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Background 

Proteolytic Systems involved 

ü  Calpains (cytosolic, Ca2+-dependent) 

ü  Cathepsins (lysosomes, endosomes) 

ü  Caspases (cytosolic) 

ü  Proteasome (cytosolic, self-compartmentalized) 
UPS: Ubiquitin Proteasome System 

Proteolysis is the main determinant 



Ubiquitin Proteasome System (UPS) 



Ubiquitin Proteasome System (UPS) 
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Implication of the UPS during muscle wasting 

Fasting
Denervation atrophy
Acidosis
Burn injury
Diabetes
Cancer
Infection
Unweighting

Wing & Goldberg 1993
Medina et al. 1995
Mitch et al. 1994
Fang et al. 1995
Price et al. 1996
Temparis et al. 1994
Voisin et al. 1996
Taillandier et al. 1996

Etc.



Implication of the UPS during muscle wasting 

Important disease-linked muscle loss (10-60%) in animal models	
  

Recruitment of the UPS:   ATP-dependent proteolysis using incubated muscles 
 

        mRNA levels of various components 
        - Ub 
        - Ubiquitinating Enzymes 
        - Deubiquitinating Enzymes 
        - 20S Proteasome subunits 
        - 19S Regulatory Complex subunits 

 
       Proteasome activity  	
  

      mRNA levels of selected components 
        - Ub 
        - Ubiquitinating Enzymes 
        - Deubiquitinating Enzymes 
        - 20S Proteasome subunits 
        - 19S Regulatory Complex subunits 

	
  

The UPS is also implicated during the early recovery phase	
  



Implication of the UPS during muscle wasting 

The atrophy-related genes “atrogenes”	
  

Lecker et al. FASEB J, 2004	
  



Implication of the UPS during muscle wasting 

The “Atrophy-related genes “atrogenes” in atrophying rats 
(Fasting, Tumor bearing, Uremia, Diabetes)	
  

Lecker et al. FASEB J, 2004	
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Implication of the UPS during muscle wasting 

The E3 ligases MAFbx and MuRF1 are the more reliable atrogenes in rodents 
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Adapted from Polge et al. Front. Physiol., 2015 



Implication of the UPS during muscle wasting 
The “Atrophy-related genes “atrogenes” 

(Unweighting – rat soleus muscle)	
  

Polge & Taillandier, Int. J. Biochem. Cell Biol., 2016 

Some Atrogenes are strictly restricted to the atrophying program	
  

Some Atrogenes are still recruited after 7 days of recovery 
  - Proteasome subunits 
  - Ub 
  - Specific ubiquitinating enzymes 

Taillandier et al., Int. J. Biochem. Cell Biol. 2003 ; Polge & Taillandier, Int. J. Biochem. Cell Biol., 2016 



Targets of the UPS during muscle wasting 

The UPS controls all the key processes for the development of the 
atrophying program 

Cell Cycle / Signal transduction / DNA repair / DNA 

replication / Apoptosis / Chromatin organization / 

Translation / Protein folding / Histones / Kinases / Energy 

metabolism / Transcription factors / UPS 

UPS targets	
  

Myofibrillar proteins: α-actin, myosin heavy and light 
chains, troponin I, telethonin  

Energy metabolism: MCK,  

Transcription factors: SRF, myoD,  

Translation factors: eIF3f,  

Signal transduction: IRS1, NF-kB, IKK, TRAF3,   
Muscle UPS targets	
  

Heng et al. Int J Biochem Cell Biol, 2008 ; Polge et al. FASEB J, 2011	
  



Implication of the UPS on muscle wasting in humans 

The “Atrophy-related genes “atrogenes” MuRF1 and/or MAFbx 
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E3 ligase  Targeted protein 
or pathway Ubiquitin chain type Disease

FANCL FANCD2, FANC1 monoUb Fanconi anemia
DDB2 Chromatin monoUb Xeroderma pigmentosum
Cbl family RTKs monoUb Cancer
Nedd4 PTEN, α-synuclein monoUb, Lys63, polyUb Cowden syndrome, Parkinson 
Rabex-5 Ras monoUb Cancer
HDM2 p53 Lys48 Cancer
APC/C10 Cyclin–CDK Lys48 Genomic instability
SOCS1/3 IRS2 Lys48 Metabolic syndrome
MG53 IR, IRS1 Lys48 Metabolic syndrome
pVHL15 HIF Lys48 Von Hippel Lindau
IAPs NIK Lys48 Multiple myeloma
Rnf168 Histones Lys63, polyUb Cancer, RIDDLE syndrome
TRAF6 TRAF6, NEMO, Lys63, polyUb Inflammatory disease, 

huntingtin Huntington’s disease
Itch, IAPs RIP2 Lys63, polyUb Crohn’s disease
Parkin Mitochondrial Lys63, polyUb Parkinson’s disease

outer membrane proteins
CHIP, Parkin Huntingtin, Lys63, polyUb Huntington’s disease, 

 β-amyloid, tau Alzheimer’s disease
BRCA1 BRCA1 Atypical polyUb Breast and ovarian cancer
LUBAC NEMO Linear polyUb Autoinflammation, muscular 

amylopectinosis, bacterial infections

Ubiquitination in various human diseases  



Implication of the UPS on muscle wasting following 
chronic kidney disease in humans 

•  In France :  

–  Chronic Kidney Disease: 3 Millions 

–  Terminal Renal Deficiency: 30,000 

•  Muscle atrophy within dialysis: 20% incidence 

Several Pathologies à Kidney lesions and insufficiency 

Progressive pathology 

Proteolysis induction? 
UPS involvement? 
Long lasting induction of atrogenes? 

CHU Clermont-Fd – Nephrology Dept – Pr. A-E Heng 



Implication of the UPS on muscle wasting upon chronic 
kidney disease in rats 

↗ Proteolysis = ↗ UPS 

Bailey et al, J Clin Invest 1996 

MG132 

Acidosis is crucial for UPS-dependent 
protein breakdown 

CKD in rats 



Implication of the UPS on muscle wasting upon acute 
kidney disease in rats 

MuRF1 and MAFbx are overexpressed during Acute Kidney Injury in rats 
and their expression levels are correlated to the severity of kidney injury 

Aniort et al, Int. J. Biochem. Cell Biol. 2016 

Acute kidney injury (gentamicin) induces a moderate atrophy (-17%)  in phasic muscles 



Implication of the UPS on muscle wasting following 
chronic kidney disease in humans 

Proteolysis induction? 

UPS involvement? 

Long lasting induction of atrogenes? 

Common biomarkers with more aggressive conditions/pathologies? 

Human vs. rodent biomarkers ? 



Implication of the UPS on muscle wasting following 
chronic kidney disease in humans: the PROMETHE cohort 

	
  	
   CT	
  (n=13)	
   Cancer	
  (n=14)	
   Hemodialysis	
  (n=7)	
  
Men	
  /	
  Women	
   7	
  /	
  6	
   	
  	
  	
  	
  9	
  /	
  5	
   6	
  /	
  1	
  
Age	
  (Years)	
   	
  	
  	
  69	
  ±	
  11	
   	
  	
  	
  	
  	
  63	
  ±	
  10	
   68	
  ±	
  8	
  
Weight	
  (kg)	
   	
  	
  	
  77	
  ±	
  14	
   	
  	
  	
  	
  	
  67	
  ±	
  13	
   70	
  ±	
  9	
  
Size	
  (cm)	
   168	
  ±	
  8	
   170	
  ±	
  7	
   162	
  ±	
  9	
  
Hemoglobin	
  (g/dL)	
   12	
  ±	
  8	
   	
  13	
  ±	
  2	
   13	
  ±	
  2	
  
Crea-nine	
  levels	
  (µmol/L)	
   	
  	
  66	
  ±	
  14	
   	
  	
  	
  	
  72	
  ±	
  16	
   658	
  ±	
  254*	
  
glomerular	
  filtra-on	
  rate	
  
(MDRD)	
  (ml/min)	
   	
  	
  	
  80	
  ±	
  18	
   	
  	
  	
  	
  	
  82	
  ±	
  12	
   -­‐	
  

CRP	
  (mg/L)	
   12	
  ±	
  6	
   	
  	
  	
  	
  	
  61	
  ±	
  72	
   18	
  ±	
  14	
  
Alkaline	
  reserve	
  (mmol/L)	
   28	
  ±	
  1	
   	
  	
  	
  29	
  ±	
  4	
   27	
  ±	
  6	
  
VIH	
  serology	
   -­‐	
   -­‐	
   -­‐	
  
	
  Hepa--s	
  B	
  and	
  C	
  serologies	
   -­‐	
   -­‐	
   -­‐	
  

-  Control patients (CT) 
-  Hemodialysis patients (CKD) 
-  Cancer patients (pulmonary neoplasia, C) 

Muscle biopsies following surgery 
Blood samples  

Transcriptomic and 
Proteomic Analysis  



Implication of the UPS on muscle wasting in CKD and 
cancer patients 

mRNA levels from different proteolytic pathways 
 - UPS (proteasome subunits, E2-conjugating enzymes, E3 ligases) 
 - Autophagy (cathepsins, autophagosome formation) 
 - Caspases 
 - Calpains 
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MuRF1, MAFbx and Mdm2 exhibit sustained overexpression during 
catabolic situations whatever the pathology 



Implication of the UPS on muscle wasting in CKD and 
cancer patients 
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UBE2B, an E2 known to be part of the atrophying program, is not 
overexpressed in cancer and CKD patients 



Implication of the UPS on muscle wasting in CKD and 
cancer patients 
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The Proteasome (20S core and 19S RC) is not a good predictor of 
muscle atrophy for long term UPS induction 



Implication of proteolytic systems on muscle wasting in 
CKD and cancer patients 

Cancer	
  (n=14)	
   CKD	
  (n=7)	
  

C2,	
  C5,	
  C8	
   →	
   →	
  

S2	
   →	
   ↗	
  

S4	
   →	
   →	
  

S5a	
   →	
   ↗	
  

S11	
   →	
   ↗	
  

S12	
   →	
   →	
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   →	
   ↗	
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   →	
   ↗	
  

Cancer	
  (n=14)	
   CKD	
  (n=7)	
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   ↗	
   ↗	
  

MuRF1	
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   ↗	
  

Mdm2	
   ↗	
   ↗	
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   →	
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So far, only a limited number E3 ligases are good biomarkers of 
muscle atrophy 



	
  MuRF1	
  

MAFbx	
  

	
  C5	
  

	
  UBE2D	
  

	
  Nedd4	
  

Mdm2	
  

	
  UBE2B	
  

Cas3	
  Cas9	
  

	
  S12	
  
S11	
  

	
  S5a	
  

S4	
  
	
  S2	
  

C8	
  

C2	
  

	
  E4B	
  

-­‐1	
  

-­‐0,75	
  

-­‐0,5	
  

-­‐0,25	
  

0	
  

0,25	
  

0,5	
  

0,75	
  

1	
  

-­‐1	
   -­‐0,75	
   -­‐0,5	
   -­‐0,25	
   0	
   0,25	
   0,5	
   0,75	
   1	
  

F2
	
  (3

0,
28
	
  %
)	
  

F1	
  (69,72	
  %)	
  

Discriminant analysis of mRNA levels confirm that some E3 ligases 
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Catabolic/control expression ratio of proteolytic enzymes	
  

Transcription analysis of muscles from CKD and cancer 
patients 



Discriminant analysis of mRNA levels from 17 actors of proteolytic systems 
(UPS and caspases) efficiently separates the 3 populations  	
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Proteomic analysis of muscles from CKD and cancer 
patients 

•  21 patients (n = 7 per group) 

•  Cytoplasmic, myofibrillar and UPS substrates 

•  Shot gun analysis using nanoLC-­‐MS/MS	
  (Ul7mate3000	
  system	
  coupled	
  to	
  an	
  

LTQ-­‐Orbitrap	
  Velos	
  mass	
  spectrometer)	
   

•  MaxQuant (Max Planck Institute) and Proline (EDyP-Grenoble, IPBS-

Toulouse, IPHC/LSMBO-Strasbourg) analysis	
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Proteins	
  differen7ally	
  expressed	
  in	
  both	
  cancer	
  and	
  CKD	
  pa7ents	
  observed	
  either	
  with	
  Proline	
  and	
  MaxQuant	
  

Ca
nc
er
	
  

CK
D	
  

Proline	
   MaxQuant	
  

1713	
  proteins	
  analyzed	
  
53	
  differen-al	
  proteins	
  between	
  CT	
  and	
  CKD	
  pa-ents	
  
24	
  differen-al	
  proteins	
  between	
  CT	
  and	
  C	
  pa-ents	
  
13	
  proteins	
  common	
  to	
  CKD	
  and	
  C	
  pa-ents	
  	
  

Threshold:	
  2-­‐factor	
  



Proteins differentially expressed in both  
CKD and cancer patients compared to controls 

Dermcidin	
  *	
  

Kera7n	
  type	
  I	
  cytoskeletal	
  epidermal	
  10	
  *	
  

Kera7n	
  type	
  II	
  cytoskeletal2	
  epidermal	
  *	
  

Protein	
  S100	
  A8	
  	
  

Suprabasin	
  *	
  

Guanine	
  deaminase	
  *	
  	
  

Prolac7n	
  inducible	
  protein	
  *	
  	
  	
  	
  

	
  

Biglycan	
  **	
  

Talin	
  2	
  **	
  

Kera7n	
  type	
  II	
  cytoskeletal	
  71*	
  	
  

Cysteine	
  and	
  glycine-­‐rich	
  protein	
  3***	
  	
  

Car7lage	
  intermediate	
  layer	
  protein	
  1***	
  

Parathymosin*	
  

Carcinogenesis/Tumor	
  cell	
  survival	
  

Cancer	
  cell	
  invasion/Tumor	
  growth	
  

Posi-ve	
  regulator	
  of	
  myogenesis	
  	
  

Extracellular	
  matrix	
  
Cytoskeletal	
  organiza-on	
  

Antagonist	
  of	
  IGF-­‐1	
  and	
  TGFbeta	
  

Tumor	
  markers	
  –	
  unknown	
  func-on	
  

Tumor	
  marker	
  



Conclusions 

Common	
  markers	
  can	
  be	
  found	
  between	
  different	
  pathologies	
  in	
  humans	
  independently	
  of	
  

the	
  stage	
  of	
  the	
  illness,	
  sex,	
  BMI	
  and	
  throughout	
  a	
  large	
  scale	
  of	
  age	
  (46-­‐76)	
  

	
  -­‐	
  mRNA	
  levels:	
  	
  

	
   	
  Increased	
  expression	
  of	
  specific	
  actors	
  of	
  proteoly-c	
  pathways	
  

	
   	
  MuRF1	
  and	
  MAFbx	
  are	
  the	
  best	
  (but	
  not	
  the	
  only)	
  biomarkers	
  as	
  in	
  animal	
  models	
  

	
   	
  A	
  combina-on	
  of	
  proteolysis-­‐linked	
  proteins	
  discrimates	
  healthy	
  and	
  pathology-­‐

developing	
  pa-ents	
  but	
  also	
  between	
  pathologies	
  

	
  

	
  -­‐	
  Protein	
  levels:	
  	
  

	
   	
  Down	
  regula-on	
  of	
  several	
  proteins	
  involved	
  in	
  cell	
  growth/prolifera-on	
  and	
  

organiza-on	
  

	
   	
  Some	
  actors	
  of	
  muscle	
  anabolism	
  are	
  s-mulated	
  (but	
  inefficient?)	
  	
  



Perspectives 

•  Including	
  other	
  proteoly-c	
  actors:	
  -­‐>	
  beler	
  isola-on	
  of	
  specific	
  popula-ons?	
  

•  Using	
  more	
  pa-ents/other	
  cohorts	
  for	
  strengthening	
  the	
  conclusions	
  

•  Applica-on	
  to	
  other	
  pathologies	
  

•  Finding	
  biomarkers	
  in	
  more	
  accessible	
  compartments	
  (e.g.	
  blood)	
  

•  Comple-ng	
  the	
  proteomic	
  analysis	
  of	
  soluble	
  proteins 	
   	
  	
  

•  Iden-fica-on	
  of	
  UPS	
  substrates	
  common	
  to	
  the	
  two	
  pathologies	
  

	
   	
  Purifica-on	
  of	
  Ub-­‐conjugates	
  using	
  an	
  in-­‐house	
  affinity	
  matrix	
  followed	
  by	
  mass	
  

spectrometry	
  analysis 	
   	
  	
  

mRNAs:	
  

Proteins:	
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Muscle actin is polyubiquitinylated in vitro and in vivo
and targeted for breakdown by the E3
ligase MuRF1
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ABSTRACT Muscle atrophy prevails in numerous
diseases (cancer cachexia, renal failure, infections,
etc.), mainly results from elevated proteolysis, and is
accelerated by bed rest. This largely contributes to
increased health costs. Devising new strategies to pre-
vent muscle wasting is a major clinical challenge. The
ubiquitin proteasome system (UPS) degrades myofi-
brillar proteins, but the precise mechanisms respon-
sible for actin breakdown are surprisingly poorly
characterized. We report that chimeric flag-actin was
destabilized and polyubiquitinylated in stably transfected
C2C12 myotubes treated with the catabolic agent dexa-
methasone (1 !M) and that only proteasome inhibitors
blocked its breakdown. Actin polyubiquitinylation was
also detected in wild-type C2C12 myotubes and human
muscle biopsies from control participants and patients
with cancer. The muscle-specific E3 ubiquitin ligase
MuRF1 is up-regulated in catabolic conditions and poly-
ubiquitinylates components of the thick filament. We also
demonstrate that recombinant GST-MuRF1 physically in-
teracted and polyubiquitinylated actin in vitro and that
MuRF1 is a critical component for actin breakdown, since
MuRF1 siRNA stabilized flag-actin. These data identify
unambiguously the abundant contractile protein actin as a
target of the UPS in skeletal muscle both in vitro and in
vivo, further supporting the need for new strategies
blocking specifically the activation of this pathway in
muscle wasting conditions.—Polge, C., Heng, A.-E., Jar-
zaguet, M., Ventadour, S., Claustre, A., Combaret, L.,
Béchet, D., Matondo, M., Uttenweiler-Joseph, S., Monsar-
rat, B., Attaix, D., Taillandier, D. Muscle actin is poly-
ubiquitinylated in vitro and in vivo and targeted for
breakdown by the E3 ligase MuRF1. FASEB J. 25, 000–000
(2011). www.fasebj.org
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Skeletal muscle atrophy occurs on disuse (denerva-
tion, unloading) and in various diseases (cancer, sepsis,
diabetes, kidney failure, etc.). An increased proteolysis
is mainly responsible for this muscle wasting (1), and
several studies suggest that the ubiquitin proteasome
system (UPS) is responsible for most of this adaptation,
including in humans (2). However, this assessment is
mostly based on indirect measurements, and a key
question is to unambiguously identify the targets of the
UPS in skeletal muscle. An accumulation of polyubiq-
uitin (poly-Ub) conjugates has been observed in the
myofibrillar fraction, which mainly contains contractile
proteins (3–5). However, few sarcomeric proteins [i.e.,
troponin I, myosin heavy chains (MHCs) and tele-
thonin] were definitively demonstrated to be degraded
by the 26S proteasome in skeletal and/or cardiac
muscles.

An attractive hypothesis is that the UPS controls the
degradation of the whole contractile structure. How-
ever, data are still lacking for most myofibrillar pro-
teins, a big gap being the degradation of actin, the most
abundant protein in skeletal muscle. Few data exist
about the degradation of muscular actin and the pro-
teolytic systems involved. Previous studies have shown
that muscular (!) and cytoskeletal (") actin could be
cleaved by caspase 3 under apoptotic conditions (8).
Actin cleavage by caspase-3 was also observed in skeletal
muscles from diabetic rats, and the UPS was presum-
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