TH
LAI-21n N TH
LAI-5s S Tyr
LAI-6s S
LAI-22n/i N/I DβH

NAP NAP(H)n N TH
NAP(H)s S

NBL-W NBL-W-N N DβH, TH
NBL-W-S S

RT-BMV RT-BMV-I N
RT-BMV-C6 I

SMS-KCN KCN-62n N TH
KCN-65n N TH
KCN-71n N TH
KCN-83n N TH
KCN-9s S Tyr

The neuroblastoma cell line presents three different phenotypes: neuroblastic (N), substrate adherent (S), and intermediate
(I). Each cell line has several subtypes expressing typical markers including tyrosine hydroxylase (TH), dopamine-β-
hydroxylase (DβH), and tyrosinase (Tyr).
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Autophagy/mitophagy
Autophagy is a cyto-protective auto-degradation process that operates through lyso-

some enzymatic digestion. To date, specific forms of autophagy are known to selec-

tively remove organelles. In particular, mitophagy is a selective autophagy pathway

Fig. 4 In vitro differentiation of SH-SY5Y cells to neuronal cells. Schematic representation of the
18 days long differentiation methods used to obtain SH-SY5Y cells with a neuronal-like phenotype.
The protocol is articulated in eight phases in which SH-SY5Y cells are cultured in three different
media, specific for their differentiation.
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for dysfunctional or undesired mitochondrial clearance.34 Since mitochondria are

fundamental for cells, especially for neurons, there is a body of evidence to underline

the role of mitophagy process in combatting ROS production thus restricting oxida-

tive stress and preserving cellular homeostasis, especially in the in vitro model of

neurodegenerative disease. For instance, the mitophagy receptor AMBRA1 is able

to stimulate mitophagy in PD model systems, in which SH-SY5Y cells were treated

with two mitochondrial toxins, 6-hydroxidopamine (6-OHDA) and rotenone. The

AMBRA1-mediated mitophagy pathway also preserves SH-SY5Y cell viability by

reducing ROS production and death induction through its antioxidant function.32

In line with these data, Song and colleagues have recently demonstrated that the

aberrant mitochondria accumulation related to a precursor phase of AD, known as

chronic cerebral hypoperfusion (CCH), is due to impairment in BNIP3-mediated

mitophagy. In particular, they observed that low levels of BNIP3 gene in murine

Neuro2A cells, as in the ex vivo model of CCH, are related to damaged mitochondria

accumulation and oxidative stress production, contributing to neuronal cell damage

during hypoxia. This evidence suggests a beneficial role of BNIP3-induced mitophagy

for neurons35 (Fig. 5).

Mitohormesis
A mild mitochondrial stress rapidly activates a broad range of cytosolic and nuclear

responses able to restrict subsequent perturbations.36 In particular, H2 pretreatment in

NB cells prevents H2O2-induced cell death in its capacity as a mitohormetic factor coun-

teracting oxidative stress.37

Combined treatment of vitamin E, folate, and acetyl-L-carnitine
Dhitavat and colleagues demonstrated that administration of vitamin E, folate, and

acetyl-L-carnitine, which all prevent de novo oxidative damage, preserve levels of

the endogenous glutathione, and limit mitochondrial damage and ATP depletion,

respectively. This combined treatment has been useful for preventing ROS accumu-

lation and neurodegeneration in neuroblastoma SH-SY5Y cells, an in vitro model of

Alzheimer’s disease.38

Phenolic compounds
Phenolic compounds, known as protocatechuic aldehyde (PCA) elements of Hydnophy-

tum formicarum Jack., attenuate ROS-induced cell death, so counteracting hydrogen

peroxide (H2O2)-induced depletion of SIRT1 and FoxO3a in human neuroblastoma

SH-SY5Y cells. This induces an increase in SOD2, catalase, and Bcl-2 protein levels,

leading to beneficial effects for cellular homeostasis.39
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SQ29548 treatment
SQ29548 is an antagonist of thromboxane A2 receptor (TXA2R), which is responsible of

the regulation of oxidative stress.40 SQ29548 treatment not only ameliorates intracellular

ROS levels and enhances the expression of SOD2 and catalase; but also it restricts apo-

ptosis and favors viability in NB cells.41

Fig. 5 Mitophagy counteracts oxidative stress in neurodegeneration. Neuroblastoma cells are used as
an in vitro model of neurodegenerative diseases. In particular, the accumulation of dysfunctional
mitochondria (red mitochondria) in respect to healthy mitochondria (blue mitochondria) is a typical
feature of neurodegeneration. As shown in ① the AMBRA1 protein allows mitochondrial ROS
reduction through mitophagy in the NB model system. In addition, BNIP3 could contribute to
dysfunctional mitochondria clearance by inducing their selective recruitment into the
autophagosome ②.
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Flavonoid-induced cytoprotection
The flavonoid quercetin 3-glucoside (Q3G) is known to counteract H2O2-induced oxi-

dative stress by activating the sterol regulatory element-binding protein-2 (SREBP-2) in

SH-SY5Y cells. In turn, SREBP-2 mediates sterol synthesis that attenuates lipid perox-

idation preserving membrane integrity during oxidative stress.42 In addition, Proxison

(7-decyl-3-hydroxy-2-(3,4,5-trihydroxyphenyl)-4-chromenone) is a synthetic flavo-

noid that consists of a lipophilic hydrocarbon tail with a modified polyphenolic head

group. This structure allows an efficient cellular uptake and favors Proxison radical scav-

enging function.43

Mitochondrial isocitrate dehydrogenase
Mitochondrial isocitrate dehydrogenase (IDPm) is involved in the enzymatic reduction

of NADP(+) to NADPH and in glutathione (GSH) supply. Kim and colleagues observed

that IDPm transfected SH-SY5Y cells were more resistant than the control cells to staur-

osporine (apoptosis inducer). In fact, they demonstrated that IDPm mediates an increase

in NADPH and GSH levels that, in turn, inhibits mitochondrial ROS production, thus

attenuating cellular apoptosis.33

Conclusion

Neuroblastoma cells are widely used for studying cancer progression and neurodegenera-

tion. In particular, some features of these cells, including their high proliferation rate and

their accumulation of reactive species, make them a helpful system for evaluating oxidative

stress and its correlationwith pathologies. Reactive species production is beneficial for both

cancer and neurodegenerative diseases, in that it confers chemoresistance on cancer cells

and limits cellular homeostasis maintenance in neuronal cells. Accordingly, using neuro-

blastoma cells is a helpful strategy: it provides cellular in vitro models for investigating

the molecular mechanisms responsible for oxidative stress production, opening the way

for new therapies for the patients with cancer and neurodegenerative diseases.

Summary points

▪ This chapter focuses on oxidative stress in neuroblastoma.

▪ Oxidative stress is critical for cancer progression and metastatization.

▪ Reactive oxygen species accumulation is a common hallmark of tumor and neurogen-

erative diseases.

▪ Neuroblastoma cells are an in vitro model of neuronal differentiation.

▪ Neuroblastoma can be used as in vitro model in the search for molecular mechanisms

counteracting oxidative stress and thus ameliorating neuronal viability.
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