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Abstract

Despite the great advances in autophagy research in the last years, the specific functions of the four mammalian Atg4
proteases (ATG4A-D) remain unclear. In yeast, Atg4 mediates both Atg8 proteolytic activation, and its delipidation.
However, it is not clear how these two roles are distributed along the members of the ATG4 family of proteases. We show
that these two functions are preferentially carried out by distinct ATG4 proteases, being ATG4D the main delipidating
enzyme. In mammalian cells, ATG4D loss results in accumulation of membrane-bound forms of mATGSs, increased
cellular autophagosome number and reduced autophagosome average size. In mice, ATG4D loss leads to cerebellar
neurodegeneration and impaired motor coordination caused by alterations in trafficking/clustering of GABA 4 receptors. We
also show that human gene variants of ATG4D associated with neurodegeneration are not able to fully restore ATG4D
deficiency, highlighting the neuroprotective role of ATG4D in mammals.
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supplementary material available at https://doi.org/10.1038/s41418-
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Introduction

Autophagy is a catabolic process, which has remained well
conserved through evolution in all eukaryotic cells. In this
process, portions of cytoplasm are sequestered by double-
membrane vesicles called “autophagosomes”’, which eventually
fuse with lysosomes, thus acquiring hydrolytic enzymes
responsible for degradation and recycling of macromolecules
[1]. Multiple autophagy-related (ATG) proteins are required for
the correct development of the process [2]. In yeast, one of the
essential components for the elongation and expansion of
nascent autophagosomes is the Atg4/Atg8 ubiquitin-like con-
jugation system, in which cytoplasmic protein Atg8 must be
cleaved after a Gly residue by the cysteine proteinase Atg4 [3].
After this priming, Atg8 is conjugated with membrane-bound
phosphatidylethanolamine (PE), allowing the correct formation,
closure, and maturation of autophagosomes. Once Atg8 is not
required at the autophagosomal membranes, Atg4 is also
responsible for its delipidation, allowing its incorporation into
newly formed autophagic structures. Contrasting to other
autophagy-essential genes, the Atg4/Atg8 ubiquitin-like con-
jugation system has gained complexity throughout evolution.
In fact, there are four human orthologues of Atg4 protease in
mammalian cells (ATG4A-D) [4] and six Atg8 orthologues
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(mATGSs) have been described in humans, organized in two
different subfamilies named as LC3 and GABARAP [5].
Although the specific functions of each ATG4 family member
are not fully understood, it seems that ATG4B protease is the
main priming enzyme for mATGS8s [6]. ATG4C and ATG4A
functions seem to be complementary and redundant to that of
ATG4B [7], whereas ATG4D has been shown to prime and
delipidate GABARAPLI1 upon caspase-based activation in
in vitro experiments [8]. Although most of the functions of
ATG4 and mATGS proteins are autophagy-related, some non-
autophagic functions of mATGS8 proteins are emerging. For
example, LC3 proteins have been shown to regulate a GEF
activity, whereas non-lipidated LC3B is able to regulate viral
replication [9]. GABARAP proteins, especially GABARAP,
also participate in other different cellular processes. Probably
the most relevant of them is GABARAP participation in
GABA, receptor trafficking and clustering. GABA 4 receptors
constitute the main ligand-gated ion channels that respond to
the inhibitory neurotransmitter gamma-aminobutyric acid
(GABA). GABA receptors are normally a pentamer compris-
ing two a‘s, two s, and an additional variable subunit (either
v, O, €, wor n). There are six different types of o subunits (1.6);
three s (B;.3) and three ys (y;.3). The subunit composition of a
determined GABA, receptor will determine the receptor’s
agonist affinity, chance of opening, conductance, and other
properties [10, 11]. GABA4 receptor function and coordination
and balance between inhibitory (GABAergic) and excitatory
(glutamatergic) processes is essential for the correct develop-
ment of neural functions [12]. In this work, through the ana-
lysis of ATG4D-deficient cells and Atg4d*/ ~ mice, we show
that loss of ATG4D protease in mammalian cells leads to the
accumulation of lipidated mATGS8 proteins, which can be
detected at the cytosolic leaflet of the external autolysosomal
membranes. Moreover, we show that the loss of this protease
does not impair autophagy flux, but alters autophagosomal
dynamics, leading to increased cellular levels of autophagic
structures, which are smaller in size than those found in WT'
cells. We also characterize the effects of Arg4d deletion in
laboratory mice, which show motor coordination defects
associated with a type of progressive cerebellar neurodegen-
eration different from that reported for other autophagy-
deficient mouse strains. Remarkably, administration of the
GABAA receptor agonist 4,5,6,7-tetrahydroisothiazolo-[5,4-c]
pyridin-3-ol (THIP) is able to ameliorate the motor coordina-
tion defects of Arg4d ™"~ mice in a variety of functional tests.

Materials and methods
Mice strains

Transgenic mice overexpressing GFP-LC3B were obtained
from Dr. Noboru Mizushima (Tokyo Medical and Dental
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University, Tokyo, Japan). Atgd4d-knockout mice were
generated at University of Oviedo Facilities using the tar-
geted ES cell clones (OST254045) that were obtained from
Lexicon Genetics. Experimental groups consisted of litter-
mates of different genotypes. When a treatment was used,
mice were randomly assigned to each experimental group.
Both females and males were used to rule out sex-
dependent differences, and young (2-month-old) and old
(15-month-old) mice were analyzed. All animal experi-
ments were approved by the Committee on Animal
Experimentation of Universidad de Oviedo (Oviedo,
Spain), (PROAE 01/2017).

Cell lines

The different MEF lines that were used in this work were
generated as follows: MEFs were extracted from EI3
embryos. Embryos were sterilized with ethanol, washed
with PBS, and triturated with razor blades. Samples were
then incubated in DMEM (Gibco) overnight at 37 °C and
5% CO,. The next day, cultured cells were trypsinized,
filtered and washed. Finally, MEFs were incubated at 37 °C
and 5% CO, and used for the corresponding experiments.
For CRISPR/Cas9-mediated gene targeting, MEFs and
HEK293T cells were infected with the lentiviral vector
LentiCRISPRv2 (Addgene repository). LentiCRISPRv2
vector was digested with BsmBI enzyme (Thermo Fisher).
LentiCRISPRv2-ATG4D was generated by inserting 5-TG
GGGGTGCATGTTACGCAG-3’ and 5-CTGCGTAACA
TGCACCCCCA-3’or 5-TACGCAGCGGCCAGATGAT
G-3' and 5’-CATCATCTGGCCGCTGCGTA-3’ hybridized
oligonucleotides, respectively, in between BsmBI restric-
tion sites of the LentiCRISPRv2 vector. LentiCRISPRv2-
ATG4A was generated by inserting 5-TGGGGATGTAT
GCTGCGcTG-3’ and 5-CAGCGCAGCATACATCCCC
A-3' hybridized oligonucleotides, respectively, in between
BsmBI restriction sites of the LentiCRISPRv2 vector. These
cell lines were tested negative for mycoplasma contamina-
tion by PCR analysis.

Antibodies

In this study, the following antibodies were used:
Anti-SQSTM1 (MO01, clone 2C11) (Abnova Corporation,
Cat# HO00008878-M01); anti-LC3A (Proteintech, Cat#
12135-1-AP); anti-LC3B (Novus, Cat# NB600-1384); anti-
LC3C (D306P) (Cell Signaling Technology, Cat# 14736);
anti-GABARAP (MBL International, Cat# PMO037); anti-
GABARAPL1 (ATGS8L) (Proteintech, Cat# 11010-1-AP);
anti-GABARAPL2 (GATE-16) (MBL International, Cat#
PMO038); anti-GFP (Abcam, Cat# ab290); anti-beta-Actin
(Sigma-Aldrich, Cat# A2228); anti-alpha-Tubulin (Sigma-
Aldrich, Cat# T5168); anti-GAPDH (Novus Cat# NB300-
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320); anti-ubiquitin (FK2) (Enzo Life Sciences, Cat# BML-
PW8810-0500); anti-GABA (A) receptor alphal (extra-
cellular) (Alomone Labs, Cat# AGA-001); anti-GABA (A)
receptor gamma?2 (Novus Cat# NB300-151); anti-GABA(A)
receptor delta (extracellular) (Alomone Labs, Cat# AGA-
014); anti-Gephyrin (Synaptic Systems, Cat# 147 011C3);
anti-Calbindin D28K (D-4) (Santa Cruz, Cat# sc-365360);
anti-GFAP (Millipore, Cat# 04-1062); anti-NeuN (A60)
(Millipore, Cat# MAB377); anti-LAMP-1 (H4A3) (Santa
Cruz Biotechnology, Cat# sc-20011); anti-FIP200 (D10D11)
(Cell Signaling Technology, Cat# 12436); anti-ULK1 (D8HS5)
(Cell Signaling Technology, Cat# 8054); anti-Phospho-ULK1
(Ser555) (D1H4) (Cell Signaling Technology, Cat# 5869);
anti-phospho-ULK-1 (Ser757) (D706U) (Cell Signaling
Technology, Cat# 14202); anti-Atg101 (E1Z4W) (Cell Sig-
naling Technology, Cat# 13492); anti-Atg13 (D4P1K) (Cell
Signaling Technology, Cat# 13273); anti-ATG14/Barkor (C-
Terminal) (Proteintech, Cat# 24412-1-AP); anti-Beclin-1
(Cell Signaling Technology, Cat# 3738); anti-Atgl2 (Cell
Signaling Technology, Cat# 2011); anti-p70 S6 Kinase (Cell
Signaling Technology, Cat# 9202); anti-Phospho-p70 S6
Kinase (Thr421/Ser424) (Cell Signaling Technology, Cat#
9204); anti-4E-BP1 (Cell Signaling Technology, Cat# 9452);
Anti-AMPK-alpha (Cell Signaling Technology, Cat# 2532);
anti-Phospho-AMPK (Thr172) (Cell Signaling Technology,
Cat# 2531).

Oligonucleotides

In this study, the following oligonucleotides were used:
LentiCRISPRv2-ATG4D targeting sequence:
5"TGGGGGTGCATGTTACGCAG-3’; 5-CTGCGTA

ACATGCACCCCCA-3'
5'-TACGCAGCGGCCAGATGATG-3’; 5-CATCATCT

GGCCGCTGCGTA-3'

LentiCRISPRv2-ATG4A targeting sequence:
5"TGGGGATGTATGCTGCGCTG-3’; 5-CAGCGCA

GCATACATCCCCA-3'

Atgda mouse genotyping (fragment size analysis)
5'-TTACCTTCACTCATTCCATTCCT-3’; 5-TGGCTT

GTCAGCCCATTACT-3’

Atg4b mouse genotyping:
5'-CCTCCAGCTCACTGAACTCC-3'; 5'-CACGCCATA

CAGTCCTCTTC-3"; 5-AAGATATAGGCCTGGATGG-3’
Atgdc mouse genotyping:
5'-CCAACACATATTAGATGGAACCA-3'; 5-TGAC

CGCTTCCTCGTGCTTTA-3'; 5-CGGACTCTCGTGTCT

TTACCTT-3’

Atg4d mouse genotyping:
5'-CAGACCGCAGGAAAGCAAGGTAT-3"; 5-AAAT

GGCGTTACTTAAGCTAGCTTG-3'; 5-AGTATAGAGT

AACACTGTGCTGGC-3’

Atg4d human genotyping:
5'-GTGACATACAGCGTTTCCAG-3;
TTCCCCCCTATGG-3

5-GCACCCC

Plasmids and recombinant vectors

In this study, the following oligonucleotides were used:
LentiCRISPRvV2 puro (Addgene 98290); psPAX2
(Addgene_12260); pMD2.G (Addgene_12259); pCl-neo-
myc-LC3(deltaC22) (Addgene_45448); (Addgene_38193);
pMXs-IP-EGFP-mAtg5 (Addgene_38196); pMRXIP GFP-
Stx17 WT (Addgene_45909); pMRXIP GFP-VAMPS
(Addgene_45919). Other plasmids appearing in the paper
which are not listed here were generated at our lab and are
fully available upon request to the corresponding author.

Other reagents

Other reagents and chemicals used in this study were:

Bafilomycin Al (Enzo Life Science, Cat# BML-CM110-
0100, CAS: 88899-55-2); Torin 1 (Selleckchem, Cat#
52827, CAS:1222998-36-8); 3-Methyladenine (Sigma-
Aldrich, Cat# M9281, CAS: 5142-23-4); Baclofen (Sigma-
Aldrich, Cat# B5399, CAS:1134-47-0); Gaboxadol hydro-
chloride (THIP) (Sigma-Aldrich, Cat# T101, CAS: 85118-
33-8); Muscimol (Sigma-Aldrich, Cat# M1523, CAS: 2763-
96-4); 1(5),9(R)-( — )-Bicuculline methiodide (Sigma-
Aldrich, Cat# 14343, CAS: 40709-69-1).

Atg4D-knockout mice generation

The targeted ES cell clones (OST254045) were obtained
from Lexicon Genetics. They were grown, expanded, and
subsequently injected into C57BL/6 blastocysts to gen-
erate chimeras. Chimeric males were mated with C57BL/6
female mice and the offspring heterozygous for Arg4d
were used to generate homozygous null mice. In all
experiments, homozygous Arg4d~'~ mice and their corre-
sponding wild type (WT) controls were littermates derived
from the interbreeding of heterozygotes with a mixed
background of C57Bl16/129 Sv. In all cases, genotypes
were determined by PCR analysis of tail DNA using a 5’
forward primer homologous to DNA sequence upstream
exon 1 (5-AGTATAGAGTAACACTGTGCTGGC-3'),
a 3’ reverse primer from exon 1 (5-CAGACCGCAG
GAAAGCAAGGTAT-3’) to observe the WT allele, and a
3’ reverse primer (5-AAATGGCGTTACTTAAGC
TAGCTTG-3') from the LTR region of the PGK-Neo
cassette. A 500 bp fragment was generated in the presence
of the WT allele and a 220 bp fragment in the presence of
the targeted allele.
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Analysis of GFP-LC3B mice tissues

Transgenic mice overexpressing GFP-LC3B were perfused
with 4% paraformaldehyde in 0.1 M PBS, pH 7.4. After that,
tissues were harvested and fixed with the same fixative
solution for at least 4h, followed by treatment with 15%
sucrose in PBS for 4 h, and then with 30% sucrose solution
overnight. Tissue samples were embedded in Tissue-Tek
OCT compound (Sakura Finetechnical Co. Ltd.) and stored at
—70 °C. Samples were then sectioned at 5 um thickness with a
cryostat (CM3050 S, Leica), air-dried for 1 h, washed in PBS
for 5 min, dried at room temperature for 30 min, and mounted
with a conventional anti-fading medium. GFP-LC3B dots
were observed in five independent visual fields from at least
five independent tissues per genotype/condition.

Histology analyses

Histological analyses were performed on formalin-perfused,
paraffin-embedded sections. Hematoxylin—eosin (HE) was
performed to examine the morphology of the cerebellum.
GFAP alteration was evaluated according to the following
score: - Grade 0: Without alterations; - Grade 1: Focal
gliosis; - Grade 2: Diffuse gliosis All tissues were examined
by a pathologist in a blinded fashion.

Stereological quantification of the number of
neuronal nucleus profiles per unit of area

Quantification of Purkinje cell number was performed by
using the following method, as previously described [13]:

NA = (2Q)/(n x a/f) = (£Q)/(n x 0,001) = mm-2

YQ: Number of positive Purkinje (NeuN) nuclei profiles
that fall within the counting frames.

n: Number of counting frames used to count the nuclear
profiles of positive Purkinje neurons (NeulN)

a/f (area associated with each frame): (AX x AX)/M2 =
(441)/302500 = 0,001 mm?2

M (magnification): (11 mm)/20microns =M (magnifica-
tion): (11 mm)/(0,02 mm) = 550

Ax: 21 mm

Immunofluorescence analyses

For immunofluorescence analyses with tissue cryo-sections,
sections were pretreated for 30 min in 1% H,0,/PBS, fol-
lowed by 1h in blocking solution and incubated overnight
with mouse anti-calbindin D28K (sc-365360; Santa Cruz
Biotechnologies). Peroxidase activity was developed with
the Elite Vectastain kit (Vector Laboratories) using diami-
nobenzidine (Dako). Sections were coverslipped with Per-
maFluor Aqueous Mounting Medium (Thermo Scientific).
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Digital images were captured with a Nikon eclipse 80i
optical microscope using the software NIS-Elements Basic
Research. For paraffin sections, slides were deparaffinized
and rehydrated. Slides or wells were blocked in 10% goat
serum for 10 min, incubated with primary antibodies over-
night at 4 °C, washed in PBS, incubated for 40 min with
secondary antibodies, thoroughly washed in PBS, and
stained with DAPI for nuclear staining. For immuno-
fluorescence analyses of MEFs, cells were grown 96-well
black clear tissue culture-treated plates, washed in PBS, and
fixed in 4% paraformaldehyde in PBS at room temperature
for 10 min. Primary antibody was diluted 1:100 in PBS,
incubated overnight at 4 °C. Samples were washed three
times in PBS for 15min each. Secondary antibody was
diluted 1:300 in PBS, incubated at RT for 1 h. Samples were
washed three times in PBS for 15 min each and analyzed by
fluorescence microscopy.

In vivo analysis of motor functions

All in vivo analyses were performed with male or female
mice aged 2—15 months. For all analysis, evaluators were
unaware of either the genotype or the injected drug until
analyses were completed. Except for Bicuculline, the effect
of all drugs used in this work was evaluated 30-45 min after
intraperitoneal administration. For bicuculline, mice were
injected daily during 1 week and the experiment was done
one day after the last dose. At least six mice were used for
each experimental group in this type of analyses. THIP
(Sigma-Aldrich) was used in a working concentration of
1.25 mg/kg for rotarod and raised beam test and 2.5 mg/kg
for tail suspension test. Bicuculline (Sigma-Aldrich) was
used in a working concentration of 0.75 mg/kg for rotarod,
raised beam test and for tail suspension test. Baclofen
(Sigma-Aldrich) was used in a working concentration of
3 mg/kg for rotarod, raised beam test and for tail suspension
test. Muscimol (Sigma-Aldrich) was used in a working
concentration of 0.75 mg/kg for rotarod, raised beam test
and tail suspension test.

Footprint analyses

Hindlimbs were dipped into red non-toxic paint, whereas
whereas forelimbs were painted blue. Mice were allowed to
walk through a plexiglass tunnel where the floor of which
was covered with a sheet of white paper (20 x 50 cm). Stride
length for each mouse was analyzed.

Tail suspension test

Mice were suspended by their tails and evaluated after limb
positions were stabilized (normally within 60 s). Positions
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were photographically captured laterally to measure the
angle of the upper forelimb against the body axis.

Raised-beam test

Mice were acclimated to crossing a 100 cm-long wooden
square beam (8 mm width) elevated 30 cm above a padded
base. Mice were placed on the start platform and allowed to
traverse the beam to the opposite end. The time needed to
cross the entire length of the beam was measured and the
number of paw slips was counted. One (1) point was
awarded to each paw slip. Two (2) points were awarded to
each mouse fall while the test was developed. Animals were
videotaped while traversing the wooden square beam for a
total of three trials. A blinded observer viewed videotapes
and analyzed the data.

Rotarod test

An accelerating rotarod LE8500 (LSI, LETICA) was used
to evaluate the neuronal response of Azg4d '~ mice. The rod
accelerated from 4 to 40rpm in 5min and remained at
maximum speed for the next 5 min. Animals were scored
for their latency to fall (in seconds) for each of the six trials
and rested a minimum of 10 min between trials to avoid
exhaustion and fatigue.

Grip strength test

For the grip strength test, mice were placed on a cage lid
with a wire grid which is then inverted over a padded sur-
face. The total time the animal supports its weight before
falling was recorded, and the final score was calculated as
the average time of three different trials (with 15 min resting
periods in between).

Open field and novel object recognition test

Tests were performed as previously described [14]. Briefly,
mice were placed in the center of a rectangular Plexiglass
arena (60 x 38 x 19.5 cm) and let to freely explore for 5 min.
This habituation phase was used as an open field test.
Twenty-four hours after the habituation phase, mice
were placed in the same arena, where two identical objects
were located in opposite quadrants (objects A and Al), and
allowed free exploration for 5 min, as a training phase.
Next, long-term memory (LTM) was evaluated 24 h later,
to explore LTM, and object Al was changed by a new
object, B. Mouse behavior was recorded by a zenithal
webcam (HD Webcam C270, Logitech, Lausana, Swit-
zerland) connected to a computer. The arena was cleaned
with 70% alcohol after each mouse. Three researchers,
blind to both genotype and group, visualized the videos and

the number of times a mouse interact with an object was
noted. Thus, LTM recognition index was calculated by the
formula [(B-A)/(A + B)] *100.

Lentiviral transduction of MEF cells

HEK293T- cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich) supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin-I-
glutamine and 1% antibiotic- antimycotic (Gibco) at 37 °C
in 5% CO2. In the case of mouse fibroblasts, x1 non-
essential amino-acids, 10 mM HEPES buffer, 100 uM 2-
mercaptoethanol and x1 sodium pyruvate (Gibco) were also
added to the culture medium and 10% fetal bovine serum
was used. Transfections were carried out in cells seeded
onto gelatinized coverslips and using lipofectamine plus or
Lipofectamine 3000 (Invitrogen), following the manu-
facturer’s instructions. For lentiviral infection, HEK-293T
cells were transfected with lentiviral vector together with
packaging plasmids psPAX2 and pMD2.G using Lipo-
fectamine 3000 (Invitrogen). 48 h post-transfection, super-
natants were filtered through 0.45um polyethersulfone
filters to collect the viral particles and added at 1:3 dilution
to previously seeded mouse fibroblasts supplemented with
0.8 ug/ml of polybrene (Millipore). Selection with pur-
omycin (2 pg/mL) (Sigma-Aldrich) was performed 2 days
after infection. For immortalization, pLOX-Ttag-iresTK
(Addgene_ 12246) plasmid was used. Briefly, primary
MEFs between passage 3 and 4 were split into 6 well dishes
with 2 ml MEF culture medium and grown overnight in a
37 °C incubator with 5% CO2. Once the MEFs reached
~70% confluence, cells were considered ready for infection.
The viral supernatant was removed after 48 h and replaced
with 2ml MEF culture medium then incubated at 37 °C
until just confluent, ~48-72h after infection. Once con-
fluent, the MEFs were sub-cultured into a 10cm tissue
culture dish with 10 ml MEF culture medium this was
considered passage one (P1). The MEFs were split every
3-4 days for 10-15 days after P1 until its immortalization.
An uninfected Primary MEFs (negative control) is used to
know which passage implies immortalization.

RT-PCR

Total RNA was isolated from mouse tissues according to
the method of Chomczynski and Sacchi [15]. About half of
the obtained product was reverse-transcribed using the
RNA-PCR Core kit" from Perkin-Elmer (Roche Applied
Science, Indianapolis, IN). A PCR reaction was then per-
formed with mouse Atg4d specific primers for 25 cycles of
denaturation (94 °C, 20s), annealing (62 °C, 20s), and
extension (72°C, 30s). As a control, actin was PCR-
amplified from all samples under the same conditions.

SPRINGER NATURE
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Quantitative real-time PCR

cDNA was synthesized using 1-5pg of total RNA,
0.14 mM oligo(dT) (22-mer) primer, 0.2 mM concentrations
each of deoxynucleoside triphosphate and SuperScript II
reverse transcriptase (Invitrogen). Quantitative RT-PCR
(qQRT-PCR) was carried out in triplicate for each sample
using 20 ng cDNA, TagMan Universal PCR Master Mix
(Applied BioSystems) and 1pl of the specific TagMan
custom gene expression assay for the gene of interest
(Applied Biosystems). To quantify gene expression, PCR
was performed at 95 °C for 10 min, followed by 40 cycles at
95 °C for 15, 60 °C for 30s and 72 °C for 30 s using an
ABI Prism 7700 Sequence Detection System. As an inter-
nal control for the amount of template cDNA used, gene
expression was normalized to the mouse p-actin gene using
the Mouse f-actin Endogenous Control (VIC/MGB Probe,
Primer Limited). Relative expression was calculated as
RQ =2 44Ct

Protein extract preparation

Tissues were immediately frozen in liquid nitrogen after
extraction and homogenized in a 20 mM Tris buffer pH 7.4,
containing 150 mM NaCl, 1% Triton X-100, 10 mM EDTA
and Complete” protease inhibitor cocktail (Roche Applied
Science). Then, tissue extracts were centrifuged at
12.000 rpm at 4 °C and supernatants were collected. Protein
concentration was quantified by bicinchoninic acid techni-
que (BCA protein assay kit, Pierce Biotechnology, 23225).
For protein extracts derived from cultured cells, cells were
washed with cold PBS and lysed in a buffer containing 1%
NP-40, 20mM HEPES (pH 7.9), 10mM KCI, 1 mM
EDTA, 10% glycerol, 1 mM orthovanadate, 1 mM phe-
nylmethanesulfonyl fluoride, 1 mM dithiothreitol, 10 pg/ml
aprotinin, 10 pg/ml leupeptin and 10 pg/ml pepstatin.
Lysates were centrifuged at 12.000 rpm at 4 °C and super-
natants were collected. Protein concentration was quantified
by bicinchoninic acid technique (BCA protein assay Kkit,
Pierce Biotechnology, 23225).

Immunoblotting

A total of 25 pg of protein sample was loaded on either 8%
or 13% SDS-polyacrylamide gels. After electrophoresis,
gels were electrotransferred onto polyvinylidene difluoride
membranes (Millipore), and then membranes were blocked
with 5% non-fat dried milk in PBT (phosphate-buffered
saline with 0.05% Tween 20) and incubated overnight at
4 °C with primary antibodies diluted in 3% non-fat dried
milk in PBT. After three washes with PBT, membranes
were incubated with the corresponding secondary antibody
at 1:10.000 dilution in 1.5% milk in PBT and were
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developed with Immobilon Western Chemiluminescent
HRP substrate (Millipore, P36599A) by using Odyssey” Fc
Imaging System (LI-COR, Lincoln, NE, USA). Unless
otherwise specified, immunoblotting against fp—actin was
used as sample processing control (LOAD) for the immu-
noblots shown in this article.

Co-immunoprecipitation

For immunoprecipitation assays in mouse cerebellum, pro-
tein samples were obtained using a lysis buffer containing
25 mM HEPES (pH 7.4), 25 mM KCI, 1 mM EDTA, 1 mM
EGTA, 500 uM DTT, 0.5% Triton X-100 and Complete’
protease inhibitor cocktail (Roche Applied Science). Sam-
ples were pre-cleared with Protein A/G-PLUS agarose
beads (1:25, Santa Cruz) for 1 h at 4 °C and then incubated
overnight with anti-rabbit GABARAP antibody (MBL
International, Cat# PMO037, 1:500) and agarose beads. The
following day, these beads were pelleted, washed, mixed
with loading buffer, and boiled for 15 min. Finally, the
supernatants were resolved on SDS-PAGE. The same pro-
tocol was used for immunoprecipitation assays in
HEK293T cells overexpressing HA-GABARAP and
GABARY2-GFP proteins, incubating the samples with
GFP-Trap® agarose beads (Chromotek, cat# gta) for 2h to
precipitate the receptor.

Fluorescence microscopy

Fluorescence microscopy images were acquired with an
Axio Observer Z1 platform with a Plan-Apochromat 40X/
1.3, (working distance, 0,21 mm) equipped with an
ApoTome.2 system and an Axiocam MRm camera (from
Carl Zeiss, Jena, Germany). Zeiss Immersol” immersion oil
was used for all microscopic analyses. mKeima-LC3B ratio
determination and colocalization of mKeima-LC3B (Ex586/
Ex440) were measured with Spots colocalization (ComDet)
Imagel] plugin.

Specific labelling of SNAPtag®-LC3B at the cytosolic
leaflet of the outer autophagosomal/autolysosomal
membrane

SNAPtag -LC3B expressing cells were grown in the indi-
cated conditions and then treated with 1x MAS buffer
(220 mM mannitol, 70 mM sucrose, 10mM KH2PO4,
5mM MgCl2, 2mM HEPES, 1 mM EGTA) containing
perfringolysin (XF-MPM®) to permeabilize the plasma
membrane (PM) and release SNAPtag’-LC3B-I from the
cytosol for 15 min at 37 °C. After, cells were washed three
times with 1x MAS buffer. Then, cells were incubated with
a fluorescent Membrane Impermeable SNAP-Surface’
Ligand (MIL) to stain membrane-bound SNAPtag’-LC3B-
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I facing the cytosol. Next, cells were then fixed and
immunostained for LAMP-1 lysosomal protein. This allows
the specific detection of autolysosomes positive for
SNAPtag"-LC3B-II at their cytosolic membrane leaflet
(MIL"/LAMP1"). After completing the procedure,
LAMPI/MIL colocalization in cells was measured with
Spots colocalization (ComDet) ImageJ plugin.

GFP-LC3 degradation assay by flow cytometry

Primary MEFs at 80% confluency from stably expressing
GFP-LC3B WT and Atg4d-deficient mice were incubated in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich) complemented with heat-inactivated fetal bovine
serum as control condition; in amino acid-free Earle’s
balanced salt solution (EBSS, Sigma-Aldrich) to induce
autophagy and in EBSS with Bafilomycin A1l (50 nM, Enzo
Life Science) to block the autophagy flux. After 4h of
incubation, cells were trypsinized, pelleted by centrifuga-
tion, washed with Dulbecco’s Phosphate-Buffered Saline
(DPBS), and pelleted again. Cell pellets were resuspended
in DPBS supplemented with 5% of heat-inactivated FBS to
a density of 105 cells/mL, kept in ice and GFP fluorescence
intensity immediately analyzed by Fluorescence-Activated
Cell Sorter (BD FACSAria Il, BD Biosciences). Data ana-
lysis and graphical representation were done using the free
software Flowing Software 2.5.1. The level of the GFP
fluorescence intensity was normalized to the level of the
control sample, set at 100%. Data represent the mean and
SEM of three independent experiments.

CYTO-ID" assay

MEFs from WT and Atg4d-deficient mice were incubated in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich) as control and upon two different autophagy-
inducing conditions — Torin (Selleckchem, at 250 nM) and
EBSS (Sigma-Aldrich)- in a 96 well plate. After 4h of
treatment, CYTO-ID® detection kit (Enzo Life Science,
ENZ-51031) was used to stain the autophagic vesicles
according to the product manual. Briefly: treatment media
was removed; cells were washed with buffer and the
detection solution then added. After 30 min of incubation at
37 °C, cells were washed twice with buffer and immediately
analyzed in a BD Pathway 435 System (BD Bioscience).

Automated fluorescence microscopy

METFs cells stably expressing fluorescent markers were seeded
in 96-well imaging plates (BD Falcon, Sparks, USA) 24h
before stimulation. Cells were treated with the indicated
agents for 4 h. Subsequently, cells were fixed with 4% PFA
and counterstained with 10 uM Hoechst 33342. Images were

acquired using a BD pathway 435 automated microscope (BD
Imaging Systems, San Jose, USA) equipped with a 40x
objective (Olympus, Center Valley, USA). Images were
analyzed for the presence of fluorescent puncta in the cyto-
plasm by means of the BD Attovision software (BD Imaging
Systems). Cell surfaces were segmented and divided into
cytoplasmic and nuclear regions according to standard pro-
ceedings. RB 2 x?2 and Marr-Hildreth algorithms were used
to detect cytoplasmic GFP-LC3 positive dots.

Transmission electron microscopy

For ultrastructural studies, cultured cells were fixed in 1.6%
glutaraldehyde (v:v in 0.1 M phosphate buffer) for 1 h, scraped
off the plastic dish, centrifuged and post-fixed as a cell pellet in
1% osmium tetroxide (w:v in 0.1 M phosphate buffer) for 2 h.
Following dehydration through a graded ethanol series, cells
were embedded in EponTM 812. Ultrathin sections were
stained with standard uranyl acetate and lead citrate. For
immunogold studies, cells were fixed with either 4% for-
maldehyde or 1.6% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.3) for 1h at 4°C. Cell pellets were dehydrated in
methanol and embedded in Lowicryl K4M at —20 °C in an
AFS2 Freeze Substitution Processor apparatus (Leica Micro-
systems). Polymerization under UV light was carried out for
2 days at —20°C, followed by 2 days at 20 °C. Ultrathin
sections were incubated with primary antibodies specific to
GFP (#ab290, Abcam), for 1h at room temperature, and then
with secondary antibodies conjugated to 10—15nm gold par-
ticles (BBI International, Cardiff, UK), as appropriate. Images
were acquired with a Tecnai 12 electron microscope (FEI,
Eindhoven, the Netherlands). For electron microscopy of mice
tissues, tissue samples were harvested from mice and imme-
diately fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate
(pH 7.2) overnight. After 3 washes in 5% sucrose in 0.1 M
sodium cacodylate buffer, samples were post-fixed with 1%
osmium tetroxide for 1 h in darkness and rinsed three times in
0.1 M sodium cacodylate. Tissues were dehydrated with
increasing acetone concentrations: 30% for 10 min, 60% for
10 min, 90% for 10 min and 100%, three times, for 10 min
each. The dehydrated pieces were then immersed in mixtures
of anhydrous acetone and resin (Durcapan® ACM, Fluka
BioChemika) of increasing resin concentrations (1:1, 1:2) each
step for 30 min, and then in pure resin (at 37 °C for 12h
following of 60 °C for 24 h). Ultrathin sections (85 nm) were
taken from each sample and analyzed on a Jeol (JEM-1011).

Proteolysis assay

Assessment of long-lived protein degradation by autophagy
was performed as described previously. Briefly, cells were
incubated at 37 °C with 0.2 uCi/ml of L-[14 C] valine for

18 h and free radioisotopes were removed by three rinses

SPRINGER NATURE
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with PBS. Then, cells were cultured with fresh supple-
mented medium for 1 h to degrade short-lived proteins and,
when required, 3-MA was added to inhibit new autopha-
gosome formation. Next, autophagy was induced if needed
by 4 h incubation in Earl’s Balanced Salt Solution (EBSS).
The medium was then precipitated overnight with 10%
trichloroacetic acid (TCA) and the acid-soluble radioactivity
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Sk. muscle

was measured by liquid scintillation counting after cen-
trifugation (10 min at 470 g at 4 °C). In parallel, cells were
washed twice with cold 10% TCA, the cell pellet was dis-
solved in 0.2M NaOH for 2 h and radioactivity measured.
Degradation rate was calculated from the ratio of medium
acid-soluble radioactivity to that in acid-precipitable cell
fraction.
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Fig. 1 Generation and characterization of Afg4d-deficient mice.
A Up, schematic representation of WT Atg4d locus, with coding exons
represented as numbered boxes. Bottom, schematic representation of
the mutant allele, showing the insertion of a PGK-Neo cassette in exon
1, disrupting the transcription of the gene. B PCR analysis of genomic
DNA from WT, heterozygous and Atg4d-null mice. C RT-PCR ana-
lysis of RNA of muscle tissue from control and Atg4d’/ ~ animals
showing the absence of full-length Azg4d mRNA expression in mutant
mice. D qPCR analysis of liver tissue RNA from WT and Atg4d
knockout mice confirming the absence of Arg4d expression.
E Representative immunoblots of endogenous ATGS-like proteins in
extracts from control and knockout mice tissues. Mice were fed ad
libitum or fasted for 24 h, and GAPDH were used as sample proces-
sing controls. N =6 mice per genotype and condition. F Quantitative
RT-PCR analysis of LC3B, GABARAP and GABARAPL1 mRNA in
liver tissue. G Representative images of tissue sections from age-
matched WT and Arg4d™~ mice stably expressing the GFP-LC3B
transgene, either fed ad libitum or after 24 h of starvation. Scale bars,
10 um. H Quantification of the data shown in (G). Bars represent
means =+ SEM (N>3 mice per genotype and condition). Scale bars,
10 ym. *P < 0.05, 2-tailed unpaired Student’s ¢ test.

Computer-based 3D Structure modeling of ATG4D

The Protein Data Bank (PDB) contains one structure for
ATG4A (2p82.pdb). It also contains several structures for
ATG4B; we chose 2zzp.pdb [Satoo & Inagaki 2009 the
structure of Atg4B-LC3 complex (2zzp) reveals the
mechanism of LC3 processing and delipidation during
autophagy.pdf] because it contains the protease complexed to
one of its substrates (rat LC3B), and because its engineered
mutation (catalytic Cys to Ser) was more conservative than
the engineered mutations in other complexes (catalytic His to
Ala). We downloaded both structures from PDB_REDO
[Touw & Vriend 2016 structure validation and PDB_REDO.
pdf], a database where the structures originally deposited in
the PDB are re-refined and re-built with up-to-date software.
We aligned structures and sequences with SALIGN, corrected
the alignment manually, and predicted the structures with the
PyMod interface for MODELLER 9.19. We calculated resi-
due pKas with PROPKA. Free energy changes with FoldX 4.
Electrostatic values with PDB2PQR using the AMBER force
field, and APBS. We created the images with PyMOL
[https://pymol.org/2/support.html ##citing].

Quantification and statistical analysis

All data acquisition and analyses were performed by inves-
tigators blinded to experimental group. For biochemical
analyses, a minimum of four samples per genotype were used
for each analysis, while in vivo analyses included at least six
mice per genotype. These sample sizes are sufficient to
determine whether there is a biologically meaningful differ-
ence between different genotypes, given the known mouse-to-
mouse variation in autophagy assessments in previous studies
published over the past decade. As for in vitro studies, a

sufficient large number of cells/areas were analyzed to ensure
the description of biologically meaningful differences, also
following the methods from studies cited throughout the
paper. Moreover, results obtained in cells were reliably
reproduced in at least three independent experiments. All
experimental data are reported as mean + SEM unless other-
wise mentioned. Normality of the variables was tested by
means of the Shapiro-Wilk test. The data from the analyses
met the assumptions of the tests and the variance was similar
between the experimental groups. Unpaired two-tailed Stu-
dent’s 7 test was used when comparing two experimental
groups, while three experimental groups were analyzed using
one-way ANOVA followed by Tukey’s post hoc test. Analysis
with repeated-measures ANOVA (used to address the per-
formance of the same animal before and after drug adminis-
tration) or two-way ANOVA (used when four experimental
groups and two variables were analyzed) were followed by
Dunnett’s post hoc test. Chi-square was applied for soma
alignment analysis. The Prism program version 7.0 (Graph-
Pad Software Inc.) was used for calculations and P values
lower than 0.05 were considered significant.

Results
Generation and development of Atg4d /~ mice

To assess the in vivo functions of the ATG4D cysteine
proteinase we generated mice with a targeted mutation in
the gene encoding this enzyme (Fig. 1A). PCR analysis
verified the homozygosity for the mutation (Fig. 1B), and
the absence of Arg4d transcript was demonstrated by both
RT-PCR and qPCR (Fig. 1C, D). Despite this deficiency,
Atg4d-null mice had normal embryonic development and
reached adulthood, with males and females being fertile.
Plasma levels of major metabolites and the abundance of
white and red blood cells was comparable between age-
matched WT and mutant mice (Fig. S1A-B).

Atg4d '~ mice show accumulation of lipidated
mammalian ATG8-like proteins

To evaluate if the absence of ATG4D has any impact in the
dynamics of the autophagic process in mice, we first
analyzed the status of the murine orthologues for yeast
Atg8, mATGSs, which are ATG4D putative substrates
(LC3A, LC3B, GABARAP, GABARAPL1 and
GABARAPL2). As shown in Fig. 1E, immunoblotting
analyses revealed an increased content of the membrane-
bound forms of most mATGSs in Arg4d " tissues, either
fed ad libitum or upon 24 h of fasting which were not
attributable to changes in their mRNA expression (Fig. 1E-
F and S1D). To extend these analyses, we crossed these
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mutant mice with those expressing the transgene GFP-
LC3B, that provides an efficient in vivo marker for
autophagosomes [16]. Fluorescence microscopy analyses
showed a significant increase of GFP-LC3B puncta, either
fed ad libitum or upon 24 h of fasting in liver, heart, and
skeletal muscle (Fig. 1G-H).
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Autophagy flux is not altered in the absence
of ATG4D

To further characterize the effects of ATG4D deficiency in
autophagic degradation, we analyzed the specific autopha-
gic substrate p62/SQSTM1. As shown in Fig. 2A and S2A,
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Fig. 2 Autophagy regulation and flux analyses in Aftg4d~'~ mice.
A Representative immunoblotting of SQSTM1/p62 in protein extracts
from WT and mutant mice showing the effect of 24 h starvation on
SQSTM1/p62 degradation. a-tubulin (skeletal muscle and heart) or
B-actin (liver) were used as sample processing controls. N = 6 mice per
genotype and condition. B Immunoblotting analyses against mATGS
proteins showing that the higher content of their lipidated forms in
Atg4d~~ MEFs is not due to autophagic flux block. Torinl was used
as autophagy inducer and BafAl was used to inhibit lysosomal
degradation of mATG8-membrane-bound forms. C Representative
immunofluorescence images of endogenous SQSTM1/p62 and Ubi-
quitin in WT and knockout MEFs. Cells cultured in full medium are
shown in the images. D Quantification of the data shown in (C)
showing the effect of nutrient deprivation on p62 degradation and
Ubiquitin accumulation in cultured MEFs (Co: Full medium and NF:
Nutrient-free medium). E Representative images of immuno-
fluorescence analysis of endogenous mATGS8 proteins in W7, Atg4d
~/= MEFs and Arg4d~'~ MEFs expressing Flag-ATG4D. Images show
cells cultured in full medium. F, G Quantification of the data from (E)
either in Control (F) or upon Nutrient deprivation (G). H Immuno-
blotting analyses of mATGS proteins in WT, Atg4d~~ MEFs and
Atg4d™"~ MEFs stably expressing Flag-ATG4D in the indicated con-
ditions. I Representative fluorescence microscope images of WT and
mutant MEFs stably expressing GFP-LC3B in basal and autophagy-
inducing conditions. J-K Quantification of average GFP-LC3B con-
tent (J) and average GFP-LC3B dot size (K) from the data shown in
(I). L Representative flow cytometry profiles for GFP-LC3B degra-
dation in response to nutrient deprivation in the presence/absence of
BafAl. M Quantification of the data from (L). Average WT values
were set to 100%. N Autophagic-dependent degradation (sensitive to
the autophagy inhibitor 3-MA) of isotope-labelled long-lived proteins
upon nutrient deprivation in a pulse-chase analysis. O Immunoblotting
analyses of the major autophagy-regulatory pathways in WT and
Atg4d~"~ MEFs upon nutrient deprivation. P Representative images of
WT and Arg4d~'~ MEFs stably expressing GFP-ULK1, GFP-ATGS5,
GFP-STX17TM, GFP-VAMPS or stained with Lysotracker™® were
cultured in regular or starvation medium for 4 h (NF). Q Quantification
of the data represented in the images. LOAD: GAPDH (skeletal
muscle, heart and liver) or B-actin (cells). Bars represent mean + SEM
(N>80 cells per condition). Scale bars, 10 um. *P <0.05, 2-tailed
unpaired Student’s 7 test (in D, J, K, M and Q) and one-way ANOVA
followed by Tukey’s post hoc test (in F, G and N).

the levels of this protein were increased in tissue samples
from mutant mice, which was not attributable to changes in
mRNA synthesis (Fig. S1C). Interestingly, p62/SQSTMI1
levels decreased in knockout mice tissues upon nutrient
deprivation, suggesting that starvation-induced autophagy is
not compromised in the context of ATG4D deficiency
(Fig. 2A and S2A).

Consistently, autophagic flux analysis in MEFs con-
firmed that the increased lipidation of mATGS8s is not a
consequence of autophagic flux blockade, as the increase in
mATGSs-II levels upon BafAl treatment both in control
conditions or upon Torin treatment is comparable in WT
and Arg4d ™'~ cells, as well as starvation-induced p62/Ubi-
quitin degradation (Fig. 2B-D and S2B). Immuno-
fluorescence analyses revealed that ATG4D-deficient MEFs
present an increase in the number of dot-like structures
positive for all mATGS8s (Fig. 2E-G). As expected,

re-expression of ATG4D in Arg4d~'~ cells restored these
defects (Fig. 2E-H and S2C). Moreover, CRISPR/Cas9-
based targeting of human ATG4D in HEK293 cells resulted
in a similar phenotype to that observed in Azg4d '~ MEFs
(Fig. S3).

MEFs derived from Atg4d~~/GFP-LC3B embryos also
show an increased number of GFP-LC3B positive structures
(Fig. 2I-J). Interestingly, the average size of these structures
was significantly reduced (Fig. 2I, K). Moreover, FACS-
based quantification [17] showed that GFP-LC3B degra-
dation in response to starvation in Atg4d '~ cells was
comparable to that observed in the corresponding WT
controls (Fig. 2L, M). Accordingly, analysis of autophagic
degradation of radio-labelled proteins [18] showed com-
parable levels of autophagy-dependent proteolysis upon
nutrient deprivation between WT and Arg4d-deficient cells
(Fig. 2N and Fig. S4). Furthermore, the observed alterations
in Arg4d " cells cannot be explained by an up-regulation in
the activity of the main autophagy-initiating complexes
(Fig. 20-Q).

Increased autophagosome content in the absence of
ATG4D

In yeast, Atg8 may be inappropriately conjugated to non-
autophagosomal membranes [19]. Thus, we decided to
extend our analyses to mATGS8s-independent autophago-
some markers. As shown in Fig. 2P-Q, Atg4d_/ - MEFs
showed an increased number of syntaxin 17 (STX17TM)-
positive structures, which correspond to successfully-formed
autophagosomes [20, 21]. STX17 mediates autophagosome-
lysosome fusion through its interaction with VAMPS at the
lysosomal/endolysosomal membrane [21]. Consistently,
Atg4d™~ MEFs also showed a higher number of VAMPS
and lysotracker-positive vesicles (Fig. 2P-Q). In this sense,
staining with the commercial probe Cyto-ID°, which labels
autophagosomes independently of mATGS8 proteins, con-
firmed the increase in the number of starvation-induced
Cyto-ID” positive structures, which also showed a sig-
nificantly reduced average size in Arg4d '~ MEFs (Fig. 3A-
B). Consistently, transmission electron microscope (TEM)
analyses revealed an increased number of autophagic
structures in tissue and MEFs samples from Azg4d '~ mice,
either in the presence or absence of BafAl (Fig. 3C-E).
Moreover, immunogold staining against GFP in MEFs sta-
bly expressing GFP-LC3B revealed that it was exclusively
associated with autophagic structures (nascent, early, or late
autophagosomes) both in WT and Atg4d"~ MEFs (Fig. 3F).
Together, these results rule out the possibility that the
increase in the lipidated pool of mATGSs in the absence of
ATGAD derives from inappropriate conjugation to non-
autophagic membranes.

SPRINGER NATURE
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Fig. 3 Autophagosome cellular A
content in the absence of

ATG4D. A Representative
images of Cyto-ID®-labelled
autophagosomes in W7 and
Atg4d™"~ MEFs upon 2 h of
Torinl treatment as an
autophagy inducer. Similar

results were obtained upon
nutrient deprivation.

B Quantification of the data C
from (A). C Representative

TEM images of liver tissue

samples (hepatocytes) from WT

and Arg4d-deficient mice fed ad

libitum. Autophagic structures

are labelled by arrowheads.

D Representative TEM images

from WT and Atg4d~'~ MEFs

cultured upon 4 h of nutrient

deprivation, either in the

presence or absence of BafAl.

Arrowheads label autophagic

structures (except in the samples D
treated with BafAl, for clarity
purposes). E Quantification of
autophagosome content (AP,
autophagosome; AL, 3
autolysosome) in WT and Atg4d- T
deficient MEFs in the indicated =
conditions in (D).

F Representative immunogold
TEM images against GFP in WT'
and Arg4d~’~ MEFs expressing
the GFP-LC3B transgene. Insets
show GFP-LC3B labelling of
nascent (up), early (middle) or
late (bottom) autophagosomes.
Bars represent mean + SEM (B)
or mean +SD (E) (N> 80 cells
per condition in (B); N>250
cells in (E)). Scale bars: 10 um
(A) and 2 um (C, D). *P <0.05, F
2-tailed unpaired Student’s ¢ test.

Deletion of Atg4d only leads to accumulation of
lipidated mATG8s

Our previous results suggest that ATG4D might be the main
in vivo delipidating enzyme for mATGS8 proteins, which
would accumulate bound to autophagic membranes in the
absence of ATG4D. Thus, we compared the status of the
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different mATGS8s in MEFs deficient for each of the
mammalian ATG4s. To that purpose, we extracted MEFs
from Arg4b- and Atg4c-deficient mice [6] and generated
Atg4a-deficient MEFs by using the CRISPR/Cas9 system
(Fig. S5A). Immunoblotting analyses revealed that only
ATGAD deficiency leads to a substantial increase in the
levels of lipidated mATGSs, either under control or
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nutrient-free conditions (Fig. 4A). Arg4d~’~ MEFs do not
show any defect in the initial cleavage of pro-mATGS8
proteins (Fig. S5B-F), contrasting with Azg4b~'~ cells that
show accumulation of uncleaved pro-mATGS8s, which
cannot bind to autophagosomal membranes (Fig. S5B-F),
precluding the analysis of ATG4B delipidating activity.
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Thus, we generated MEFs lines stably expressing a C-
terminal deletion mutant of LC3B (Myc-LC3B“*?), which
bypasses the initial proteolytic cleavage of pro-LC3, being
directly incorporated into autophagic membranes [22]. As
shown in Fig. 4B, analysis of Myc-LC3B“%?? lipidation in
MEFs deficient for each ATG4 proteases confirmed that

SPRINGER NATURE



I. Tamargo-Gémez et al.

<« Fig. 4 Atg4d disruption leads to defects in delipidation of mam-

malian ATGS8 proteins. A Immunoblotting analyses showing lipida-
tion status of all murine ATG8 proteins in MEFs deficient for each of
the ATG4 members, either in full media (left) or upon 4 h of nutrient
deprivation (right). B Immunoblotting analyses against Myc epitope in
MEFs deficient for each ATG4 member, stably-expressing a version of
Myec-tagged LC3B exposing the reactive glycine at its carboxyl end
amino-acid (LC3BAC22). C Schematic representation of the different
possible autophagosome-related structures containing mKeima-LC3B.
D Representative images for WT and Atg4d~'~ MEFs stably expres-
sing Keima-LC3B, cultured in the indicated conditions. E Repre-
sentative images showing the fluorescence intensity ratio from both
mKeima-LC3B signals (Ex586-Em620)/(Ex440-Em620). F Left,
quantification of mKeima-LC3B ratio from (Ex586-Em620)/(Ex440-
Em620) signals. Each point value represents the average ratio of
mKeima-LC3B positive structures of a single cell. Right, relative
abundance of mKeima-LC3B positive structures in both W7 and
Atg4d™'~ MEFs in the indicated culture conditions. G Schematic
strategy of the SNAPtag®-LC3B assay developed to specifically
monitor LC3B present at the cytosolic leaflet of the autolysosomal
membrane. H Schematic representation of the expected results for
either normal or defective LC3 delipidation. I Representative pictures
and quantification of WT and Arg4d~'~ MEFs stably expressing
SNAPtag®-LC3B and double-stained with MIL (green) and
Alexa594°®-conjugated anti-LAMPI1 antibody (red) in the indicated
conditions. Graphs show intensity profiles for fluorescent signals along
the direction indicated in the insets (x—m). Scale bars 10 um. The
percentage of LAMP1-positive dots which are also positive for MIL
labelling is shown. LOAD: B-actin. Scale bars: 10 pm, 3 um (E) and
2 um (I) in insets. Measurements were done with 30 cells per genotype
and treatment. *P < (.05, 2-tailed unpaired Student’s ¢ test.

only Atg4d deletion leads to increased lipidation of LC3B,
supporting a principal role for ATG4D protease in the
delipidation of mATGSs.

Loss of ATG4D leads to defects in mATGSs
delipidation

Delipidation of ATGS8 proteins has been documented in
cell-free systems [23, 24]. However, to our knowledge, no
information on ATGS8s delipidation in mammalian living
cells has been reported so far.

Thus, we developed different experimental strategies to
monitor the delipidation of mATGS8s in living cells. We
hypothesized that a delipidation defect would lead to an
increased presence of mATGS8 proteins at the cytosolic
leaflet of the autolysosomal membrane after the
autophagosome-lysosome fusion. In order to test this
hypothesis, we took advantage of the properties of mKeima,
which shows a dual excitation/emission pattern for neutral
and acidic pH [25]. If fused with a mATGS8 protein, this
unique property would allow us to monitor its relative
abundance between the lumen (acidic pH) and the cytosolic
leaflet of the autolysosomal membrane (neutral pH). In the
case of a delipidation defect, an increased presence of
mKeima-mATG8 at the cytosolic leaflet of the auto-
lysosomal membrane would lead to a higher relative

SPRINGER NATURE

fluorescence associated to cytosolic neutral pH in autop-
hagic structures (Fig. 4C). Thus, we generated WT and
Atg4d™'~ cells stably expressing mKeima-LC3B and ana-
lyzed the distribution of both acidic and neutral pH-
associated signals in mKeima-LC3B puncta. In all our
experimental settings, the fluorescence intensity ratio
between acidic and neutral pH-associated signals (Ex586/
Ex440) was very close to 2 in WT cells, suggesting that the
majority of mKeima-LC3B molecules were present in the
lumen of acidic vesicles (Fig. 4D-F). By contrast, this ratio
was very close to 1 in Arg4d ™'~ cells, which suggests an
even distribution of mKeima-LC3B between the lumen and
the cytosolic membrane leaflet of these acidic vesicles
(presumably autolysosomes). Notably, Atg4d KO cells do
not show any increase in lysosomal pH, which would also
explain the observed results (Fig. S5G-H).

In addition, we decided to complement these studies by
specifically monitoring the pool of lipidated LC3B attached
to the cytosolic leaflet of the autolysosomal membrane. To
do so, we generated WT and Atg4d’~ MEFs stably-
expressing LC3B fused to a SNAP-tag” domain, which
allows fluorescent labeling of proteins in a time-controlled
fashion [26]. Next, we adapted a recently published proto-
col [27] for the specific detection of lipidated LC3B at the
cytosolic leaflet of the external autophagosomal/auto-
lysosomal membranes (Fig. 4G). This protocol is based on
the specific permeabilization of the plasma membrane
(without permeabilization of other cellular membranes) to
release cytosolic SNAP-LC3B-I and sequential labeling
with a fluorescent Membrane Impermeable SNAP-Surface”
Ligand (MIL). This ligand will label the accessible pool of
SNAP-LC3B-Il. Thus, SNAP-LC3B/MIL", LAMP-1*
double-positive structures will represent autolysosomes
showing lipidated SNAP-LC3B-II at their cytosolic mem-
brane leaflet (Fig. 4H). As shown in Fig. 41, this assay
revealed a significant increase of these SNAP-LC3B/MIL™,
LAMP-1" double-positive structures in Arg4d ™~ cells in
different experimental conditions (Fig. 41), in line with our
previous results pointing to a delipidation defect in the
absence of ATG4D (Fig. 41).

Together, these results show that the accumulation of the
membrane-bound forms of LC3s and GABARAPs in the
absence of ATG4D stems from a major role for ATG4D in
their delipidation.

Atg4d~~ mice show age-dependent cerebellar
neurodegeneration and motor dysfunction

Although Arg4d deletion leads to noticeable alterations at
the molecular level, we did not observe any obvious phe-
notype in Arg4d " mice during approximately their first
year of age. Accordingly, histological analyses in different
tissues (such as heart, liver, kidneys or skeletal muscle
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among others) did not reveal any observable differences
between WT and KO-derived samples (Fig. S5I). However,
we could detect a significantly lower number of Purkinje
cells (PCs) in cerebellar sections from aged Azg4d '~ mice
(Fig. 5A-C). Moreover, PC-specific calbindin immunohis-
tochemistry staining revealed alterations in PC cell body
alignment (Fig. S6A), a feature associated with cerebellar
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ataxia [28]. Moreover, a reduced cell body size and an
abnormal nuclear shape were observed in Arg4d '~ Purkinje
neurons upon anti-NeuN staining (Fig. 5B-C). As shown in
Fig. 5B-C, a reduction in the thickness of the cerebellar
molecular layer and an increase in GFAP staining, which
usually indicates reactive gliosis in response to neuronal
damage and/or neuroinflammation, were also observed [29].
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« Fig. 5 Age-associated cerebellar neurodegeneration in Atg4d '~
mice. A Representative H&E images from 15-month-old WT' and
Atg4d™~ mice hippocampus, vestibular nuclei, cerebral cortex, and
cerebellum. Arrowheads label Purkinje cells (PC) bodies. Scale bars:
50 um. B-C Representative images and quantification of histological
analysis in 2- (B) and 15- (C) month-old WT and Atg4d’/ ~ mice
cerebella. Up, representative H&E images. Scale bar 400 um. Bars
label gray matter thickness. Middle up, representative images for
calbindin IHC. Scale bar: 20 um. Middle bottom, IHC against Glial
Fibrillary Acidic Protein (GFAP). Scale bar: 40 um. Bottom, IHC
against Neuronal Nuclei (NeuN). Scale bar: 20 um. D Representative
transmission electron microscopy (TEM) images showing the ultra-
structure of WT and Atg4d’/ ~ mice cerebellar PCs. Scale bar, 1 um.
Autophagosomes (1), abnormal nuclear envelope invaginations (2) and
swollen radial processes (3) in Atg4d’/ ~ PCs are shown in insets.
E Results from Rotarod analyses of 2- and 15-month-old WT and
Atg4d™~ mice. Asterisks show significant differences when areas
under the curve are compared to 2-month-old WT' group. F Repre-
sentative limb postures responding to tail suspension in 15-month-old
WT and Atg4d™~ mice. G Quantification of forelimb angles against
body axes in the tail suspension test. H Representative images for
raised-beam test in 15-month-old WT and Arg4d~’~ mice. I Perfor-
mance on the raised-beam test of 2- and 15-month-old mice measured
by the time mice spend before reaching the end of the beam.
J Representative paw placement records of 15-month-old WT' and
Atg4d™~ mice after footprint pattern analysis. K Quantification of
stride length of WT and Arg4d~~ mice. Data are presented as mean
and SD of at least 5 mice per group. L Results from grip strength
analyses of 2- and 15-month-old WT and Atg4d~’~ mice. Graph
represents the time mice were able to hold themselves to a grid when
inverted in the inverted-cling grip test. M Representative immunoblots
of endogenous ATGS-like proteins in the cerebellum from W7 and
Atg4d™~ mice. N Representative images of immunofluorescence
analysis of endogenous mATGS proteins in WT and Arg4d™~ cere-
bellar PCs. O Quantification of the data shown in (N). Bars represent
mean = SD. N =6, 2-month-old mice per genotype (B). N=7, 15-
month-old mice per genotype (C); N> 11, 2-month-old mice and N =
10, 15-month-old mice per genotype (E, G); N= 17, 2-month-old
mice and N =10, 15-month-old mice per genotype (I); N=12, 2-
month-old mice and N =10, 15-month-old mice per genotype (K);
N =38, 2-month-old mice and N =10, 15-month-old mice per geno-
type (L); N =4 mice per genotype (M); N> 85 cells per condition (b).
*P <0.05, 2-tailed unpaired Student’s ¢ test (B, C, and O) and two-
way ANOVA followed by Dunnett’s post hoc test (E, G, I, K and L).

These features, already observed in 2-months old Azg4d '~
mice cerebellum persisted in 15-months old mice, in which
a significant PC loss could be observed (Fig. 5C).
Remarkably, all these alterations were neither associated
with any increase in Ubiquitin-positive protein aggregates
nor by an increase in dUTP nick end labeling upon TUNEL
analysis (Fig. S6B-C). As shown in Fig. 5D, TEM analyses
revealed that samples from Arg4d '~ presented a dis-
organized ultrastructure, with PCs surrounded by numerous
electron-transparent gaps, which likely correspond to
swollen radial processes from glial cells [30]. PCs were
smaller and shrunken with their nuclei often showing
occasional invaginations and granular appearance in
Atg4d~'"~ mice samples (Fig. 5D). Additionally, Arg4d "~
PCs showed a high number of autophagosomes with
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cytoplasmic cargo and increased electron density in their
cytoplasm (Fig. 5D). Most of these ultrastructural
abnormalities in Azg4d '~ PCs resemble alterations docu-
mented in dark cell degeneration, a type of PC demise
usually linked to excitotoxicity [31, 32]. In order to see if
these cerebellar alterations are functionally associated with
motor coordination defects, we subjected 2- and 15-month-
old, age-matched WT and Atg4d’/’ mice to a set of func-
tional tests to characterize features associated with cere-
bellar function. Despite not showing any observable
difference when unchallenged, knockout mice showed
reduced performance compared to WTs in Rotarod tests, as
they took significantly less time before falling (Fig. SE). In
the tail suspension test, Atg4d-deficient mice showed a
significant difference in the forelimb angles against body
axe (Fig. 5F, G). Similarly, the performance of null mice in
raised-beam balance tests was poorer than WT controls
(Fig. 5H, I and S8A). Foot-printing analyses revealed a
significant gait alteration in mutant mice characterized by an
increase in stride length (Fig. 5J, K). Finally, grip-strength
experiments (inverted-cling grip test) also showed a reduced
performance of mutant mice (Fig. SL). All these alterations,
which were not sex-biased in any of the performed tests
(Fig. S7), became more pronounced in aged Atg4d '~ mice,
indicating that ATG4D loss leads to progressive cerebellar
ataxia, in line with our immuno-histological analyses
showing progressive PC demise. In addition, mutant mice
also performed worse than their age-matched counterparts
in functional tests associated to the neurological function of
other parts of the CNS, such as open-field and LTM
recognition tests (Fig. S8). This suggests that although
cerebellar function is the most severely affected by neuro-
degeneration, ATG4D loss leads to alterations in the func-
tion of other parts of the CNS.

Motor dysfunction in Atg4d '~ mice is reverted by
modulating GABA, receptors activity

Consistent with our results in other tissues, we detected an
increased presence of lipidated forms and positive structures
of mATGSs in different areas of the CNS, including the
cerebellum (Fig. SM-O, Fig. S9). Apart from their functions
in autophagic degradation, GABARAP plays a role in
GABA receptor trafficking. In fact, GABARAP binds to the
intracellular loop of the y2 subunit of the GABA, receptor
[33, 34]. As shown in Fig. 6A-C, we could detect a sig-
nificant increase in the interaction between these two pro-
teins in homogenates from Arg4d "~ mice cerebella and also
in Arg4d~~ MEFs, as measured by immunoprecipitation
experiments. As GABARAP interaction with GABA,RY,
has been reported to promote GABAAR transport to the
plasma membrane in neurons [35], we decided to analyze
the subcellular distribution of different GABA, receptors
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subunits in different parts of the CNS in WT and Arg4d "~
mice. As shown in Fig. 6D-I, we detected a higher number
of positive structures for GABAsRa; and GABAARY,, in
PCs, granular cells and also in the molecular layer of mutant
mice cerebella. Moreover, the number of positive structures
for GABAA,RS subunit was significantly higher inside
granular cells cytoplasm (Fig. 6F, G). Similarly, the number
of GABAsRa;, GABAARY, and GABAARS subunits was
also significantly higher in different parts of Azg4d '~ mice
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CNS, such as cerebral cortex (Fig. 6J, K); hippocampus
(Fig. 6L, M) and ventral midbrain (Fig 6 N, O). Interest-
ingly, Atg4d7/ ~ neurons, including PCs, showed a reduced
localization of GABA 4 receptors at the plasma membrane,
as revealed by immunofluorescence against GABA R -
subunit (Fig. 6D, E). Moreover, we detected a significant
colocalization of GABARY,-subunit positive structures
and the lysosomal marker LAMP-1 in Arg4d "~ PCs, which
was barely detected in WT cells (Fig. 6P, Q). This may
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<« Fig. 6 Analysis of GABA,R subunits subcellular localization.

A Representative immunoblots for co-immunoprecipitation of
GABARY2 with GABARAP in cerebella from WT and Arg4d ™'~
mice. B Quantification of the data shown in (A). For (A), tissue extract
from a WT mouse was used as a control for [gG immunoprecipitation.
C Representative immunoblots for co-immunoprecipitation of
GABAARY2 with GABARAP in WT and Arg4d~’~ HEK293T cells
overexpressing GABA,Ry2-GFP and HA-GABARAP. Transfected
WT HEK?293T cells were used as control for IgG immunoprecipitation.
D Immunofluorescence analyses of GABAsRal and GABA,RY2 in
WT and Atg4d’/ ~ PCs. E Quantification of the data shown in (D).
F Immunofluorescence analyses of GABAsRal, GABA,RYy2, and
GABARS in the granular cell layer from WT and Arg4d '~ cerebellar
cortex. G Quantification of the data shown in (F). H Immuno-
fluorescence analyses of GABAjRal and GABA Ry2 in WT and
Atg4d™"~ molecular layer of the cerebellar cortex. I Quantification of
the data shown in (H). J Immunofluorescence analyses of GABA,Ral,
GABAARY2, and GABAARS in cerebral cortex from W7 and Atg4d’/ .
K Quantification of the data shown in (J). L Immunofluorescence
analyses of GABA Ral, GABA,RY2, and GABAARS in hippocampus
from WT and Atg4d’/ ~. M Quantification of the data shown in (L). N
Immunofluorescence analyses of GABAsRal, GABAARY2, and
GABA\RS in ventral midbrain from WT and Atg4d’/ ~. O Quantifi-
cation of the data shown in (N). P Immunofluorescence analyses of
GABA,Ry2 and LAMPI in WT and Atg4d_/ ~ PCs. Q Quantification of
the data shown in (P). Colocalization of GABAARY2 and LAMPI is
calculated as the percentage of GABAARY2/LAMPI double-positive
structures divided by the total number of GABAARY2 positive struc-
tures per cell area. R Immunofluorescence analyses of GABAARYy2,
and gephyrin in WT and Arg4d ™~ cerebellar cortex molecular layer.
S Quantification of the data shown in (R). Colocalization of
GABAARYy2 and gephyrin is calculated as the percentage of
GABA sRy2/gephyrin double-positive structures divided by the total
number of gephyrin positive structures per cell area. LOAD: GAPDH,
WCL: Whole cell lysate. Bars represent mean+SD (N> 85 cells per
mouse, 3 mice per genotype (D, F, H, J, L, N, P and R). Scale bars:
10 um, insets 1 pm. P <0.05, 2-tailed unpaired Student’s ¢ test. In (B),
bars represent mean = SD (N =7 WT mice and 6 Atg4d '~ mice).

suggest that in the absence of ATG4D, GABA,R receptors
fail to be correctly transported to the plasma membrane and
are targeted to lysosomal compartments. Consistently, the
number of GABA,R synaptic clusters (as measured by
gephyrin and GABA Ry, colocalization) was significantly
reduced in the molecular layer of Azg4d '~ mice cerebella
(Fig. 6R, S).

These results point to defects either in their trafficking or
clustering in the absence of ATG4D. Thus, we decided to
evaluate the effects of different GABA receptors modulators,
such as the GABA, receptors agonists muscimol, THIP and
baclofen, as well as the GABA, receptor antagonist bicucul-
line in young Arg4d~’~ mice, which do not yet manifest cer-
ebellar PCs loss. As shown in Fig. S10, neither muscimol, nor
baclofen, nor bicuculline had a significant effect in the per-
formance of mutant mice. However, treatment with THIP was
able to significantly improve Arg4d~~ mice performance,
without exerting any noticeable effect in WT mice (Fig. 7A-E).
THIP is a selective GABA receptors agonist, which mainly
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acts on extrasynaptic GABA, receptors. These receptors
enable neurons to sense low ambient GABA concentrations
present in the extracellular space in order to generate a form of
tonic inhibition, which reduces the excitability of cerebellar
granule cells and thus PCs firing rate [36-38]. The fact that
THIP treatment significantly ameliorates motor coordination in
young Atg4d " mice, which still preserve cerebellar PC layer,
suggests that the observed cerebellar dysfunction upon
ATG4D loss is a result of GABA, receptor alterations.

Human ATG4D allelic variants are associated with
neurodegeneration

During the course of our analyses, we could find a publicly
accessible blog relating the case of a young patient suffering
from a rare form of cerebellar ataxia associated to the pre-
sence of two different ATG4D gene variants (http://
neurodegenerativeatg4d.blogspot.com). The association of
the patient’s phenotype with ATG4D c.266 G > A, pSer89-
Asn (paternally-inherited) and ¢.839 A>G, pTyr280Cys
(maternally-inherited) variants was confirmed through per-
sonal communication with the patient’s family. Interest-
ingly, both Ser89 and Tyr280 are conserved through
evolution in all analyzed species (Fig. 8A). Pathogenicity
estimates of these ATG4D variants by different independent
algorithms predicted Tyr280Cys to likely disrupt protein
stability and pSer89Asn to be neutral (Fig. 8A). Interest-
ingly, these residues are located at opposite sides of the
ATGA4D predicted 3D structure, based on available ATG4A
(PDB entry 2P82) and ATG4B [39] 3D structures (Fig. 8B).
In mammalian ATG4 proteins, two molecules (a “substrate
mATGS8” and a “non-substrate mATGS8”) interact with the
inactive protease and trigger conformational changes that
expose the catalytic pocket [39]. In this regard, pTyr280Cys
is located near to the interacting region with the substrate
LC3B molecule, close to its Ser90 and Lys65 residues,
whereas pSer89Asn is close to Arg69 and Lys65 of the non-
substrate LC3B molecule.

As shown in Figs. 8C-E and S11, both variants were able
to partially revert the increase in mATGSs lipidation caused
by ATGA4D loss. However, when compared to the effect of
the consensus HSATG4D form, the ability of these variants
to reduce either puncta or lipidation of mATGS8s was lower
in most cases, suggesting that these mutations compromise
ATG4D function (Fig. 8A, C-E). Thus, the combination of
these mutations, interfering with both mATG8s docking
sites of ATG4D at the same time, may further hamper
in vivo ATG4D activity.

Taken together, our results show that ATG4D is the main
mATGS delipidating enzyme in mammalian cells and plays
an evolutionarily conserved role against neurodegeneration,
as reported for other species [40].


http://neurodegenerativeatg4d.blogspot.com
http://neurodegenerativeatg4d.blogspot.com

ATGA4D is the main ATG8 delipidating enzyme in mammalian cells and protects against cerebellar...

A B

Vishidle WT © Atg4d” WT = Atg4d”
s~ 200- = 200
Y ,M.’M‘ * = Ns
o 150 . Ns” 2 & 1501 [ INs .
& e Ns,
< o 1001 > 100-
S = c
<t L
> = 50 3 50-
< 5 8
o 0 0
Yoo goao vewao oo
8.2:1: oL T 0L E oL =
eSS F oSk @S a5k
o> Q= o= o =
D WT © Atg4d’ E WT = Atg4d”
67 Ns S S 40 Ns %
£ il =
c 2 30
| 884 3
b o A Ns N, = 20 rN_s|£|
S| 2 8 2 ~g S 3
‘w
& 5 g 10
: 0- =0
Yoo goo QYo oo
Q Q Q Q
CEFELEF ScrFELEF
o Y m 2 Poa) o2
> > > >

Fig. 7 Effects of THIP administration in Afg4d~~ mice. A-E
Effects of THIP administration in tail suspension test (A, B), Rotarod
(C) and raised-beam test (D, E) analyses in 2-month-old WT and

Discussion

In this work, we have shown that ATG4D is the main
delipidating enzyme for mammalian mATGS8s, which
accumulate in their membrane-bound form in the absence of
this protease. Previous works had shown that ATG4D
protease was able to delipidate GABARAPLI protein in
in vitro cell-free experiments upon proteolytic activation by
caspase-3 [8]. However, a role of ATG4D as a delipidating
enzyme toward the rest of mATG8 proteins in vivo had not
been previously addressed. Interestingly, ATG4D defi-
ciency affects also autophagosome number and size without
significantly altering autophagic flux. We have shown that
the increased presence of membrane-bound forms of
mATGS8s derives from defects in their delipidation. It is
particularly interesting that the non-delipidated pool of
mATGS8 proteins remains at the cytosolic leaflet of the
autolysosomal membrane. This suggests that delipidation of
mATGS8 proteins is not a necessary event for autophago-
some/lysosome fusion, which can efficiently occur in the
absence of delipidation. In mice, the main physiological
impact of Atg4d disruption is cerebellar neurodegeneration.
Functionally, Arg4d~’~ mice show signs of cerebellar
ataxia, such as motor coordination defects and gait

A1g4d’/ ~ mice. Bars represent mean + SD. P <0.05, repeated mea-
sures ANOVA followed by Dunnett’s post hoc test. N>6 mice per
genotype.

abnormalities, whose severity increases with age. These
features are associated to alterations in the trafficking/
clustering of different GABA receptors subunits, likely as
a result of the altered interaction between GABARAP and
GABA, v2-subunit, in the absence of ATG4D.

One possibility is that due to the retention of GABARAP
proteins on autophagic structures, and given that the inter-
action between GABARAP and GABA, y2-subunit is
increased in the absence of ATG4D, a significant proportion
of GABA, receptors might be degraded through autophagy,
thus explaining the observed reduced localization of these
receptors at the plasma membrane and at synaptic clusters.
However, given that a great number of cellular factors are
involved in GABA receptors trafficking and clustering, other
different alternative mechanisms that could explain our
observations cannot be ruled out. Despite these considera-
tions, it is remarkable that treatment with the GABA
receptor agonist THIP is able to revert the motor coordina-
tion defects of young Azg4d '~ mice. This demonstrates that
defects in GABA signaling are already present before the
onset of neurodegeneration in Azg4d~'~ mice. In this sense,
it is intriguing that while PCs progressively decline, other
neuronal types remain preserved upon ATG4D deficiency.
PCs are the only output neurons of the cerebellar cortex and
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receive excitatory inputs from climbing and parallel fibers
and inhibitory inputs from basket, stellate and neighboring
PCs [41]. Thus, it is possible that the persistent autophagy/
GABA-receptors alterations observed in Arg4d-deficient
cells would sensitize neurons to inadequate excitatory/inhi-
bitory input balance, ultimately resulting in the observed loss
of PCs, particularly vulnerable to excitotoxicity [42]. In fact,
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Starvation

Control

Starvation

Control

the ultrastructural abnormalities observed in Atg4d '~ PCs
correspond to alterations documented in dark cell degen-
eration, a type of PC demise usually linked to excitotoxicity
[31, 32], which supports this idea.

In summary, our results show that ATG4D is the prin-
cipal ATGS8 delipidating enzyme in mammalian cells. Loss
of ATG4D leads to an increased cellular stationary content
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<« Fig. 8 Effects of HsATG4D p.S89N and p.Y280C allelic variants.

A Up, predicted impact of p.S89N and p.Y280C variants using pub-
licly available prediction algorithms. Numbers indicate the probability
of a determined variant to be neutral (green boxes) or detrimental (red
boxes) for protein structure stability. Middle, schematic representation
of the different protein domains present in ATG4D. Bottom, scheme
showing conservation of S89 and Y280 residues across evolutionarily-
distant vertebrate species. B Computer-based model of HSATG4D 3D
structure interacting with a substrate and an auxiliary LC3B. The
position of p.S89N and p.Y280C variants and adjacent residues are
shown in more detail. C Immunoblotting analyses against mATG8
proteins in WT, Azg4d '~ MEFs and Atg4d '~ MEFs stably expressing
either Flag-HsATG4D, Flag-HsATG4D p.S89N or Flag-HsATG4D
p-Y280C in the indicated conditions. D Representative images of
immunofluorescence against endogenous mATG8 proteins in WT,
Atg4d™~ MEFs and Atg4d '~ MEFs stably expressing either Flag-
HsATG4D, Flag-HSATG4D p.S89N or Flag-HsATG4D p.Y280C in
the indicated conditions. Images show cells cultured in full medium.
E Quantification of the data from (D). LOAD: p-actin. Bars represent
mean + SD (N> 80 cells per condition). Scale bar: 10 um. P <0.05,
2-tailed unpaired Student’s ¢ test.

of autophagosomes and autophagy-related structures with-
out compromising autophagy flux. In mice, these molecular
alterations lead to alterations in GABA, receptors traffick-
ing and targeting, which alter cerebellar function, progres-
sively leading to neurodegeneration and to the development
of defects in motor coordination. Further studies will be
required to fully characterize the fine mechanisms linking
the molecular alterations caused by ATG4D loss to the
development of neurodegenerative features.
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