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Abstract 

Skeletal muscle is a tissue composed of oriented and dense myofibers. Upon 

injury, a repair process, known as myogenesis, is initiated to replace damaged fibers. 

Impairment of this process may lead to muscle-related disorders and syndromes, such 

as Duchenne muscular dystrophy and cachexia. The RNA-binding protein Human 

antigen R (HuR) is a key posttranscriptional master regulator of myogenesis.  During 

this process, HuR regulates the stability of several mRNAs, including nucleophosmin 

(NPM), myogenin, MyoD, and p21, encoding proteins that mediate the differentiation of 

muscle fibers. Although the role of HuR in myogenesis is well-established, the 

mechanisms modulating its function during this process are unknown. Chapter 2 

demonstrates that a newly discovered posttranslational modification of HuR, poly(ADP-

ribosyl)ation (PARylation), modulates its pro-myogenic function. I showed that 

poly(ADP-ribose) polymerase 5a (PARP5a), also named tankyrase-1 (TNKS1), is 

essential for myogenesis, as its depletion and chemical inhibition result in impaired 

muscle fiber formation. Additionally, I showed that TNKS1 PARylates HuR during 

muscle fiber formation. My results revealed that TNKS1 PARylates HuR by binding a 

conserved consensus TNKS1-binding motif located in the hinge region of HuR. 

Importantly, mutating this motif prevented HuR from rescuing myogenesis following the 

knockdown of HuR, a condition known to impair myogenesis. I demonstrated that 

PARylation of HuR promotes its RNA-binding activity, cytoplasmic accumulation, and 

cleavage, which are crucial events for the pro-myogenic function of HuR. This work 

reveals a novel regulatory mechanism through which the function of HuR may be 

targeted in myogenesis, and potentially in other processes.  Recent work from my lab 

shows that HuR also promotes the composition and integrity of skeletal muscle. 

Interestingly we demonstrated, in that study, that HuR plays a role in promoting cancer-

cachexia-induced muscle wasting. In Chapter 3, I identified the key pro-cachectic 

transcription factor, Signal Transducer and Activator of Transcription 3 (STAT3) as a 

novel mRNA target of HuR during muscle wasting. I demonstrate that HuR binds a U-

rich element in the 3’UTR of STAT3 mRNA and promotes its translation. My results 

revealed that HuR does so by inhibiting the ability of miR-330 to repress the translation 

of the STAT3 mRNA. Indeed, miR-330 regulates the expression of STAT3 by binding to 
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a seed element located in the 3’untranslated region (UTR) of the mRNA.  These results 

demonstrate that the competitive interaction of HuR and miR-330 with their respective 

binding sites in the 3’UTR regulates the translation of STAT3. We, therefore, delineate a 

new mechanism through which HuR promotes muscle wasting by regulating the 

expression of STAT3. Overall, in my thesis, I show that HuR plays a dual function in 

skeletal muscle based on the conditions, and by doing so determines the fate of this 

tissue. 
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Résumé  

Le muscle squelettique est un tissu composé de myofibres orientés et denses. 

Lors d'une blessure, un procès de réparation nommé la myogenèse est initié pour 

remplacer les fibres endommagées. La détérioration de ce procès peut causer des 

maladies et syndromes reliés aux muscles, tel que la dystrophie musculaire Duchenne 

et la cachexie. La protéine liant l’ARN Human antigen R (HuR) est une des protéines 

régulatrices posttraductionelles principales de la myogenèse. Durant ce procès, HuR 

régule la stabilité de plusieurs ARNs messagers (ARNm), incluant nucleophosmin 

(NPM), myogenin, MyoD, et p21, qui encodent des protéines qui médiatisent la 

différentiation des fibres musculaires. Bien que le rôle de HuR dans la myogenèse soit 

bien établi, les mécanismes qui module sa fonction durant ce procès sont inconnus. 

Chapitre 2 démontre qu’une nouvelle modification posttraductionelle de HuR, poly(ADP-

ribosyl)ation (PARylation), module sa fonction pro-myogénique. J’ai montré que 

poly(ADP-ribose) polymérase 5a (PARP5a), aussi nommé tankyrase-1 (TNKS1), est 

essentiel durant la myogenèse, vue que sa déplétion ou son inhibition chimique impaire 

la formation de fibres musculaires. Mes résultats révèlent que TNKS1 PARylate HuR en 

liant un motif de liaison de TNKS1 consensus qui est conservé et qui est localisé dans 

la région charnière (hinge) de HuR. De plus, la mutation de ce motif a empêché HuR de 

secourir la myogenèse à la suite de la déplétion de HuR, qui est une condition qui 

détériore le procès. J’ai démontré que la PARylation de HuR promeut sa capacité de 

lier l’ARN, son accumulation dans le cytoplasme, et son clivage, qui sont tous des 

évènements essentiels à sa fonction pro-myogénique. Ce travail révèle un nouveau 

mécanisme régulatoire par lequel la fonction de HuR pourrait être ciblée durant la 

myogenèse et potentiellement dans d’autres procès. De travaux récents de mon 

laboratoire montre aussi que HuR promeut la composition et l’intégrité des muscles 

squelettiques. Notablement, cette étude démontre que HuR joue un rôle dans la 

promotion du dépérissement des muscles induit par la cachexie du cancer. Dans 

Chapitre 3, j’ai identifié le facteur transcriptionnel pro-cachectique clé, Signal 

Transducer and Activator of Transcription 3 (STAT3), comme étant un nouvel ARNm 

cible de HuR durant l’atrophie des muscles. J’ai démontré que HuR lie un élément riche 

en U dans le 3’UTR de l’ARNm de STAT3 et promeut sa traduction. Mes résultats 
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révèlent que HuR fait ceci en inhibant la capacité de miR-330 de réprimer la traduction 

de l’ARNm de STAT3. En effet, miR-330 régule l’expression de STAT3 en liant une 

séquence localisée dans le 3’UTR de l’ARNm de STAT3. Ces résultats démontrent que 

l’interaction compétitive de HuR et miR-330 avec leurs sites de liaison respectifs dans le 

3’UTR régule la traduction de STAT3. Ainsi, nous délinéons un nouveau mécanisme 

par lequel HuR promeut la détérioration des muscles en régulant l’expression de 

STAT3. En somme, dans ma thèse, je montre que HuR joue une double fonction dans 

les muscles squelettiques, dépendamment des conditions, et par ceci détermine le sort 

du tissue.  
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➢ Identified TNKS1-mediated PARylation as an event required for the process of 
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interaction with TNKS1 via a conserved consensus TNKS1-binding motif. This 

PARylation promotes the RNA-binding activity, the stabilization function, and the 

cytoplasmic translocation of HuR during myogenesis.  

➢ Demonstrated the importance of the PARylation of HuR by mutating the TNKS1-
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is well established to inhibit myogenesis). 

➢ Collectively, this work reveals a new role for TNKS1 in skeletal muscle and 

identifies the TNKS1-mediated PARylation of HuR as an important regulatory 

process required for muscle fiber formation. 

Chapter 3: Identification of STAT3 as a target of HuR-mediated regulation 

in Cachexia. 

➢ Identified the key pro-cachectic factor STAT3 as a target mRNA of HuR during 

muscle wasting. STAT3 mRNA is posttranscriptionally regulated by HuR through 

a U-rich element in the 3’untranslated region (UTR) to promote its translation. 

➢ Demonstrated that HuR increases the translation of STAT3 during cytokine-

induced muscle wasting, by interfering with the miR-330-mediated translation 

repression. 

➢ Found that mutating the HuR binding site in the 3’UTR of STAT3 prevents 

binding of HuR while mutating the miR-330 site in the 3’UTR of STAT3 mRNA 

resulted in increased association of HuR with this message. 
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➢ Collectively, this work identifies a new mechanism through which HuR mediates 

cytokine-induced muscle wasting and provides additional evidence for the role of 

HuR in muscle wasting, and consequently for its dual and opposite function in 

skeletal muscle. 
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HECT             homologous to the E6-AP carboxyl terminus 

HeLa              Henrietta Lacks 

HIF-1α           hypoxia-inducible factor 1α 

HMGB1         high mobility group box protein 1 

HNE              4-hydroxynoneal 

HnRNP         Heterogeneous nuclear ribonucleoproteins 

HNS              nucleocytoplasmic shuttling sequence 

HPS              histidine, proline, and serine 

HSC              hematopoietic stem cells 

Hsp60           heat shock protein 60 

Hsp72           heat shock protein 72 

hsrω-RA       heat shock RNA ω 

HuA              human antigen A 

HuB              human antigen B 

HuC              human antigen C 

HuD              human antigen D 

HuR              human antigen R 

IFN-γ            interferon γ 

IKK               inhibitor of κB kinase 

I/T                 IFN-γ/TNFα 

Id                  inhibitor of differentiation 

IκBα              nuclear factor of kappa light polypeptide gene enhancer in B-cells    

                     inhibitor, alpha 
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IL                  interleukin 

IRAP             insulin regulated aminopeptidase 

IRI                 irinotecan 

iNOS             inducible nitric oxide synthase 

IRES             internal ribosome entry site 

JAK               Janus-kinases 

KSRP            KH-type splicing regulatory protein  

KO                 knockout 

LA                  lupus antigen 

LC3B-II          Microtubule-associated protein 1 light chain 3 B isoform II 

Let-7              lethal-7 

LKB1             liver kinase B1 

LLC               Lewis lung carcinoma 

lncRNA          long non-coding RNA 

LPS               lipopolysaccharide 

M7G              7-methylguanosine 

MacroD         macrodomain protein 

MAFbx          muscle atrophy F-box 

MAPK           mitogen-activated protein kinase 

MARylation   mono(ADP-ribosyl)ation 

MCK              muscle creatine kinase 

Mcl-1             myeloid cell leukemia-1 

MEF2            myocyte enhancer binding factor 2 

MF20            myosin heavy chain 

MG132         carbobenzoxy-Leu-Leu-leucinal 

MIN              multiple intestinal neoplasia 

MiRNA         microRNA 

Mix1             homeodomain protein MIX 

Mlc1f            myosin light chain 1 fast 

MRF             myogenic regulatory factor 

mRNA          messenger RNA 
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mRNP          messenger ribonucleoprotein 

MRS             magnetic resonance spectroscopy 

mTOR          mammalian target of rapamycin 

MuRF1         muscle RING-finger protein-1 

muHuR KO  muscle-specific knockout of HuR 

Myf5            Myogenic factor 5 

MyHC          myosin heavy chain 

MyoD           myoblast determination protein 1 

NA               nicotinic acid 

NAM            nicotinamide 

NAD+                 nicotinamide adenine dinucleotide 

NCL             nucleolin 

NELFE         Negative Elongation Factor Complex Member E 

NES             nuclear export signal 

NFκB           nuclear factor κ-light-chain-enhancer of activated B cells 

NNMT          nicotinamide N-methyltransferase 

NO               nitric oxide 

NPM            nucleophosmin 

NR               nicotinamide riboside 

Nrf2             nuclear factor erythroid 2-related factor 

NSCLC        Non-Small Cell Lung Cancer 

NuMa           nuclear mitotic apparatus 

OPMD          oculopharyngeal muscular dystrophy 

OXPHOS     oxidative phosphorylation 

P bodies      processing bodies 

p-mTOR      phosphorylated-mTOR 

P16INK4        cyclin-dependent kinase inhibitor 2A 

P21/P21cIP1/P21Waf       cyclin-dependent kinase inhibitor 1 

P27             cyclin-dependent kinase inhibitor 1B 

P53             tumor protein p53 

P65             REL-associated protein 
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Pabpn1       poly(A) binding protein, nuclear 1        

pADPr         poly(ADP-ribose) 

PAP             poly-A-polymerase 

PAR-CLIP   photoactivatable ribonucleoside-enhanced crosslinking and  

                    immunoprecipitation 

PARN          Poly(A)-Specific Ribonuclease 

PARP          poly(ADP-ribose) polymerase 

PARG          poly(ADP-ribose) glycohydrolase 

PARylation   poly(ADP-ribosyl)ation 

Pax7            paired box gene 7 

Pax3            paired box gene 3 

PDCD4        programmed cell death 4 

PEX14         Peroxisomal Biogenesis Factor 14 

PGC1α        peroxisome proliferator-activated receptor gamma coactivator 1-α 

PHAP-I        putative HLA-associated protein-I 

PHAP-II       putative HLA-associated protein-II 

PIAS3          protein inhibitor of activated STAT3 

Pitx2            paired-related homeobox 2 

PKC             protein kinase C 

PKM2           pyruvate kinase M2 

PKR              protein kinase R 

Pp32             phosphoprotein 32 

PPARγ          Peroxisome proliferator-activated receptor γ 

Phospho-RB phosphorylated retinoblastoma protein 

Pre-miRNA   precursor microRNA 

Pre-mRNA    precursor mRNA 

PTP              protein tyrosine phosphatases 

RAB10          Ras-related protein Rab-10 

RB                retinoblastoma protein 

RBM38         RNA-binding motif protein 38 

RBP              RNA-binding protein 
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RhoB             Ras Homolog Family Member B 

RING             really interesting new gene 

RISC             RNA-induced silencing complex  

RNA              ribonucleic acid 

RNF146        Ring Finger Protein 146 

RRM             RNA-recognition motif 

S6K              S6 kinase 

SAM             sterile alpha motif 

SC                satellite cell 

SH2              Src homology 2 

SH3BP2       Src homology 3 Domain Binding Protein 2 

SHP             SH2 domain-containing phosphatases 

SIRT1          sirtuin 1 

SMA            spinal muscular atrophy 

SMN1          survival of motor neuron 1 

SnRNP        small nuclear ribonucleoproteins 

SNAP23      synaptosome associated protein 23 

SOCS3       suppressor of cytokine signalling 3 

Sort1           sortilin 1 

Src              Proto-oncogene tyrosine-protein kinase 

STAT3        Signal transducer and activator of transcription 3 

TA               tibialis anterior 

TARBP2     transactivation-responsive RNA-binding protein 2 

TARG         terminal ADP-ribose protein glycohydrolase 

TBM           tankyrase-binding motif 

TBP           TATA-box binding protein 

TCA           tricarboxylic acid 

TCPTP      T-Cell Protein Tyrosine Phosphatase 

TGF-β       transforming growth factor β 

TNFα        tumour necrosis factor α 

TNKS        tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase 
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TOP2A     DNA Topoisomerase II Alpha 

TRF-1       Telomeric repeat-binding factor 1 

TTP           tristetraprolin 

U2AF65     splicing factor U2AF 

UCP-1        uncoupling protein 1 

ULK1          unc-51 like autophagy activating kinase 

UPP           ubiquitin-proteasome pathway 

USP25       ubiquitin specific peptidase 25 

UTR           untranslated region 

Vamp         Vesicle associated membrane protein 

Wnt            wingless-related integration site 

WT             wildtype 

WWE         tryptophan, tryptophan, glutamate 

XIAP          X-linked inhibitor of apoptosis 

YB-1          y-box binding protein 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

Chapter 1 | General Introduction 

1.1 Myogenesis 

Skeletal muscle constitutes the largest tissue mass of the human body. The 

primary functions of skeletal muscle tissue are locomotion, postural behavior, and 

breathing.  As such, compromised muscle function can lead to a severely deteriorated 

quality of life. The process of muscle fiber formation, also termed myogenesis, is a 

process in which satellite cells, which are muscle precursor cells, differentiate to commit 

to becoming mononucleated myoblasts. After that, myoblasts further differentiate and 

fuse to form multinucleated myotubes. During embryogenesis, skeletal muscles 

originate from the mesoderm. After birth, the process can be activated by growth, 

muscle tissue injury, or exercise. The molecular regulation of myogenesis, which 

includes activation of the precursor cells (named satellite cells, SCs), the proliferation of 

myoblasts and their differentiation, and the quiescence of non-differentiated cells, is 

strikingly similar between embryonic and adult muscle stem cells. Muscle regeneration, 

which is triggered by tissue injury, can be divided into two steps: a degenerative phase, 

and a regenerative phase [1]. During the degenerative phase, inflammatory and muscle 

precursor cells residing within the muscle tissue are activated due to the necrosis 

resulting from the disrupted myofiber sarcolemma. Next, the regeneration phase begins 

with the expansion of the myoblasts which is followed by their fusion with the damaged 

fiber or the formation of new fibers that become undistinguishable from undamaged 

fibers. A subset of myoblasts, that fail to differentiate and remain associated with the 

surface of the developing myofibers, form the quiescent muscle satellite cell pool.   

 The commitment of myogenic progenitor cells to myogenesis during development 

and postnatal muscle regeneration is a multi-stage process controlled by several 

transcription factors such as the paired domain transcription factor Pax7 as well as 

myogenic regulatory transcription factors (MRFs) including myogenic factor 5 (Myf5), 

myogenic differentiation antigen (MyoD), myogenin, and MRF4 (Figure 1.1) [2-4]. Upon 

activation of myogenesis during development or in response to injuries, these factors 

collaborate together to ensure the commitment of SCs to the myogenic program through 

induction of a muscle-specific transcriptional network [2, 5, 6]. Embryogenic myogenesis 
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can be divided into 2 phases: early embryonic (or primary) and later fetal (or secondary) 

phase. In the primary phase, paired box gene Pax3 expressing progenitors form primary 

myotubes which provide the templates upon which secondary myotubes can form. 

During the secondary phase, a subset of the Pax3+ cells upregulate Pax7 expression 

and downregulate Pax3 to form secondary myotubes. A subset of the Pax7 expressing 

progenitor cells will form a pool of adult muscle stem cells, called SCs, which are used 

during post-natal myogenesis. The majority of SCs in adult muscles are quiescent and 

express Pax7 and Myf5. The expression of both MyoD and Myf5 is the key step in the 

commitment of SCs to the myogenic lineage, since the simultaneous disruption of both 

genes results in the absence of skeletal myoblasts [4, 7-9]. However, mice lacking 

myogenin have poorly developed skeletal muscle tissue even though myoblasts are 

present, suggesting that myogenin plays a critical role in the terminal differentiation of 

myoblasts despite being dispensable for the generation of the myogenic lineage [4, 8-

11]. 

Figure 1.1. The molecular 

regulation of myogenesis.  

When muscle precursor cells, 

called satellite cells, are 

activated, they proliferate and 

differentiate into myoblasts by 

upregulating the expression of 

primary myogenic regulatory 

factors (MRFs), such as Myf5 

and MyoD. These myoblasts 

undergo early differentiation and 

once enough myoblasts have 

grown, they become myocytes where they upregulate secondary MRFs, such as 

myogenin and MRF4 to start late differentiation. At that stage, they irreversibly withdraw 

from the cell cycle and fuse to form myotubes. These MRFs are transcription factors 

that lead to the sequential expression of each other. Image adapted from [12]. 

 

1.1.1 The molecular regulation of Myogenesis 

The myogenic process requires tight regulation, which is achieved by the 

sequential expression of the MRFs described above.  MRFs are basic helix-loop-helix 
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(bHLH) transcriptional activators which are upregulated to allow commitment to the 

myogenic lineage [13, 14]. The bHLH domain recognizes the E-box DNA sequence 

(CANNTG) in the regulatory regions of target genes. Proliferating myoblasts that are 

committed to the myogenic lineage express the primary MRFs MyoD and Myf5 [7, 15]. 

Once these proliferating myoblasts have reached a sufficient number of cells, they 

withdraw from cell cycle and become terminally differentiated myocytes that express 

secondary MRFs which include myogenin and MRF4. Subsequently, the fused 

myocytes (now myotubes) will express myosin heavy chain (MyHC) and muscle 

creatine kinase (MCK). Expression of different isoforms of MyHC proteins determines 

the specification/composition of muscle fibers, which are named after the isoforms that 

they express [16]. Muscle fibers, therefore, can be classified, based on the expression 

of these myosin heavy chain (MyHC) isoforms as being either Type I oxidative, slow-

twitch or Type II glycolytic, fast-twitch [17, 18].   

 The commitment of cells to the myogenic lineage and their differentiation into 

muscle fibers is mediated by the sequential activation of the MRFs described above. 

During embryonic or regenerative myogenesis, satellite cells are activated by signals 

from their surrounding environment [19]. These cells proliferate in a Myf5-dependent 

manner due to the transcription of genes involved in cell cycle progression. Subsequent 

to the rapid upregulation of Myf5 expression during this process, MyoD expression is 

initiated, and satellite cells undergo cell division.  

MyoD is a key MRF that mediates the expression of muscle-specific genes, such 

as myogenin, as well as genes involved in the inhibition of cell proliferation. Importantly, 

ectopic expression of MyoD in non-muscle cell types reprogrammes them to have 

features of muscle lineage [20, 21]. During differentiation, MyoD contributes to cell cycle 

arrest by complexing with various proteins, including the transcription factors E12/E47, 

to promote the transcription of myogenin and cell cycle arrest genes. During 

proliferation, the complex is disrupted by Id (inhibitor of differentiation) proteins which 

compete with MyoD for the binding of E12/E47 or bind myogenic factors to produce 

transcriptional inactive complexes. While the expression of Id is activated in response to 

growth factors, it decreases upon differentiation. Another factor that MyoD interacts with 
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to stop cell cycle is retinoblastoma protein (Rb). MyoD prevents phosphorylation of Rb, 

allowing it to interact with E2F and prevent cell cycle irreversibly, by preventing E2F 

from complexing with DP1 (dimerization partner 1) to promote the transcription of cell 

cycle genes. During proliferation, the anti-proliferative activity of MyoD is prevented by 

cyclin D1, whose expression leads to increased cyclin-dependent kinase (CDK) 4 

(CDK4) nuclear localization, where it complexes with MyoD and prevents it from 

performing its transcriptional activity by disrupting its association to DNA [22]. During 

differentiation, p21 and p16 inhibit the formation of the MyoD/CDK4 complex thus 

stimulating the transcriptional activity of MyoD. MyoD induces the expression of p21, 

providing a positive feedback loop to enhance its own activity. Additionally, during 

differentiation, the transcriptional activity of MyoD upregulates myogenin transcription 

[23]. Therefore, MyoD induces early differentiation of myoblasts by preventing the 

transcription of proliferation genes and, furthermore, promoting the transcription of 

genes that induce the differentiation of muscle cell progenitors [24, 25].  

 The myogenic differentiation process is tightly linked to the cell cycle, as one of 

the early steps of the process is the arrest of the cell cycle, which is an irreversible step 

during differentiation. As previously mentioned, cell cycle inhibition is initiated by the 

activity of MyoD, and it is thought to mainly occur due to the increased 

transcription/expression of p21. p21 is a G1-specific, cyclin-dependent kinase inhibitor 

which has emerged as a key regulatory component involved in regulating cellular 

proliferation and differentiation in various systems. During myogenesis, p21 

transcription is upregulated during muscle cell differentiation by both MyoD and 

myogenin. Mammalian cell cycle progression is regulated by CDKs and their regulatory 

subunits cyclins [26]. Fluctuations in cyclins lead to activation of CDKs. CDK-cyclin 

complex partially phosphorylate Rb. p21 can bind both CDKs and cyclins and thereby 

can irreversibly inhibit cell cycle by inhibiting CDK4/cyclin D and CDK2/cyclin E, and by 

disrupting the CDK-cyclin-Rb interaction [27, 28]. The importance of p21 in the 

myogenic process is underscored by the delay in muscular regeneration observed in 

p21 KO mice [29].  
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 Once myogenin is expressed, myoblasts rapidly exit cell cycle [30]. MyoD and 

myogenin synergize to restructure/open the chromatin at the loci of p21, p16, p57 and 

RB genes to enhance their expression [31]. Myogenin is required for the assembly of 

the transcription machinery through the recruitment of RNA polymerase II and TATA-

box binding protein (TBP) [32]. Myogenin also upregulates the transcription of a cluster 

of small non-coding RNA (microRNAs, miRNAs) named miR17-92 [33-35], as well as 

the Lats2 kinase [30].  In doing so, myogenin, through the regulation of both the 

miRNA17-92 cluster and Lats2 kinase, affects the expression of the transcription factors 

E2F1, E2F2, and E2F3 by inhibiting their translation and their transactivation, 

respectively [13].  

 After fusion of myoblasts, MRF4 becomes highly expressed and triggers the 

downregulation of myogenin expression [36]. In fact, MRF4 is the most highly 

expressed MRF in healthy mature muscle fibers [37]. Not much is known about the role 

of MRF4 in myogenesis, however it was recently shown that MRF4 is involved in 

muscle growth regulation by interacting with the myocyte enhancer binding factor 2 

(MEF2) family of proteins [38]. Although their function in skeletal muscle remains poorly 

understood, MEF2 proteins are upregulated during regeneration and their absence 

inhibits the myogenic process. MRF4 knockdown results in an increase in muscle fiber 

size, with an upregulation of genes involved in the sarcomere, membrane cytoskeleton, 

contraction, and energy metabolism. MRF4 depletion was also accompanied by an 

increase in MEF2 expression, and these effects were abolished by the expression of a 

dominant negative MEF2, suggesting that MRF4 regulates the growth of muscle fibers 

by repressing MEF2 activity. 

1.2 Cachexia-induced muscle wasting 

Similar to any tissue in the body, pathologies associate to skeletal muscle may 

have a detrimental affect on the well-being of individuals. Patients affected by chronic 

diseases such as cancer, AIDS, chronic obstructive pulmonary disorders, as well as 

severe burns can develop a syndrome, named cachexia, that is characterized by a 

dramatic weight loss which occurs due to the wasting of skeletal muscle [39-43].  The 

main trigger of cachexia is the induction of a chronic, proinflammatory response which is 
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a common hallmark of these diseases [44-46]. This loss of muscle reduces the quality 

of life by impairing function and activities of daily living and increases the toxicity and 

complications of anti-cancer treatments [47, 48]. If persistent, cachexia leads to reduced 

mobility, impaired respiration, and eventually death. As mentioned above, cachexia is 

characterized by a progressive loss of skeletal muscle mass, which may or may not 

include adipose tissue loss. It may be accompanied by anorexia and the wasting of 

other organs, including the brain, gut, and liver. It is a complication of cancer which 

occurs in 30 to 80% of patients, with the highest frequencies in pancreatic and gastric 

cancer [45]. Importantly, the weight loss is an important prognostic factor in cancer, 

which negatively correlates with survival time [40, 49, 50].  

The chronic inflammation initiating cachexia is caused by tumour- and host-

derived factors that will cause a systemic inflammation, which leads to abnormal 

metabolism of carbohydrate, lipid, proteins, and an overall hyper-catabolic state [45, 51-

53]. Despite the clear impact of cachexia, due to the numerous factors that render it a 

complex syndrome, no approved therapies exist yet. Therefore, understanding 

mechanisms that lead to cachexia is important for exploring new strategies to treat this 

condition.  

1.2.1 Mechanisms of Muscle Atrophy  

Muscle atrophy occurs due to the inflammation-induced activation of several 

pathways in skeletal muscle. Chronic inflammation affects the body homeostasis and 

creates a catabolic environment that leads to muscle atrophy. As such, cachexia results 

in decreased anabolism and increased catabolism which accounts for the loss of 

muscle mass. Indeed, proinflammatory factors named cytokines mediate the inhibition 

of general protein synthesis (resulting in decreased anabolism) while simultaneously 

activating the ubiquitin-proteasome (UPP) and autophagy pathway which mediated the 

degradation of proteins (resulting in increased catabolism).  In doing so, these cytokines 

mediate muscle wasting by inducing an overall negative disbalance in protein levels. 

Additionally, the loss of muscle mass is also mediated by an impairment in the 

regeneration potential of satellite and muscle precursor cells that, as described above, 

is needed for the repair of muscle.  
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1.2.1.1 Decreased Protein Synthesis 

The process of protein synthesis through mRNA translation is highly regulated in 

skeletal muscle by the serine/threonine kinase AKT.  AKT controls translation through 

the mTOR kinase, which phosphorylates eIF4E binding protein-1 (4E-BP1) and p70 S6 

kinase (S6K) to promote the initiation of general translation [17]. 4E-BP1 regulates the 

initiation of translation by associating/inhibiting the function of the initiation factor eIF4E.  

The phosphorylation of 4E-BP1, however, releases it from eIF4E, allowing the 

recruitment of the initiation factor eIF4G to increase translation initiation rates [45, 54-

56]. In parallel, phosphorylated S6K phosphorylates and activates the ribosomal protein 

S6 to promote protein synthesis. Muscle tissues of cachectic patients exhibit decreased 

levels of total AKT, total mTOR, and p-mTOR levels, indicative of decreased protein 

synthesis [57]. Additionally, muscle and adipose tissues of colon-26 (C26)-tumour 

bearing mice, an animal model of cachexia-induced muscle wasting, are characterized 

by decreased levels of phospho-AKT [58]. AKT also regulates translation through 

glycogen synthase kinase 3β (GSK3β), which phosphorylates the initiation factor eIF2α 

to inhibit its activity, since it is an important step in the process of protein synthesis and 

represents a checkpoint through mediation of translation elongation initiation [17, 45, 

55]. Other kinases can regulate this step, including PKR, which was shown to 

phosphorylate eIF2α in response to pro-inflammatory cytokines tumour necrosis factor-

α (TNFα) and interferon γ (IFNγ), and thereby results in decreased global translation 

[59, 60]. Interestingly, in cachectic patients, there is an increase in phosphorylation of 

PKR and phosphorylation of eIF2α. 

1.2.1.2 Increased Protein Degradation 

The pathways that trigger protein degradation in cachexia are stimulated by 

Forkhead box O3 (FoxO3), which activates lysosomal and proteasomal pathways. The 

UPP plays a predominant role in the degradation of myofibrillar proteins. In this 

pathway, proteins are targeted for protein turnover due to the posttranslational 

modification/addition of ubiquitin. This modification is mediated by a cascade of 

reactions carried by three groups of enzymes: E1, E2, and E3 [61]. E1 activates 

ubiquitin, which is then transferred to the ubiquitin-conjugating enzyme E2. E2 interacts 

with the ubiquitin-ligase enzyme E3, which catalyzes the transfer of ubiquitin to the 
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amino acid acceptor, typically lysine. There exist hundreds of E3 enzymes, which can 

interact with substrates and recognize them through the homologous to the E6-AP 

carboxyl terminus (HECT) domain and the really interesting new gene (RING) domain. 

Ubiquitin chains can be subsequently formed and recognized by the 26S proteasome 

complex, which degrades targeted proteins [61]. Two E3 muscle-specific ubiquitin 

ligases, atrogin1/muscle atrophy F-box (MAFbx) and muscle RING-finger protein-1 

(MuRF1) are highly expressed during muscle atrophy [45]. MuRF1 ubiquitylates myosin 

heavy chain proteins and other thick filament proteins, as well as actin and other thin 

filament proteins, suggesting that it promotes protein degradation [62-64]. While 

Atrogin-1/MAFbx ubiquitylates the eukaryotic initiation factor 3, subunit 5 (eIF3-f), 

suggesting that it controls protein synthesis [65]. Consequently, both MuRF1 and 

Atrogin-1/MAFbx target proteins for degradation by the 26S proteasome, leading to a 

net protein degradation balance shift [66]. 

Macroautophagy (autophagy) is a mechanism used by cells, including skeletal 

muscle, to transport organelles, and proteins to lysosomes for degradation [67].  

Autophagy is induced through the activation of the energy sensor, AMPK, which 

mediates autophagy through two pathways. The first pathway is the activation of 

FoxO3, which leads to the transcription of autophagy-related (ATG) proteins and E3 

ubiquitin ligases such as muscle RING-finger protein-1 (MuRF1) [68]. The second 

pathway is alleviating the mTOR-mediated inhibition of autophagy [69]. mTOR inhibits 

autophagy through the phosphorylation of unc-51 like autophagy activating kinase 

(ULK1), which is the mammalian orthologue of ATG1, sequestering it in an inactive 

state. Therefore, inhibition of mTOR activates autophagy initiation complex by activating 

ULK1. Evidence shows that both the hyper and hypoactivation of autophagy result in 

muscle atrophy [70]. Indeed, under normal conditions, autophagy serves as a tumour 

suppressor by negating the effects of harmful stimuli, including oxidative stress, 

inflammation, and genome instability to preserve cellular function and limit cell growth 

[71]. In contrast, in cancer-induced conditions, where nutrient availability is reduced in 

the environment of the tumour, autophagy is activated to serves as a survival factor, 

which in addition to mobilizing nutrients, protects tumour cells from radiation, mutations, 

and chemotherapy. In fact, tumour cells accelerate autophagy in myotubes during 
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cachexia by secreting the interleukin-6 (IL-6) (a proinflammatory cytokine which is 

known to induce wasting) [72]. The neutralization of IL-6, indeed, was shown to prevent 

activation of autophagy. The pro-cachectic role of autophagy is further supported by the 

increase in autophagy-related factors, such as beclin 1 and LC3B-II, in cachectic cancer 

patients and animals [70, 73]. The role of autophagy in promoting cachexia, 

nonetheless, remains disputed since exercise and treatments that trigger autophagic 

flux (AICAR or rapamycin) have also been shown to reduce cachexia-induced wasting, 

suggesting that this pathway is rather beneficial for countering muscle atrophy [74-76]. 

More importantly, the phenotype of mice containing muscle-specific inactivation of 

autophagy-related genes, such as Atg7 and Atg5, result in muscle atrophy and 

dysfunction [67]. Thus, further research is needed to understand the impact of 

autophagy in cachexia-induced muscle wasting. 

1.2.1.3 Regeneration Deficit 

In addition to promoting muscle atrophy via the aforementioned mechanisms, 

evidence show that cachectic muscle fibers display impaired regenerative capacity. As 

previously mentioned, during muscle regeneration, satellite cells, which express Pax7, 

are activated to differentiate and sequentially express MRFs to form muscle fibers. In 

genetic myopathies such as Duchenne muscular dystrophy, the function of satellite cells 

is impaired and contributes to muscle wasting [77]. Studies have shown that similarly, 

during cachexia, there seems to be a regenerative deficit. The damage induced by 

cachexia causes activation of satellite and muscle precursor cells. Although activated, 

these cells cannot completely differentiate, due to the persistent activation of Pax7 (self-

renewing factor) [78]. In fact, overexpression of Pax7 in normal muscle results in muscle 

atrophy. Activation of the NFκB pathway in cachectic mice and patients results in the 

secretion of serum factors that induce Pax7 expression. Although this study does not 

identify these factors, incubation of C2C12 cells with serum from cachectic animals and 

patients induced Pax7 expression, and consequently led to a reduction in the 

expression of the MRFs MyoD and myogenin, resulting in impaired regeneration of 

muscle tissue. Another study subsequently showed that similar to NFκB, the 

transcription factor CCAAT/enhancer binding protein β (C/EBPβ) also increases Pax7 

expression and leads to a regeneration deficit during cancer cachexia [79]. While it has 
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been previously shown that C/EBPβ directly regulates the transcription of Pax7, it is 

unknown whether NFκB directly or indirectly regulates the transcription of Pax7 [80]. In 

a later study, it was shown that the myogenic capacity of satellite cells in tumour-

bearing C26 mice was reduced, due to the severe impairment of their proliferation and 

differentiation [81]. The regenerative capacity of muscle during cachexia is another 

mechanism affecting the integrity/maintenance of skeletal muscle.  

1.2.2 Mechanisms of Cachexia-induced Muscle Wasting 

The chronic elevation of pro-inflammatory cytokines is one of the main triggers of 

cachexia-induced muscle atrophy. In fact, pro-inflammatory cytokines that include IL-6, 

IL-1, IL-8, TNFα, and interferon-γ (IFNγ) have been shown to be elevated in patients 

that have cachexia [82-84]. Additionally, the treatment of muscle cells with these 

cytokines in vitro can mimic the wasting phenotype [44]. Prolonged exposure to these 

cytokines results in the constant activation of inflammatory signalling in muscle cells, 

which induce the expression of pro-cachectic genes. 

1.2.2.1 Proinflammatory mediators of Cachexia induced muscle wasting 

1.2.2.1.1 The role of IL-6 in Cachexia-induced Muscle Atrophy 

IL-6 is one of the most established pro-inflammatory cytokines in cachexia-

induced muscle atrophy. Indeed, numerous studies have shown that IL-6 levels become 

elevated in cancer patients that develop cachexia [85].  Indeed, IL-6 level augmentation 

has been shown to correlate with weight loss and reduced survival in pancreatic cancer 

and Non-Small Cell Lung Cancer (NSCLC) patients [52, 86]. Murine models of cachexia 

show similar implication of IL-6 in muscle wasting to what was observed in cancer 

patients. For example, a study using the APCMIN/+ (adenomatous polyposis coli (APC) 

carrying the multiple intestinal neoplasia (MIN) point mutation) mouse model of muscle 

wasting showed that there is a 10-fold increase in IL-6 levels compared to wildtype mice 

[87]. The genetic ablation of IL-6 in these mice, interestingly, reduced tumour burden 

and muscle wasting.  Although rescue of IL-6 expression in these KO mice reversed this 

effect, it did not induce wasting in non-tumour bearing mice suggesting that IL-6 

indirectly may cause muscle wasting by increasing the tumour burden. Furthermore, the 

usage of anti-murine IL-6 receptor antibody in the C26 murine model of cancer-induced 
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cachexia attenuated the muscle atrophy further supporting the role of IL-6 in promoting 

cachexia-induced wasting [88]. The pro-cachectic activity of IL-6 has been attributed to 

its ability to increase the expression of ubiquitin and the activation of the proteasomal 

proteolytic cleavage pathway [89]. Additionally, IL-6 signalling seems to be involved in 

the activation of the STAT3 pathway (described below), which is implicated in muscle 

wasting [90, 91].  

1.2.2.1.2 The role of TNFα in Cachexia-induced Muscle Atrophy 

TNFα is secreted by the tumour and is a well-established cytokine that is 

involved in cachexia. In fact, it was one of the first humoral factors that was discovered 

to induce cachexia and it was therefore identified as cachectin [92]. Numerous reports 

have shown that the induction of an inflammatory state by TNFα promotes cachexia and 

leads to reduced food intake, loss of body weight, and skeletal muscle loss [93, 94]. 

Furthermore, mice with TNFα-secreting tumours develop cachexia and display severe 

weight loss [95]. In support with these findings, mice bearing the Lewis Lung carcinoma 

(LLC) cells which develop cancer-induced cachexia, display reduced muscle wasting 

when they are transgenically induced to express a soluble TNFα receptor protein [96]. 

This demonstrates that in this model, TNFα is necessary for the development of 

cachexia. More importantly, human patients with cachexia display higher levels of TNFα 

mRNA and protein in their muscles compared to healthy individuals (controls) [97]. They 

also have higher levels of the active form of the TNFα receptor. TNFα is known to 

mediate its pro-cachectic effects by activating NFκB, which promotes the transcription of 

pro-cachectic genes [98, 99]. Indeed, cancer cachexia patients that have increased 

levels of TNFα also exhibited increased activation of NFκB and upregulation of iNOS (a 

known target of NFκB) [97]. Interestingly, it seems that TNFα has a bivalent role in 

skeletal muscle depending on the exposure, since TNFα null mice and TNFα receptor 

mutant mice display impaired regeneration capacity, accompanied by lower levels of 

MyoD and MEF2 expression compared to control mice [100]. Although numerous 

studies have clearly demonstrated the implication of TNFα in cancer-induced cachexia, 

TNFα is insufficient to mediate a major cachectic phenotype on its own. Indeed, the 

administration of therapies that target TNFα does not ameliorate appetite or body weight 

loss induced by cachexia [101-103]. TNFα, therefore, is suggested to mediate wasting 
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by synergizing with other pro-inflammatory factors, such as IFNγ [59, 104-108]. Thus, it 

is likely that TNFα promotes cachexia-induced muscle wasting in conjunction with other 

cachectic factors.  

1.2.2.1.3 The role of IFNγ in Cachexia-induced Muscle Atrophy 

IFNγ is another pro-inflammatory cytokine that has been shown to be involved in 

cachexia. IFNγ can be produced by tumour cells and can contribute to systemic 

inflammation which results in wasting. Indeed, implantation of tumour cells that 

overexpress IFNγ in mice resulted in severe cachexia, while inhibition of IFNγ, using 

neutralizing anti-IFNγ antibodies, before the implantation of the cells prevented the body 

weight loss [109]. This confirmed that in the presence of the tumour, the weight loss 

observed in these mice is due to IFNγ. Additionally, in non-tumour-bearing rats, IFNγ 

was shown to induce cachexia-like symptoms, such as decreased food intake and body 

weight loss [110]. Whereas the immunization against the recombinant (murine) IFNγ 

administered to tumour-bearing rats recovered their appetite and their body weight loss 

and increased their lifespan and the size of the tumour they can tolerate. Therefore. 

similar to TNFα, IFNγ promotes cachexia in the presence of a tumour and other pro-

inflammatory factors. 

1.2.2.1.3.1 Nitric Oxide/iNOS 

The inducible Nitric Oxide Synthase (iNOS) enzyme is one of three NOS genes, 

along with endothelial NOS (eNOS) and neuronal NOS (nNOS), which produce nitric 

oxide (NO) from the conversion of the amino acid arginine to citrulline [111]. While 

eNOS and nNOS are, in general, associated with basal activities and low levels of NO 

production, iNOS is rapidly induced under certain stress conditions and leads to the 

production of higher levels of NO [111]. These higher NO levels are an important part of 

the cytotoxic immune response but have also been associated with numerous 

pathological conditions [112]. Furthermore, co-committed production of nitric oxide with 

oxygen radicals leads to the production of peroxynitrite (ONOO-). ONOO- is a highly 

reactive molecule that can cause oxidative damage and has been associated with many 

of the pathological effects of NO production [113, 114]. Indeed, cachexia has been 

associated with nitrosylative stress [115]. In addition, our lab has previously shown that 
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the production of ONOO- in response to cytokine treatment causes the loss of MyoD 

mRNA expression in C2C12 myotubes [104]. In a murine model of cachexia, Buck et al. 

demonstrated that chemical inhibition of iNOS could reduce skeletal muscle wasting 

[116]. We have also demonstrated that compounds that are able to inhibit iNOS 

expression are also able to prevent cytokine-driven muscle wasting both in vitro and in 

vivo [59]. Recently, iNOS was shown to promote cachexia-induced muscle wasting by 

altering metabolic pathways as well as causing mitochondrial dysfunction and energy 

crisis [117].  Indeed, during muscle-wasting, iNOS was shown to interfere with cellular 

energy production and mitochondrial function by impairing glycolysis and preventing 

entry of pyruvate and fatty acids (through inhibition of carnitine palmitoyltransferase1 

and 2) into the TCA cycle [117]. iNOS inhibition prevented the cytokine-induced 

glycolytic metabolism shift and reduced the compromise of the integrity of complex 2 

and complex 4 of the ETC observed in cultured myotubes treated with cytokines. 

Moreover, LPS-induced muscle wasting display loss of mitochondrial cristae in WT 

mice, which are the site of OXPHOS. This loss was not observed in iNOS KO mice 

injected with LPS or mice injected with C26 tumours (which cause cachexia) treated 

with iNOS inhibitor. As such, genetic ablation, or pharmacological inhibition of iNOS in 

mice prevent these effects and prevent muscle loss [117].  

1.2.2.2. Inflammatory signal transduction pathways activated in skeletal muscle 

during cachexia 

Skeletal muscle is the tissue mostly affected by cachexia and is the main reason 

for the total body mass loss observed in patients affected by this condition. As 

aforementioned, the chronic inflammation caused by the tumour is one of the central 

reasons behind this loss. In response to inflammatory cytokines, signalling pathways 

are activated in muscle cells and lead to the expression of cachectic genes that trigger 

the atrophy and dysfunction of skeletal muscle. Several pathways have been 

deciphered in the process of cachexia-induced muscle wasting, including the NFκB, 

Foxo-3/Atrogin-1, and STAT3 pathways.  
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1.2.2.2.1. FoxO3 pathway in cachexia 

Forkhead box O (FoxO) proteins, which include FoxO1 and FoxO3, are a family 

of transcription factors that have established roles in promoting the expression of genes 

that mediate protein degradation [118-120]. Specifically, FoxO proteins promote the 

transcription of factors involved in ubiquitin-mediated proteasomal degradation, 

including MuRF1 and atrogin1, as well as factors involved in autophagy. In muscle 

fibers, under normal conditions, AKT phosphorylates FoxO3 leading to its localization to 

the cytoplasm in an inactive state. During cachexia, however, the decreased activation 

of AKT results in the decreased phosphorylation of FoxO3 that, in turn, leads to its 

localization to the nucleus where it transcribes pro-cachectic genes such as MuRF1 

[121]. Interestingly, the activity of FoxO proteins is regulated by several signalling 

pathways triggered by factors which are involved in cachexia, such as TNFα and 

myostatin.  FoxO3, therefore, constitutes a major pathway through which protein 

degradation is mediated [17].  

1.2.2.2.2 NFκB pathway in cachexia 

Nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) is a 

transcription factor that is activated in response to numerous inflammatory cytokines, 

such as TNFα, IL-1, and IL-6. It is a master regulator of inflammatory genes expression 

in pro-inflammatory conditions and oxidative stress. Under normal conditions, NFκB is 

bound to IκBα (nuclear factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, alpha) and is sequestered in the cytoplasm. During inflammatory conditions, 

however, the inhibitor of κB kinase (IKK) is activated and subsequently phosphorylates 

IκBα leading to its UPP-mediated degradation. This leads to the release of NFκB which 

translocates to the nucleus to initiate its transcriptional activity. The importance of NFκB 

in mediating cachexia is underscored by the fact that muscle-specific NFκB knockout 

mice and mice that are treated with pharmacological inhibitors of NFκB are protected 

from inflammation-induced muscle wasting [122, 123].  

The pro-cachectic activity of NFκB is mediated, in part, due to the transcription 

and expression of MuRF1 and atrogin1 [46]. In addition, NFκB activity in cachexia has 

been linked to reduced regenerative potential and reduced expression of promyogenic 
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genes, including MyoD and myogenin [78, 104, 108]. Furthermore, NFκB promotes the 

expression of inducible nitric oxide synthase (iNOS) (as described above) in cachectic 

muscle, which leads to the production of reactive nitrogen species that induces 

oxidative stress [59, 106, 124]. In C2C12 murine myotubes, iNOS results in the 

production of NO, which S-nitrosylates Sirt1 and inhibits its activity, preventing it from 

deacetylating (and thereby inactivating) NFκB [125]. As such, NFκB positively regulates 

it own activity through this feedback loop which allows it to be activated. Moreover, 

NFκB seems to result in metabolic dysfunction during cachexia, since treatment of C26-

bearing mice that develop cachexia with a specific inhibitor of NFκB prevents this effect 

[126]. As such, the activation of the NFκB pathway due to the increased levels of 

inflammatory cytokines such as TNFα and IL-6, leads to muscle atrophy.   

1.2.2.2.3 STAT3 pathway in cachexia 

Signal transducer and activator of transcription 3 (STAT3) is a member of the 

STAT family of mammalian transcription factors that are involved in development, 

proliferation, and immune response [127]. Interestingly, the genetic ablation of STAT3, 

unlike the other STAT family members, is embryonic lethal [128]. Under normal 

physiological conditions, STAT3 is located in the cytoplasm in an inactive state.  In 

response to inflammatory stimuli, such as IL-6, STAT3 shuttles between the nucleus 

and the cytoplasm, with a predominant localization in the cytoplasm.  Under these 

inflammatory conditions, the localization of STAT3 is regulated by phosphorylation on 

the SH2 domain (on the Y705 residue) by Janus-kinases (JAK) as well as Src family 

kinases. The phosphorylation of STAT3 on the Y705 residue, consequently,  allows it 

form homodimers that accumulate in the nucleus to mediate transcription of 

inflammatory response genes (Figure 1.2) [129]. The dimerization of STAT3, 

furthermore, alters its conformation to facilitate DNA binding.  Although the activation of 

the STAT3 pathway is mainly attributed to IL-6, it can also be activated by other 

cytokines, such as TNFα and IFNγ [91, 106, 130]. Indeed, we have shown that 

treatment of muscle fibers with TNFα and IFNγ induces muscle wasting by mediating 

the phosphorylation of STAT3 in an IL-6 independent manner.  Under these conditions, 

the phosphorylated STAT3 forms a heterodimer with NF-kB that translocates to the 
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nucleus to induce the transcription of pro-cachectic genes such as iNOS (Figure 1.2) 

[106]. 

 

Figure 1.2. Mechanisms of STAT3 in muscle wasting.  

In response to the elevation of pro-inflammatory cytokines, such as TNFα, IFNγ and IL-

6, STAT3 translocates to the nucleus to mediate the transcription of genes involved in 

muscle wasting in a phosphorylation-dependent manner. Phosphorylated STAT3 

dimerizes and translocates to the nucleus to promote the transcription of MuRF1, 

atrogin1, and C/EBPδ [129-132].  Phosphorylated STAT3 can also dimerize with NFκB 

to translocate to the nucleus and promote the transcription of iNOS [106, 133]. 

 

The importance of the role of STAT3 in cachexia was evidenced by the fact that 

chemical and genetic inhibition of STAT3 prevented cachexia in various models, while 

the muscle-specific overexpression of STAT3 spontaneously induces muscle atrophy 

[91].  STAT3 mediates muscle wasting through various mechanisms.  In addition to 

iNOS, STAT3 also induces the transcription of atrogin1 and MuRF1 to promote protein 

degradation. Additionally, STAT3 induces the transcription of caspase-3, which 
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promotes proteasomal activity [131]. Moreover, STAT3 increases the expression of 

C/EBPδ, which is another transcription factor that promotes the transcription of 

myostatin, atrogin1, and MuRF1 [132]. 

STAT3 can also promote muscle wasting through the regulation of autophagy 

[67]. During starvation-induced muscle wasting, STAT3 is phosphorylated by Fyn, which 

is a member of the Src kinase family [134]. This phosphorylation results in the 

decreased expression of Vps34, which is a key component of autophagic flux (rate of 

autophagic degradation). STAT3 also promotes autophagy through the regulation of IL-

6, and  inhibits autophagy through the interaction with protein ligands including 

PKR/eIF2AK2 and FoxO1/3 and sequestering them, or through its localization to the 

mitochondria to repress ROS production, which itself induces autophagy [135, 136]. In 

oncogenesis, STAT3 was shown to be the main transcriptional enhancer of several 

autophagy-related genes such as BCL2 (anti-apoptotic) or BNIP3, through which it fine-

tunes autophagy by inhibiting or promoting it, respectively. However, the importance of 

this role of STAT3 in autophagy has not been assessed in the context of muscle 

wasting. Recently, STAT3 was also shown to regulate the biogenesis of tumour-derived 

exosomes during cancer-cachexia-induced muscle wasting [137]. Recently, exosomes 

have emerged as mediators of cancer cachexia, through the transport of cargo from 

tumors to tissues like skeletal muscle [137-139]. The levels of exosomes are correlated 

with the activation of PKM2 and SNAP23 (assessed by their phosphorylation), which 

are downstream of STAT3.  Under these conditions, the secretion of the exosomes was 

increased by STAT3 overexpression and, furthermore, reduced by the inhibition or 

genetic ablation of STAT3. As such, STAT3 is a key mediator of cachexia-induced 

muscle wasting. 

1.3 Posttranscriptional regulation of gene expression during myogenesis and 

muscle wasting  

It is well-established that the tight and coordinated regulation of the expression 

levels of the promyogenic and pro-cachectic factors described above is required for 

myogenesis and cachexia induced muscle wasting respectively [1, 3, 6, 8, 9, 12, 107, 

140-145]. Numerous observations have indicated that this control occurs at the 
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transcriptional level in response to various signals [1, 3, 6, 8, 9, 140-143]. Recently, the 

importance of posttranscriptional events, such as mRNA turnover (stability and decay), 

localization, and translation, was also shown to play major roles in controlling the 

expression of MRFs and pro-cachectic factors [6, 59, 104, 107, 144-152]. 

1.3.1 The role of cis-acting sequences in the posttranscriptional regulation of 

promyogenic and pro-cachectic mRNAs 

Transcription modulation has been suggested for a long time as the main 

regulator of the expression of the messenger RNA encoding for promyogenic and pro-

cachectic proteins [153-156]. However, transcription alone does not always explain the 

observed high level of these proteins during myogenesis and in muscle fibers 

undergoing wasting.  The posttranscriptional regulation of many short-lived mRNAs 

encoding many cytokines, protooncogenes and cell cycle regulatory proteins involves 

cis-elements including AU-rich (AREs) or GU-rich elements (GRE) found in the 

3’untranslated region (3’UTR) of these messages [157]. These AREs have been shown 

to mediate the stability, cellular localization, and translation of their host messages [158-

164]. Many of the ARE-containing mRNAs are labile, such that they can be maintained 

within critical levels to ensure proper cell growth, differentiation, and response to 

external stimuli [157, 165-167]. Many promyogenic factors including p21, MyoD and 

myogenin as well as pro-cachectic messages such as IL-6, TNFα and iNOS mRNAs are 

known to contain AREs/GREs that regulate their expression posttranscriptionally [159, 

160, 168]. This regulation involves the association of these mRNAs with RNA-binding 

proteins (RBPs) and/or non-coding RNAs such as miRNAs. Among these trans-acting 

factors, our laboratory has shown that the RBP HuR, a positive master regulator of 

mRNA stability and/or translation, plays a prominent role in the posttranscriptional 

regulation of factors that promote either myogenesis or cachexia-induced muscle 

wasting. 

1.3.2 The role of HuR in regulating the stability and/or translation of mRNA 

The following section provides a comprehensive overview of the function of HuR. 

It describes the known mechanisms through which HuR drives the myogenic or 

cachectic process. Additionally, I describe the trans-acting factors, including RBPs and 
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miRNAs as well as the posttranslational modifications that are known to modulate the 

function of HuR [152, 169-177]. Recent studies show that similar to the bivalent function 

of HuR in cell survival and cell death, HuR is also a regulator of skeletal muscle 

formation and atrophy [6, 107, 146, 149, 158, 178-183]. The identification of regulatory 

mechanisms of the function of HuR, therefore, may be beneficial for targeting it in 

tissue-specific or condition-specific scenarios. This is especially important due to the 

toxicity of HuR inhibitors and the lack of treatments for muscle-related diseases and 

syndromes [184, 185]. 

1.4 Human Antigen R (HuR) 

HuR is a well-characterized RBP that was first cloned and characterized in 1996 

[186]. It belongs to the embryonic lethal abnormal vision phenotype (ELAV) family and 

is therefore also known as ELAV1 [186-189]. This family of RBPs comprises four 

members, HuR (also known as HuA), HuB, HuC, and HuD.  While HuR is constitutively 

expressed, the other members of the family are primarily neuronal proteins. HuR is 

known to posttranscriptionally mediate gene expression through the regulation of mRNA 

splicing, stability, translation, and localization [163, 190-193]. HuR exerts these 

functions by associating, for the most part, to AREs and GREs (as described above) in 

the 3' untranslated region (UTR) of its target messages [170, 194-198]. HuR, 

nonetheless, has also been shown to bind regions in the 5’UTR and coding sequence to 

respectively control the translation and splicing of its mRNA targets [164, 180, 199-201].  

Unlike most other RBPs that bind to AREs in mRNAs to negatively impact their 

expression [172, 187, 193, 202, 203], HuR has been shown to regulate a target mRNA 

positively or negatively. The differential ability of HuR to affect the expression of its 

target mRNAs is dependent on its association with other trans-acting factors, including 

miRNAs and protein ligands [152, 170-173, 176, 204, 205].  

The ability of HuR to bind mRNAs is mediated by RNA-recognition motifs 

(RRMs). In fact, HuR contains three highly conserved RRMs named RRM 1-3.  RRM1 

and RRM2 preferentially bind AREs while RRM3 preferentially binds U-rich sequences 

[170, 194-196]. In addition to binding RNA, RRM3 was also shown to mediate the 

formation of oligomeric complexes of HuR proteins on target messages, which have 
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been suggested to interfere with the binding of trans-acting factors (RBPs and miRNAs) 

[195, 206]. Moreover, RRM3 can also mediate protein-protein interactions (HuR and 

RBM38 (RNA-binding motif protein 38) interaction to stabilize p21 mRNA), poly(A) 

binding, and stabilization of the HuR-RNA complex [171, 174, 195, 207, 208].  HuR also 

contains a 52-amino acid flexible hinge region (between RRM2 and RRM3) that 

includes the nucleocytoplasmic shuttling (HNS) domain (described below) [209]. The 

HNS is known to mediate both the import and export of HuR, in and out of the nucleus 

respectively [162, 193]. The export of HuR out of the nucleus occurs through the 

association of the HNS domain with adaptor proteins for nuclear export, such as 

pp32/PHAP-I, APRIL/PHAP-II, and CRM1. It has also been shown by our group that the 

import of HuR into the nucleus is mediated by its interaction with transportin-2 via the 

HNS [171, 181, 191, 210]. While HuR is predominantly nuclear, its shuttling allows it to 

bind to its target mRNAs in the nucleus and export them to the cytoplasm where they 

are actively translated. While bound to mRNAs in the cytoplasm HuR is able to 

influence the translation and/or stability of its target messages [162, 181, 191, 211].  

1.4.1 HuR regulates pre-mRNA splicing in the nucleus 

Studies have shown that the vast majority of pre-mRNAs contain exons that can 

be alternatively included or removed from the mature mRNA, and thus are alternatively 

spliced. The spliceosome complex, which is composed of 170 protein and five small 

nuclear ribonucleoprotein (snRNP) complexes, recognizes the splice sites in introns and 

assembles in a stepwise manner to mediate the cleavage and ligation reactions that are 

necessary for the removal of introns [212, 213]. Although the cytoplasmic translocation 

of HuR has been shown to be essential for its function, HuR has been shown to 

regulate precursor mRNA (pre-mRNA) splicing in the nucleus.  Indeed, numerous 

studies have shown that HuR is involved in regulating mRNA splicing  [206, 214, 215]. 

For example, HuR was shown to mediate the alternative splicing of the Fas pre-mRNA 

[206].  The alternative splicing of the Fas pre-mRNA, which results in a transcript that 

lacks exon 6, encodes a soluble form of the receptor which inhibits Fas signalling-

induced apoptosis [216]. HuR was shown to prevent Fas splicing by interfering with the 

association of the splicing factor U2AF65 binding to the 3’ splice site region [206, 217]. 

In another study, HuR was shown to mediate the alternative splicing of eukaryotic 
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translation initiation factor 4E nuclear import factor 1 (Eif4enif1) mRNA, which encodes 

the eukaryotic translation initiation factor 4E transporter (4E-T) protein [218, 219]. The 

depletion of HuR was shown to induce the splicing of exon 11 in the Eif4enif1 mRNA, 

leading to the expression of the short stable 4E-T isoform, which represses the 

translation of ARE-bearing mRNAs by targeting them to processing bodies for 

degradation [214]. In another example, HuR was shown to regulate the splicing of 

nuclear factor erythroid 2-related factor (Nrf2), a transcription factor that transcribes 

stress-related defense genes in response to oxidative stress [215, 220]. The knockdown 

of HuR, under these conditions, resulted in the decreased expression of Nrf2 due to the 

accumulation of unspliced, unstable, premature Nrf2 mRNA in the nucleus. 

1.4.2 HuR mediates the nuclear export of target messages 

The nucleocytoplasmic shuttling capability of HuR allows it to transport target 

mRNAs from the nucleus to the cytoplasm. The transport of mature mRNAs out of the 

nucleus and their localization to the cytoplasm enables the translation of mRNAs in a 

spatial-temporal-specific manner. It also, in addition, facilitates the sorting of proteins to 

organelles, since mRNAs coding for mitochondrial, endoplasmic reticulum, and 

peroxisomal proteins are enriched at these organelles through harbored cis-elements  

[221]. HuR was previously shown to act as an adapter that binds target mRNAs and 

interacts with export proteins to enable the transport of mRNAs to the cytoplasm [163, 

171, 222]. The shuttling of HuR and associated mRNAs seem to occur via two distinct 

pathways that are dependent or not on the nuclear pore receptor CRM1 (chromosome 

region maintenance 1).  The first pathway involves the interaction of HuR with the 

nuclear phosphoprotein ligands, pp32 and APRIL, which contain Nuclear Export Signals 

(NES) [163, 171]. The binding of this complex to CRM1 mediates the export of HuR out 

of the nucleus [163, 171, 223]. Although CRM1 inhibition does not impair the nuclear 

export of HuR, it increases its binding to pp32 and APRIL, where approximately 50% of 

HuR is bound by them, as well as its binding to poly(A) containing mRNAs in both the 

nucleus and cytoplasm, whereas in normal conditions the binding of HuR to these 

mRNAs occurs only in the cytoplasm. This suggests that the interaction of HuR with 

these protein ligands modulates its interaction with target mRNAs. Interestingly 

however, leptomycin B treatment caused the selective retention of the ARE-containing 
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c-fos mRNA, an early response gene whose mRNA is a target of HuR, in the nucleus. 

This led the discovery of the second HuR shuttling pathway that is CRM1-independent 

[163].  

The other pathway, which occurs in a CRM1 independent manner, is thought to 

be dependent on the binding of HuR to Transportins 1 (TRN1) and 2 (TRN2) [224]. The 

nuclear import of HuR by transportins was shown to be mediated by the HNS, which is 

a sequence that bears similarity to the M9 shuttling sequence of heterogeneous nuclear 

ribonucleoproteins A1 (hnRNP A1) [224, 225]. Several studies have shed light on the 

regulation of the localization of HuR, and through one of these studies, HuR was found 

to interact with the nuclear import adaptor protein importin α1 [226]. This interaction was 

found to be regulated by the AMPK-mediated phosphorylation of importin α1, and the 

AMPK-dependent-p300-mediated acetylation of importin α1 [226, 227]. Indeed, 

mutating the phosphorylation (S105) or acetylation (K22) sites of importin α1 resulted in 

the cytoplasmic localization of HuR [226]. The localization of HuR was extensively 

shown to be regulated by phosphorylation, as will be explained later in Section 1.5 [198, 

209, 228-232]. The nuclear import of HuR is associated with reduced stability of target 

messages, supporting the role of HuR as an adaptor protein which escorts target ARE-

containing mRNAs from the nucleus to the cytoplasm [158, 183, 233].  

The nuclear export of HuR and the HuR-mediated cytoplasmic trafficking of 

mRNA cargo were recently shown to be dependent of actin and microtubules 

cytoskeleton [234-236]. Indeed, disruption of cytoskeleton transport systems was shown 

to prevent the cytoplasmic accumulation of HuR [234-236]. Additionally, it has been 

shown that RNA transport by HuR can be achieved by the association of HuR and a 

subset of target mRNAs with a microtubule-associated protein, and this complex in turn 

can associate to polysomes [237].  The association of HuR with the cytoskeleton (which 

mediates the trafficking of mRNA targets to polysomes) was shown to be dependent on 

its phosphorylation on the S318 residue.  The phosphorylation of HuR at this residue 

mediates its interaction with the cytoskeletal protein myosin IIa (via RRM3) in an RNA-

dependant manner [234]. The treatment of cells with microfilament inhibitors, 

additionally, was shown to decrease the expression/stability of HuR mRNA targets due 
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to the decreased recruitment of these messages to free cytoplasmic polysomes and 

polysomes associated with the endoplasmic reticulum. 

1.4.3 HuR mediates the mRNA turnover of target messages 

The stabilization/decay and translation of mRNAs are closely related to their 

localization to the cytoplasm. HuR is a well-established posttranscriptional regulator of 

mRNA turnover. The rate of decay of an mRNA, which is also called “mRNA turnover”, 

is an important process that determines the abundance of mRNA in a cell at any given 

time. In order to establish rapid responses to certain stimuli, there is differential turnover 

of mRNAs whereby those with shorter half-lives (a measure of the longevity of a mRNA) 

respond more rapidly to changes in transcription. mRNA decay is achieved by the 

orchestrated interactions between the mRNA structural components with trans-acting 

factors [238]. Such components include the 3’ and 5’-UTRs, the 5’cap, the poly(A) tail, 

as well as the coding region. Various studies have shown that deadenylation (removal 

of the poly(A) tail) is the first step in many mammalian mRNA decay pathways.  During 

this process, enzymes such as poly(A) ribonuclease (PARN) shorten the poly(A) tail 

[239, 240]. The decapping of the 5’end constitutes another major decay pathway and is 

mediated by enzymes such as DCP1-DCP2 [238]. Importantly, the 3’UTR is also well 

known for its role in regulating the stability and decay of mRNAs due to the presence of 

cis-elements including AREs.  Approximately 5 to 8% of human genes code for mRNAs 

that contain AREs and most ARE-binding proteins identified promote the decay of these 

mRNA [241, 242].  As mentioned above, HuR is a master regulator of the stability of 

mRNA containing AREs. The importance of the role of HuR in mRNA stability is 

underscored by the fact that the overexpression of HuR was shown to increase the half-

life of many short-lived mRNAs [187]. 

One mechanism through which HuR stabilizes mRNAs is by protecting the 

message from degradation by preventing the binding of RBPs that trigger the decay of 

the message.  In fact, HuR has been shown to compete with RBPs that promote decay 

of mRNA, including KSRP, TTP, and AUF1 which associate with the exosome to 

promote the degradation of ARE-containing mRNAs [243]. For example, in response to 

cytokine treatment, HuR was shown to compete with KSRP for the binding of the iNOS 
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message, thereby promoting its stabilization by preventing its KSRP-mediated decay in 

DLD-1 cells (colorectal adenocarcinoma cells) [244]. In fact, increasing the amount of 

HuR resulted in decreased binding of KSRP to the transcript, and vice-versa [244]. One 

mechanism through which HuR is known to compete with these RBPs is by binding its 

target messages and forming oligomers via its RRM3 and hinge regions, thereby 

physically hindering other RBPs from binding [245]. One such example is the binding 

and cooperative assembly of HuR oligomers on the ARE of the TNFα mRNA [195]. HuR 

was found to form oligomers on an ARE sequence that is bound by AUF1, which 

causes its destabilization, suggesting that HuR protects TNFα mRNA from decay by 

oligomerizing and competing with AUF1 for the binding of the message [232, 246].  This 

study also showed that the HNS contributes significantly to the binding energy in the 

formation of HuR:ARE complexes in a length dependent manner, requiring an ARE of at 

least 18 nucleotides. In addition, HuR was shown to compete with TTP to override the 

destabilization of the TNFα mRNA by binding an ARE in the 3’UTR of TNFα mRNA in 

macrophages [247]. 

Although HuR is widely regarded as a positive regulator of mRNA stability, 

several studies have shown that it may also cooperate with decay promoting RBPs to 

promote the decay of target mRNAs. HuR was shown to cooperate with AUF1 to 

promote the decay of p16INK4 mRNA [173]. In this case, the destabilization seemed to 

depend on stem loop structures found in the 3’UTR of the p16INK4 mRNA that bound 

both AUF1 and HuR. The HuR/AUF1 complex, consequently, recruited the RNA-

induced silencing complex (RISC) to mediate the decay of the message. Therefore, it 

appears that the interaction of HuR with other RBPs and the impact of that interaction 

on its function is complex and is probably regulated by other factors, such as 

posttranslational modifications or trans-acting factors. 

1.4.4 HuR mediates the translation of target messages 

Numerous studies reported the function of HuR in promoting translation of target 

mRNAs. In fact, it has been shown that a substantial fraction of cytoplasmic HuR is 

associated with polysomes, further supporting its role in translation [222]. Translation is 

the step in which mRNAs are translated into proteins. Eukaryotic mRNAs contain four 
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structural elements that are important for their translation [248]. First, the 5’end of 

cellular mRNAs is capped with 7-methylguanosine (5’ m7G), which interacts with eIF4E 

to enhance ribosome binding to the mRNA [249-251]. The second structure is the 

sequence flanking the AUG start codon, such as the GCCRCC motif which precedes 

the AUG codon, and which optimizes the positioning of the ribosome on the AUG codon 

and augments translation initiation [252]. The third structure is the position of the AUG 

codon relative to the 5’end of the mRNA, where translation favorably initiates at the 

AUG codon that is closest to the 5’end [253]. The fourth structure are the secondary 

structure within the mRNA leader sequence, such as the secondary structures that form 

by the GC-rich sequence of the 5’UTR and block ribosome entry [254-256]. 

Numerous studies have demonstrated the ability of HuR to regulate the 

translation of target mRNAs, although much remains unclear about the mechanisms 

driving this function of HuR. It was previously shown that HuR synergizes with TIA-1 to 

inhibit the translation of TNFα mRNA through the binding of an ARE in the 3’UTR of the 

message in bone marrow-derived macrophages [247]. Conversely, HuR was also 

shown to compete with TTP to initiate the translation of TNFα mRNA, where 

phosphorylation of TTP decreases its affinity to the mRNA and allows HuR to compete 

for the binding during immune responses in macrophages [232]. In addition to the 

binding of the 3’UTR of target messages, HuR has been shown to regulate translation 

through the binding of the 5’ UTR of mRNAs. As previously mentioned, one of the 

mechanisms through which HuR positively regulates the translation of target mRNAs is 

by recruiting them to polysomes. In fact, HuR was shown to bind the 3’UTR of p53 and 

cytochrome c mRNAs, thereby increasing their recruitment to polysomes and their 

translation [176, 257]. Similarly, HuR was shown to bind the 5’UTR of hypoxia-inducible 

factor 1α (HIF-1α) mRNA, leading to its enhanced association with polysomes [201]. 

Conversely, HuR was also shown to suppress translation of target mRNAs. So far, the 

best characterized examples for the translation repression function of HuR involves its 

binding to the 5’UTR of target mRNAs. For example, the binding of HuR to the 5’UTR of 

the caspase-2 transcript represses its translation in adenocarcinoma cells, which leads 

to a resistance to apoptosis [258].  HuR was also shown to bind an U-rich element in 

the 5’UTR of the p27 mRNA, leading to its repressed translation [199]. Interestingly, 
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HuR can also inhibit the cap-independent translation of p27, which is mediated by the 

internal ribosome entry site (IRES) in the 5’UTR of the message [164]. HuR is also able 

to repress both IRES- and cap-dependent translation of the insulin-like growth factor I 

receptor (IGF-IR) [200]. However, it seems that IRES-mediated translation is 

permanently blocked by HuR, while the cap-dependent inhibition is transient. 

Intriguingly, HuR was found to stimulate the IRES-mediated translation of the intrinsic 

cellular caspase inhibitor XIAP by recruiting it to polysomes, as part of its role in cell 

survival regulation [180].  

Therefore, the role of HuR in regulating translation is complex and mechanisms 

governing this process require further investigation. 

1.4.5 MicroRNAs modulate the function of HuR 

Of note, various studies have shown that the interplay between HuR and 

microRNAs (miRNAs) regulate the stability and translation of target mRNAs [259]. 

MicroRNAs (miRNAs) are conserved small non-coding RNA regions that are 

approximately 22 nucleotides long, and originate from intergenic or intragenic regions 

[260]. RNA polymerase II transcribes them as primary miRNAs which contain a 5’ cap 

and a 3’ poly(A) tail (Figure 1.3). They base pair with themselves and form stem-loop 

structures that are then processed by a microprocessor complex DGCR8/Drosha to 

form an intermediate precursor (pre-miRNA). This intermediate is transported to the 

cytoplasm by exportin 5, where it is further processed by the RNase III endonuclease 

Dicer1 and the double strand RBP TARBP2 to produce the double stranded miRNA. 

The miRNA is then unwound by helicases, where one strand is degraded, and the other 

strand is transferred to the RISC. In this complex, argonaute 2 (AGO2) serves as the 

catalytic engine for RNA interference [261]. 
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Figure 1.3. miRNA biogenesis.  

miRNAs are transcribed by RNA polymerase II from intergenic or intragenic regions as 

primary miRNAs which contain a 5’cap and a 3’ poly(A) tail [260]. They base pair to 

form stem-loop structures that are processed by the microprocessor complex 

DGCR8/Drosha, forming an intermediate precursor (pre-miRNA). The pre-miRNA is 

transported to the cytoplasm by exportin 5. RNase III endonuclease Dicer1 and 

TARBP2 process the pre-miRNA into the double-stranded miRNA. Helicases unwind 

the miRNA. One strand is degraded (passenger strand), while the other strand is 

transferred to the RNA-induced silencing complex (RISC), forming the miRISC. The 

miRISC regulates mRNA turnover by decapping, deadenylation, or endonucleolytic 

cleavage, and regulates translation by inhibiting translation initiation, ribosome stalling, 

and stimulating translation. 

 

MiRNAs have mostly been shown to function as negative posttranscriptional 

regulators of gene expression through the interaction with mRNAs, resulting in mRNA 

degradation or inhibition of mRNA translation [262]. However, miRNAs have also been 

shown in some instances to promote translation by increasing ribosome loading to 
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target mRNAs [263, 264]. miRNAs can target various mRNAs and conversely, a single 

mRNA can be targeted by several miRNAs. miRNAs bind complementary sequences, 

named seed elements, that are usually present in the 3’UTR of RNA, but can also be 

present in the 5’UTR or the coding sequence of target mRNAs. As such, miRNAs can 

regulate mRNA turnover and translation in various ways, such as by promoting the 

deadenylation or decapping of mRNAs, by inhibiting the assembly of ribosome subunits 

or by causing ribosome stalling.  

Studies have shown that AGO2, a component of the RISC that mediates 

endonucleolytic cleavage of target mRNAs, shares numerous mRNA targets with HuR, 

suggesting that HuR and miRNAs compete/collaborate to regulate gene expression 

[265, 266]. The first report evidencing this interplay showed that HuR competes with 

miR-122 for the binding to the 3’UTR of the cationic amino acid transporter 1 (CAT-1) 

mRNA [267]. Under normal conditions, miR-122 base-pairs with and represses the 

translation of the CAT-1 message, which is sequestered in processing bodies (P 

bodies). During starvation-induced stress, HuR binds an ARE present in the 3’UTR of 

the message which leads to the release of the mRNA from P-bodies and its translation. 

Other studies showed that HuR competes with miRNAs to promote the expression of 

COX2, GM-CSF, TOP2A, NCL, and ERBB2 mRNAs [268-272].  These studies show 

that HuR and the miRNAs compete with each other since the HuR binding site and the 

miRNA seed element overlap.  miRNA seed elements, however, do not necessarily 

overlap with the binding site of HuR for the competition to occur. Furthermore, it was 

suggested that while overlapping miRNA and HuR binding sites result in direct 

competition for the regulation of the target message, non-overlapping binding of HuR 

and the miRNAs can drive competition through steric hinderance or hinderance 

involving changes in the secondary structure of the mRNA [259, 273]. In addition, the 

oligomerization of HuR (through the HNS-RRM3 region) was shown to be important for 

its function in interfering with the miRNA-mediated translation inhibition of mRNAs [274]. 

Oligomerization-competent HuR can displace already bound RISC from the RNA target.  

As such, although HuR does not interact with the RISC, its ability to oligomerize allows 

it to get near the complex and interfere with it. The oligomerization of HuR was also 
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shown to be important for the HuR-mediated alleviation of the deadenylation of RNA by 

miRISC.  

Conversely, HuR was shown in several instances to collaborate with miRNAs for 

the repression of mRNA stability and translation [259]. For example, HuR was shown to 

bind the 3’UTR of the c-Myc mRNA and promote the recruitment of let-7 miRNA (whose 

seed sequence is nearby the HuR-binding site) to repress the translation of the 

message [177]. In a similar instance, although the binding of HuR to the RhoB mRNA is 

distal to the binding of miR-19 to its seed element, the association of HuR promotes the 

recruitment of the miRNA to the message resulting in translational repression [275]. 

Importantly, in both examples, HuR facilitated the recruitment of the miRNAs leading to 

the translational repression of its mRNA targets [177, 275]. 

1.4.6 HuR is involved in various cellular processes 

The aforementioned functions of HuR lead to the regulation of various cellular 

processes such as cell proliferation, apoptosis, differentiation, as well as adipogenesis 

and response to stress and immune agents [158, 165, 178, 181-183, 222, 276-278]. 

HuR has been implicated in several disease processes including cancer and chronic 

inflammation as well as cardiovascular, neurological, and muscular associated 

pathologies [279-281]. Furthermore, the importance of HuR is underscored by the fact 

that HuR knockout mice are embryonic lethal [282]. Experiments involving HuR 

knockout mice have shown the importance of HuR in the early repair of damaged 

mucosa [283], spermatogenesis [284], angiogenesis [205], motor neuron cells survival 

and proliferation [285], and muscle function [149]. Although HuR is ubiquitously 

expressed, its expression is higher in brain, muscle and thymus tissues [186]. 

1.4.6.1 HuR regulates both cell survival and cell death genes 

 HuR is overexpressed in various cancers, including breast, ovarian, liver, gastric, 

esophageal, pancreatic and colorectal cancer, which is why its role in cell survival and 

death is actively studied [158, 185, 286-291]. HuR is known to regulate the expression 

of genes that promote cell survival in certain conditions, while it regulates the 

expression of pro-apoptotic genes in other conditions. This paradoxical role has been a 

popular area of research, due to its relevance in cancer. Numerous studies have 
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revealed that HuR has a pro-apoptotic role via the regulation of genes that include c-

myc, caspase-9, Bax, p53 and p27 [182, 186, 257, 292]. More extensive studies on 

HuR later demonstrated that it is also involved in promoting cell survival through the 

regulated expression of anti-apoptotic genes as well, such as Bcl-2, Mcl-1, cyclin A, 

cyclin B1, cyclin D1, p21, and prothymosin α [178, 179, 182, 186]. This paradox in the 

function of HuR can be explained by the fact that although HuR has a pro-survival 

function during mild stress conditions, it promotes cell death if the stess reaches a lethal 

stage.  Our group noticed that in response to lethal stress, HuR undergoes caspase-3 

and -7 mediated cleavage, resulting in the generation of two cleavages products (CPs), 

named HuR-CP1 and -CP2 which promote cell death (Figure 1.4) [182].  The cleavage 

of HuR, therefore is responsible for the functional switch whereby HuR differentially 

affects cell fate under mild or lethal conditions. In fact, the cleavage products of HuR 

(HuR-CP1,2) have been shown to favour one fate (cell death) over the other (cell 

survival), by preferentially binding pro-apoptotic target mRNAs, such as caspase-9, 

rather than binding anti-apoptotic target mRNAs, such as the anti-apoptotic effector 

prothymosin-α [179, 280]. The mechanism of HuR cleavage and the resulting HCPs 

were found to have an important effect over the activation of the apoptosome, resulting 

in an amplification of its activation [181]. Indeed, the addition of exogenous HuR-CPs to 

cells induce apoptosis under non-lethal stress conditions [182]. Subsequent studies 

have shown that in cancers where HuR is overexpressed, HuR fails to be cleaved 

further confirming the importance of the cleavage of HuR in its pro-apoptotic function 

[293, 294].  

Figure 1.4. Schematic of 

the structure of HuR.  

(Top panel) HuR contains 

three RNA recognition 

motifs (RRMs) and a 

hinge region (HNS) 

containing the HuR nucleocytoplasmic shuttling sequence (located between RRM2 and 

RRM3) [295-297]. Its coding region contains 326 amino acids [295]. (Bottom panel) 

HuR can be cleaved at residue aspartate 226 located in the hinge region, generating 

two cleavage products: HuR cleavage product 1 (HuR-CP1) and HuR-CP2 [298]. 
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1.4.6.2 HuR regulates inflammatory responses  

The activity of HuR in promoting inflammation is another actively studied area of 

research [281]. One of the rare instances where an increase in the expression of HuR 

was noted is in activated T cells [299, 300]. Indeed, the expression of HuR was shown 

to increase in activated and TH17 polarized CD4+ T cells [299, 300]. HuR has been 

shown to associate to mRNAs encoding pro-inflammatory cytokines and chemokines, 

such as TNFα, IL-6, IL-8, TGF-β, and IFNγ, and upregulate their expression in various 

cell types [161, 281, 301-306]. Additionally, HuR binds and stabilizes COX-2 and iNOS 

mRNAs, which are major pro-inflammatory mediators. HuR was shown to stabilize 

COX-2 mRNA in macrophages, renal mesangial cells, and various cancer cells [161, 

307-309]. Similarly, HuR was shown to stabilize the iNOS mRNA, leading to the 

production NO in muscle cells (described below) and hepatocytes as well as lung and 

colon cancer cells [104, 244, 310]. The importance of HuR in promoting inflammation is 

further evidenced by the fact that anti-inflammatory cytokines, such as IL-10 and IL-19, 

were shown to repress the function of HuR [311-313]. In fact, while HuR expression 

increased in the myocardium of mice with myocadial infarction (MI), and LPS-treated 

U937 monocytes, IL-10 treatment dramatically reduced HuR protein levels, leading to 

the reduction of HuR-target pro-inflammatory cytokines expression, such as TNFα [311, 

312]. This resulted in attenuated myocardial inflammation, leading to improved left 

ventricular function and remodeling by inhibiting fibrosis [311]. On the other hand, in 

injured vascular smooth muscle cells, IL-19 suppresses the function of HuR by reducing 

its abundance and its PKCα-mediated serine phosphorylation, preventing its localization 

to the cytoplasm. These effects resulted in the reduced pro-inflammatory response that 

is deleterious in vascular pathophysiological processes [313]. The importance of HuR in 

immunological processes is also demonstrated by its implication in various diseases 

[281]. For instance, HuR is involved in arthritis through the upregulation of TNFα and 

COX-2 expression [314-316]. HuR-mediated COX-2 upregulation has also been linked 

to inflammatory bowel disease [317]. HuR was also associated to asthma through its 

ability to upregulate the expression of TNFα and GM-CSF [318]. 

In addition to inflammatory responses, HuR is well-established as key mediator 

of skeletal muscle homeostasis under both normal and inflammation-induced 
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conditions. HuR has been shown to regulate the expression of many of the 

aforementioned key factors to drive the myogenic process or promote cancer-induced 

muscle wasting. Intriguingly, HuR regulates genes involved in stopping cell proliferation, 

and those involved in promoting differentiation. In the section below, I provide a 

literature review of what is known about the function of HuR in myogenesis. 

1.4.7 The role of HuR in myogenesis  

The role of HuR in skeletal muscle fiber formation has been extensively studied 

in vitro and in vivo. In fact, HuR has been proven to be crucial for the myogenic process 

to occur and its depletion inhibits muscle fiber formation [146, 152, 319-321]. Moreover, 

myogenesis is one of the few processes where the expression of HuR is increased 

[183, 322]. In fact, the protein expression of HuR was found to increase during in vivo 

regeneration, and this increase was later found to be affected by methylation [183, 323]. 

HuR is involved in both cell cycle withdrawal and differentiation of myoblasts. Through 

its various functions, it promotes the expression of factors required for these two 

processes, and the downregulation of factors involved in cell cycle promotion. 

1.4.7.1 The role of cytoplasmic translocation of HuR in myogenesis 

The cytoplasmic accumulation of HuR during myogenesis is essential for its pro-

myogenic function. The localization of HuR to the cytoplasm is correlated with an 

augmented stabilization of MRFs and improved myogenic phenotype [6, 319, 324]. Our 

group showed that, during myogenesis,  HuR is cleaved by caspase-3 on an aspartic 

acid residue (D226) located in the hinge region (Figure 1.5) [181]. This cleavage results 

in the generation of HuR-CP1 and -CP2, and is responsible for the cytoplasmic 

accumulation of HuR during muscle cell differentiation [324].  The accumulation of HuR 

in the cytoplasm occurs by the competition of HuR-CP1 with the full length HuR for the 

binding to TRN2.  Indeed we demonstrated that HuR-CP1 has higher affinity for TRN2, 

since mutating the D226 residue (HuRD226A) into an alanine, such that it cannot be 

cleaved by caspase-3 did not disrupt the interaction of HuR-CP1 and transportin-2 [6, 

324]. Importantly, the HuRD226A mutant failed to rescue myogenesis after the depletion 

of HuR, further underscoring the importance of the cleavage of HuR in its pro-myogenic 

function [6]. In doing so, HuR-CP1 interferes with the ability of TRN2 to import HuR 
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back to the nucleus. This therefore allows HuR to retain its association to its target 

mRNAs, thus stabilizing them, in the cytoplasm (Figure 1.5) [324]. 

 

Figure 1.5. The cleavage of HuR is important for its function in myogenesis. HuR 

is a shuttling RBP that mediates RNA stability in the cytoplasm and gets imported back 

to the nucleus by transportin-2 (TRN2) [324]. During myogenesis, HuR gets cleaved by 

caspase-3 and caspase-7, generating the two cleavage products, HuR-CP1 and HuR-

CP2. HuR-CP1 competes with HuR for the binding of TRN2, which results in the 

accumulation of HuR in the cytoplasm where it stabilizes pro-myogenic messages. This 

event is essential for the pro-myogenic function of HuR. 

 

1.4.7.2 The role of mRNA stabilization and decay by HuR in myogenesis 

The best-known function of HuR in myogenesis is the stabilization of pro-

myogenic messages. In fact, HuR has been shown to regulate the stability of p21, 

MyoD, and myogenin mRNAs (Figure 1.6) [146, 183, 325]. During muscle fiber 

formation, HuR binds AREs in the 3’UTRs of these target MRFs mRNAs to regulate 

their stability. Indeed, overexpression of HuR was shown to increase the stability of p21, 

MyoD, and myogenin mRNAs upon induction of muscle cell differentiation [147, 183]. 

Since these messages are targeted for decay by the RBP KSRP, it is believed that HuR 

protects them by negating the action of KSRP [326]. 
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Figure 1.6. The role of HuR in regulating myogenesis.  

HuR promotes myogenesis by increasing the translation of the HMGB1 mRNA inducing 

the decay of the NPM mRNA during the early stages of myogenesis as well as 

increasing the stability of p21, MyoD, and myogenin upon induction of muscle 

differentiation. [152, 183, 325]. 

 

Recently, HuR was found to regulate, in part, the stability of MyoD and myogenin 

mRNAs by interacting with the long non-coding RNA (lncRNA) lncMGPF, which is 

enriched in skeletal muscles [327]. LncMGPF was the highest of 19 enriched lncRNA 

found in a microarray screen of lncRNA correlating with the expression of MyoD in 

differentiating C2C12. Its knockdown decreased the mRNA stability of MyoD, myogenin, 

MyHC, and β-1 integrin, leading to the decrease of their mRNA and protein levels, 

resulting in reduced fusion of myoblasts.  Overexpression of this lncRNA increased the 

expression of these mRNAs.  Importantly, genetic ablation of lncMGFP in mice 

decreased skeletal muscle growth, function (contractility and endurance), and 

regeneration (following cytotoxin-induced injury in the TA muscle). HuR was identified 

as a lncMGPF binding protein. Knockdown of HuR negated the effect of lncMGPF 

overexpression on MyoD and myogenin mRNA stability. Inversely, the knockdown of 

lncMGPF significantly decreased the ability of HuR to bind MyoD and myogenin 

mRNAs. Further investigation showed that the knockdown of lncMGPF reduced the 

cytoplasmic accumulation and the cleavage of HuR, which might explain how it affected 

the expression of these mRNAs and, furthermore, the differentiation of muscle cells. 
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HuR is also implicated in the cell cycle arrest of differentiating myoblasts by 

stabilizing the p21 mRNA resulting in its increased expression [183, 325]. Similar to 

MRFs, HuR binds the 3’UTR of p21 mRNA, increases its nuclear export and stabilizes 

its mRNA.  

HuR was also shown to regulate proliferation of myoblasts by interacting with the 

transcription factor paired-related homeobox 2 (Pitx2), which promotes cell proliferation 

[328, 329].  While Pitx2 promotes the expression of cell cycle genes through 

transcriptional regulation, its has been shown to be involved in regulating the mRNA 

stabilization of its own and other genes, including cyclin D1 mRNA, by interacting with 

HuR [330]. Similarly, in myoblasts, HuR and Pitx2 were found to interact and stabilize 

the mRNA encoding cyclin D1, which is a growth regulating factor, thereby promoting 

cell proliferation [328]. However, during differentiation, Pitx2 is phosphorylated by AKT, 

leading to the dissociation of the complex from the cyclin D1 mRNA and decay of the 

message.  Our group has recently shown that during early differentiation, HuR mediates 

myogenesis  by interacting with the decay factor KSRP to regulate the stability of the 

nucleophosmin (NPM) mRNA (Figure 1.6) [172]. The complex regulates the expression 

of NPM, a known regulator of the cell cycle, by recruiting the deadenylase poly(A)-

Specific Ribonuclease (PARN) and the exosome to destabilize NPM mRNA. Disruption 

of this complex by the knockdown of either HuR or KSRP resulted in the diminished 

binding of the other to NPM mRNA.  

In addition to muscle-related genes, HuR was found to regulate the expression of 

acetylcholinesterase (AChE), which is an enzyme found at postsynaptic neuromuscular 

junctions in muscles and nerves to terminate neurotransmission at cholinergic synapses 

of the central and peripheral nervous systems [331]. The insufficient expression of 

AChE impaired skeletal muscle activity in myasthenic syndrome patients [332, 333]. 

Additionally, AChE expression is upregulated during muscle differentiation prior the 

occurrence of nerve-muscle interactions [334-336]. The increased expression of AChE 

was found to occur posttranscriptionally at the stability level due to augmented binding 

of HuR to AREs in the 3’UTR of its mRNA [331]. 
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1.4.7.3 Regulation of mRNA translation by HuR in myogenesis 

HuR was also shown to enhance the translation of the high mobility group box 

protein 1 (Hmgb1) during the early stages of myogenesis (Figure 1.6) [152]. Hmgb1 is a 

cytokine secreted by injured tissues to initiate a cascade of events that upregulate 

MyoD and myogenin expression.  Our group showed that HuR regulates the translation 

of the Hmgb1 mRNA by negating the action of miR-1192.  HuR binds to the Hmgb1 

mRNA in proximity to the miR-1192 seed sequence in the 3’UTR of the transcript.  

Although both HuR and miR-1192 can bind the mRNA simultaneously, the binding of 

HuR prevents the recruitment of AGO2 by miR-1192, which favors the translation of the 

Hmgb1 mRNA. 

1.4.7.4 The in vivo role of HuR in myogenesis 

Recent studies on the in vivo role of HuR in skeletal muscle homeostasis/function 

expanded our knowledge about the multifunctionality of HuR in this cellular process. For 

instance, HuR was shown, in skeletal muscle, to regulate lipid metabolism [337, 338]. 

Indeed knocking out HuR specifically in skeletal muscle, using the Cre recombinase 

system under the control of the myosin light chain 1 fast (Mlc1f) promoter (which is 

expressed in the late stages of myogenesis) increased fat mass as well as blood 

glucose and basal insulin levels, indicative of insulin resistance [338]. Further 

investigation indicated, in these mice, a decrease in the levels of genes involved in 

skeletal muscle fatty acid metabolism and oxidative phosphorylation. Interestingly, the 

aforementioned effects were shown to be sex-specific as these were observed in male 

but not female mice.  A later study by the same group showed that female knockout 

mice, unlike their male counterparts, have enhanced cellular clearance of glucose [339]. 

Their observations suggest that the increase in fat mass noted in male HuR knockout 

mice is a driver of decreased glucose clearance, and therefore glucose and insulin 

resistance. This effect is not observed in female animals due to their metabolic 

flexibility, where they are able to switch from lipid oxidation to carbohydrate metabolism 

more readily. This difference was attributed to the fact that the levels of expression of 

the metabolic regulator peroxisome proliferator-activated receptor gamma coactivator 1-

α (PGC1α) was affected in males but not female mice. It is important to note that both 

studies use mice where HuR is knocked out under the control of Mlc1f, which means 
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that these mice lack HuR in already formed skeletal muscle fibers, and express HuR in 

differentiating SCs and myoblasts/myocytes. Therefore, these studies provide an 

understanding of the role of HuR in skeletal muscle tissue, beyond its well-established 

role in skeletal muscle cell differentiation. 

Recently, our group generated an in vivo muscle specific HuR knockout mouse 

model to study the function of HuR during the early steps of skeletal muscle formation 

[149]. These muscle-specific knockout of HuR (muHuR KO) were generated using the 

Cre-LoxP system by crossing mice containing floxed ELAVl1 alleles (Elavl1fl/fl allele) 

with mice expressing Cre recombinase under the control of the MyoD promoter.  We 

demonstrated in generating these mice that genetic ablation of HuR, under these 

conditions, increased endurance and oxidative metabolic capacity. Further investigation 

showed that HuR is involved in the promoting the decay of the PGC1-α mRNA in a 

KSRP-dependent manner. These results were similar to those described above in 

regard to the function of the HuR/KSRP complex in the regulation of NPM expression 

[172]. The increased expression of PGC1α in these muHuR-KO mice favored the 

formation of type 1, oxidative fibers over type 2, glycolytic fibers (explaining the 

oxidative phenotype of these mice). 

Interestingly, these muHuR-KO mice showed resistance to cancer cachexia-

induced muscle wasting. This might be partially due to their muscle fiber type 

specification which was characterized by the increased formation of oxidative fibers 

which, unlike glycolytic fibers, are resistant to muscle wasting. As such, in addition to 

promoting skeletal muscle function and formation, HuR is also implicated in muscle 

atrophy, similar to its paradoxical role in cell death and survival.  

1.4.8 The role of HuR in muscle-related diseases  

The first evidence for the role of HuR in muscle wasting is the discovery of its 

regulation of the iNOS mRNA during the process [104]. It was shown that HuR 

translocates to the cytoplasm and stabilizes the iNOS mRNA by binding an ARE in its 

3’UTR (Figure 1.7). This event selectively suppressed MyoD expression. In untreated 

C2C12 myotubes, HuR associates with MyoD mRNA, as reported previously [146, 183]. 

However, during TNFα and IFNγ treatment, which induces muscle wasting, HuR does 
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not associate with the MyoD mRNA, while it associates with the iNOS mRNA. Depletion 

of HuR in these cells resulted in a reduction of iNOS mRNA and protein expression, 

while the rescue of HuR expression by AP-GST-HuR rescues iNOS expression. 

Additionally, the activity of HuR itself was shown to be regulated by the AMPK activator 

AICAR. Treatment of cells with AICAR resulted in the decreased cytoplasmic 

localization of HuR and the inhibition of iNOS expression [340]. 

 

 

Figure 1.7. The role of HuR in regulating muscle wasting.  

In response to cytokine treatment, the STAT3/ NFκB pathway is activated, leading to 

the increased transcription of iNOS [106]. HuR stabilizes the iNOS mRNA resulting in its 

increased expression, and the increased production of nitric oxide (NO) [104]. NO can 

react with reactive oxygen species (ROS) to form peroxynitrite (ONOO-), which triggers 

to muscle wasting.  
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Lately, more studies have demonstrated the implication of HuR in muscle-related 

diseases. In fact, HuR was shown to be involved in muscle wasting caused by the 

spinal muscular atrophy (SMA) disorder, which is caused by mutations or deletions in 

the survival of motor neuron 1 (SMN1) gene [341]. HuR was found to interact with SMN 

via the Tudor domain, which senses methylated arginine residues. Indeed, CARM1-

mediated methylation of HuR was shown to be involved in this interaction. This pathway 

regulates the expression of HuR mRNA targets, namely MyoD, myogenin, p21, and 

AChE (acetylcholinesterase) and its receptor AChR-β (acetylcholine receptor-β subunit), 

in response to denervation in vivo. Consequently, in severe type 1 SMA, where the 

Tudor domain in SMN is mutated, the interaction of HuR and SMN is disrupted. 

In another study, HuR was shown to be involved in oculopharyngeal muscular 

dystrophy (OPMD), which affects eyelid, pharynx, and proximal limb muscles [150]. 

Mutations in poly(A) binding protein, nuclear 1 (Pabpn1) causing it to sequester in toxic 

insoluble aggregates result in OPMD [342]. The lower basal level of Pabpn1 in skeletal 

muscle predisposes to be affected by these toxic aggregates compared to other tissues. 

HuR was identified as a negative regulator of the RNA and protein expression of 

Pabpn1 through its binding to an ARE, causing its lower expression in skeletal muscle 

[150]. 

Recently, it was shown that the lncRNA cachexia-related anti-adipogenesis 

lncRNA 1 (CAAlnc1) prevents HuR from regulating target messages during cancer-

induced cachexia [145]. CAAlnc1 binds HuR through AREs and prevents it from binding 

target messages including the C/EBPβ and PPARγ mRNA, resulting in their decreased 

expression.   These messages encode transcription factors that were previously shown 

to be implicated in adipogenesis [145, 343]. As such, the decreased binding of HuR to 

these mRNAs, due to CAAlnc1, decreased their expression resulting in a defective 

adipogenic phenotype.   

1.5 The regulation of the function of HuR by posttranslational modifications 

The mechanisms modulating the function of HuR in regulating opposite 

processes, including skeletal muscle formation and atrophy, remains elusive. Although 

numerous reports have shown that RBPs and miRNAs regulate the function of HuR in 
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skeletal muscle, the implication of posttranslational modifications might provide a 

potential explanation for the functional dichotomy of HuR. Several different 

modifications, including phosphorylation, methylation, cleavage (as described above), 

ubiquitination, and neddylation, have been shown to regulate the function of HuR [279].  

These modifications of HuR have been shown to affect its protein levels as well as its 

localization and RNA binding activity in various cell models [209, 228, 230, 279, 341, 

344, 345]. Of these modifications, the phosphorylation of HuR, on several residues 

(including tyrosine, serine, and threonine) has been extensively shown by several 

laboratories.  For example, in human cervical carcinoma HeLa cells, phosphorylation of 

HuR by the G2-phase kinase CDK1 on the Ser202 residue promotes the interaction of 

HuR with 14-3-3, resulting in its nuclear localization [230]. Additionally, phosphorylation 

of HuR by PKC in renal mesangial cells allows it to localize to the cytoplasm and 

correlates with increased COX-2 mRNA stability [229]. As mentioned above, 

posttranslational modifications can also impact the interaction of HuR with target 

messages. For instance, in human colorectal cancer cells HCT116, phosphorylation of 

HuR by the cell cycle checkpoint kinase CHK2 upon IR treatment led to a global 

decrease in HuR association to mRNA [346]. Similarly, in HeLa cells, phosphorylation of 

HuR by CHK2 during hydrogen peroxide stress decreases its binding to the Sirt1 mRNA 

resulting in the decay of the message [228].  

Methylation has also been shown to modulate the function of HuR both during an 

inflammatory response and during muscle differentiation [323, 341]. Indeed, upon 

stimulation of macrophage cells with lipopolysaccharide (LPS), the coactivator-

associated arginine methyltransferase 1 (CARM1) methylates HuR on the arginine 217 

residue located in the hinge region. The methylation of HuR is suggested to regulate the 

ability of HuR to stabilize the TNFα mRNA [323]. In senescent human diploid fibroblasts 

(HDFs), CARM1-mediated methylation of HuR was also shown to promote the 

stabilization of CCNA2, CCNB1, FOS, and Sirt1 target mRNAs [347]. Besides 

promoting the stabilization function of HuR, this methylation was shown to correlate with 

increased cytoplasmic accumulation of HuR in non-small cell lung carcinoma and was 

considered a prognostic marker [348]. In addition, as previously described, CARM1-

mediated methylation of HuR was shown to be involved in its function in skeletal muscle 
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[341]. CARM1-mediated methylation of HuR on the arginine 217 residue regulates its 

levels and was required for the cytoplasmic localization of HuR in C2C12 cells. Mutating 

the arginine 217 residue to a lysine, such that HuR becomes non-methylatable, did not 

enhance myogenesis like the overexpression of WT HuR and constitutively methylated 

mutant (arginine to tryptophan) HuR did. These results suggest that methylation of HuR 

is involved in its pro-myogenic function. Methylation of HuR was also shown to be 

essential for the interaction of HuR with SMN, and in SMA, where this interaction is 

disrupted, there was an alteration of the expression of HuR mRNA targets, namely 

MyoD, myogenin, p21, and AChE and its receptor AChR-β, in response to denervation 

in vivo. 

A more recently discovered modification of HuR named poly(ADP-ribose)ylation 

(PARylation) was also demonstrated to modulate the localization and the RNA-binding 

activity of HuR. In activated macrophages, poly(ADP-ribose) polymerase 1 (PARP1) 

PARylates HuR on the D226 residue and promotes its localization to the cytoplasm and 

its association to proinflammatory messages [349]. The PARylation of HuR was 

additionally shown to promote its oligomerization which promoted the dissociation of the 

RISC from its mRNA targets resulting in their increased stabilization [350].  

1.5.1 PARylation 

Although the role of the PARylation of HuR during muscle differentiation and 

wasting has never been investigated, the importance of this modification in skeletal 

muscle formation, function and wasting is underscored by the fact that this modification 

have been implicated in several muscle related diseases.  PARylation is a dynamic 

posttranslational modification mediated by a large family of enzymes called poly(ADP-

ribose) polymerases (PARPs). It is a reversible modification which can be hydrolyzed by 

poly(ADP-ribose) glycohydrolase (PARG), and other mono- and poly(ADP-ribose) 

hydrolases.  It consists of a chain of ADP-ribose (ADPr) units. It was first described in 

1963 by Paul Mendel as an adenine-containing RNA-like polymer which is the product 

of a nuclear enzymatic activity [351]. Later, it was discovered to be composed of an 

adenine diphosphate (ADP) molecule, linked to a ribose molecule. PARPs use NAD+ as 

a substrate to transfer the ADP-ribose moiety into amino acid acceptors, and the 
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cleavage of NAD+ during initiation is the rate limiting step of the reaction. There is a 

variety of amino acids that can be acceptors of pADPr modification, including glutamate, 

aspartate, lysine, arginine, and serine [352, 353]. Other amino acids including arginine, 

cysteine, threonine, histidine, tyrosine, and phospho-serine (through the phosphate 

group) have also been shown to be modified by PARylation. Therefore, it seems that 

PARylation or MARylation (mono(ADP-ribosyl)ation – modification with a single ADP-

ribose moiety) do not have a preference for amino acids. It is rather the availability of a 

suitable amino acid that determines ADP-ribosylation [354].  

PARylation can regulate the function of target proteins by changing their folding, 

consequently disrupting, or uncovering motifs, thereby preventing or promoting 

interactions (Figure 1.8 a). For example, the E3 ligase RNF146 contains a WWE 

(tryptophan, tryptophan, glutamate) PAR-binding motif, which when bound by PAR 

results in the conformational change of the RING domain. This modification thereby 

drastically increases its affinity to the ubiquitin-conjugating enzyme E2, from which it 

transfers ubiquitin to target proteins (Figure 1.8 b) [355, 356].  
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Figure 1.8. Mechanisms of PARylation.  

PARP family members modify proteins through PARylation. PARylation can be reversed 

by PARG enzymes. During apoptotic stimuli, hydrolyzed pADPr acts as a death signal 

which shuttles from the nucleus to the mitochondria, where it activates the AIF-mediated 

cell death, and results in a process called parthanatos [357]. PARylation of proteins may 

(A) results in a conformational change which uncovers hindered functional motifs [355], 

(B) lead to their ubiquitination (specifically true for TNKS-mediated PARylation) [358], 

(C) decrease their affinity for nucleic acids [359, 360], (D) lead to a change in their 

subcellular localization [345, 361], and (E) result in their aggregation and their liquid-

liquid phase separation to form membraneless organelles that are highly functional 

[362, 363], and. 

 

The nucleotide-like composition of the pADPr molecule, and the negative charge 

conferred to it by its pyrophosphate group allows it to compete with nucleic acids for the 

binding of DNA- and RNA-binding proteins (Figure 1.8 c). As a result, PARylation has 

been shown to play a prominent role in regulating mRNA metabolism by modulating the 

RNA-binding function of RBPs [364].  For instance, PARP1-mediated PARylation 

resulted in the reduced binding of hnRNP A1 to the heat shock RNA ω (hsrω-RA) 
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transcript, thus affecting its splicing activity [365]. Additionally, during heat shock, 

PARP1-mediated PARylation of poly-A-polymerase (PAP) results in its dissociation from 

target mRNAs, consequently decreasing poly-adenylation, and thereby repressing 

mRNA synthesis [366]. 

 PARPs have also been shown to modulate the function of RBPs by inducing 

change in their localization (Figire 1.8 d). For example, as mentioned above, PARP1-

mediated PARylation of HuR affects its cytoplasmic localization in LPS-treated 

macrophages [349, 367].  Furthermore, PARylation was also shown to regulate the 

recruitment of hnRNP A1 to cytoplasmic entities named stress granules in response to 

oxidative stress.  Stress granules are known to modulate the translation of mRNAs that 

are recruited to these entities.  PARylation, therefore, by affecting the localization of 

hnRNP A1 to stress granules, affects the translation of its mRNA targets [363]. 

Interestingly, PARPs have been shown to modulate the PARylation of the RBP Ras-

GTPase-activating protein (SH3 domain)-binding protein (G3BP), which was previously 

shown to be required for the formation/aggregation of stress granules (Figure 1.8 e) 

[367]. 

1.5.1.1 PARPs 

Although there are 17 PARPs, all of which have the PARP catalytic domain, not 

all PARPs can form poly (ADP-ribose) (pADPr) polymers. Indeed, only PARP1, 2 as 

well as PARP5a (also known as Tankyrase-1, TNKS1) and PAPR5b (also known as 

Tankyrase-2, TNKS2) are known to have PARylation activity.   

1.5.1.1.1 PARP1 and PARP2 

The most extensively studied role of PARP1 is in DNA damage response and 

genomic maintenance. In fact, PARP1 activation is the earliest response to DNA 

damage, where it catalyzes pADPr and recruits DNA repair factors [368]. However, 

when the cells are subjected to high levels of DNA damage, PARP1 is overactivated 

and depletes NAD+ and subsequently ATP levels, leading to necrosis, which is a 

process named parthanatos. To avoid the depletion of ATP levels which are used 

during apoptosis, PARP1 is cleaved by caspases-3 and 7, resulting in two inactive 

fragments. The smaller 24kDa fragment remains bound to the DNA and prevents the 
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activity of PARP1, while the bigger 89kDa fragment relocalizes to the cytoplasm [357]. 

This causes DNA fragmentation leading to apoptosis. Thus, PARP1 is widely used as a 

marker of apoptosis  [369]. 

PARP1 is also known to function in cell differentiation, immune response, and 

transcriptional regulation [370, 371] [372]. Although the function of PARP2 is redundant 

to that of PARP1, it was shown to be significantly involved in lipid metabolism and in 

autophagosomes clearance in mice and/or in skeletal muscle cells, respectively [373, 

374].  

1.5.1.1.2 Tankyrase-1 and Tankyrase-2 

PARP5a (or ARTD5), more commonly termed as tankyrase-1 (TNKS1) was first 

discovered in 1998, as part of the proteins bound to telomeres. It was identified in the 

proteomics analysis of proteins interacting with Telomeric repeat-binding factor 1 (TRF-

1), which is a telomere-specific DNA-binding protein that blocks the access of 

telomerase to telomeres [375]. TNKS1 is mainly localized in the cytoplasm and has 

been recently shown to exert miRNA processing functions in the nucleus [376, 377]. 

TNKS2 has redundant functions to TNKS1, and their sequence and their catalytic 

domain are 80% and is 82% similar respectively [378]. TNKS1 and 2 double KO mice 

are embryonic lethal, underlining their cruciality [379]. In mice, deletion of TNKS1 

causes increased energy expenditure and decreased adiposity. Deletion of TNKS2, 

however, results in growth retardation. The deletion of TNKS1 and 2, surprisingly, did 

not result in defects in telomere maintenance or telomere capping [380]. This is 

explained by the differing functions that tankyrases (TNKS) have in human and in mice 

[381]. TNKS1, nonetheless, was shown to regulates various processes, including DNA 

damage response, maintenance of telomere length, mitosis, Wnt- and Notch-mediated 

signalling transduction and insulin-mediated glucose uptake [376, 382-388]. One of the 

most studied functions of TNKS1 is its role in regulating the canonical Wnt/β-catenin 

signalling [384, 389-391]. This signalling pathway is crucial for the proper embryonic 

development and for post-natal processes such as maintenance of cell fate, tissue 

homeostasis, and regeneration.  
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TNKS comprise an ankyrin repeat region, a sterile alpha motif (SAM) fold, and a 

catalytic domain [392]. TNKS1 contains an additional low complexity sequence rich in 

histidine, proline, and serine (HPS) residues. Additionally, the catalytic domain of TNKS 

does not contain an autoinhibitory HD domain, which makes it largely accessible to bind 

NAD+ substrate.  Recently, it was shown that some TNKS1 ligands such as RNF146, 

desmin, and NELFE contain a TBM (TNKS1 binding motif dictated by the amino acid 

sequence RXXXXG) that mediates the binding of these proteins to TNKS1 [393]. 

Although the binding of TNKS1 to these proteins via this motif is required for its 

PARylation, several studies have shown that this interaction does not necessarily result 

in their PARylation [394].  

TNKS-mediated PARylation can results in the change of the localization of target 

proteins. In fact, TNKS1 has been shown to be highly localized at the nuclear envelop, 

in the perinucleus (mitotic spindle and golgi), and at the lateral membrane, where the 

majority is located in the golgi region, linked to Glut4 vesicles [385, 395]. Studies have 

shown that TNKS1 associates to these vesicles through its association to IRAP (insulin 

regulated aminopeptidase), which is a sorting protein involved in their biogenesis. Then, 

TNKS1 mediates their transport to the plasma membrane upon insulin stimulation, to 

promote glucose intake [386]. 

TNKS-mediated PARylation is also involved in the ubiquitination of target 

proteins, which often, but not always leads to their degradation [358, 384, 385, 396, 

397]. That is due to the recruitment of the E3 ubiquitin ligase RNF146, which contains a 

WWE and RING domain, which allows it to non-covalently bind pADPr. pADPr 

allosterically activates RNF146 by inducing conformational change to the RING domain, 

allowing it to bind stronger to ligands, including the ubiquitin-conjugating enzyme E2 

[355]. RNF146, as a result, transfers ubiquitin from the E2 active site to a lysine residue 

of a substrate [356]. 

In addition to PARylating target proteins, TNKS were also shown to act as 

scaffolding proteins through their interaction with target proteins that bind ankyrin 

domains of TNKS multimers [398]. For instance, TNKS can bind PEX14 and ATG9A, 

which are two proteins involved in pexophagy [399]. Both proteins harbor TNKS-binding 
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motifs and are targets of TNKS, and can interact to induce pexophagy in a TNKS-

dependant and PARylation-independent manner. 

1.5.1.2 PARylation in skeletal muscle 

 Although the role of PARylation in myogenesis is not well established several 

PARPs, including PARP1 and TNKS have been shown to affect muscle 

formation/integrity.  For example, PARP1 was recently suggested to regulate 

myogenesis by inhibiting the transcriptional activity of MyoD [400]. Although the activity 

of PARP1 was shown to be downregulated during muscle differentiation, it was shown, 

in myoblasts, to inhibit the activity of MyoD by binding to its regulatory regions within the 

chromatin, thus affecting the transcription of MyoD-targed genes namely p57, p21, 

myogenin, and MEF2C. Thereby, PARP1 prevents the recruitment of MyoD to the 

promoter of these genes thus inhibiting their transcription.  This function of PARP1 in 

regulating MyoD, however, does not appear to require its catalytic activity.  

 The role of TNKS in embryonic myogenesis and in glucose uptake in skeletal 

muscle is also well established. Indeed, as previously mentioned, TNKS1 is known to 

regulate the canonical Wnt signalling pathway, which is heavily involved in embryonic 

and adult skeletal muscle formation [384, 389, 401-407]. In fact, KO mouse models of 

Wnt or Wnt signalling effectors display early embryonic lethality due to pronounced 

tissue damage and poor muscle development [408]. During adult myogenesis or 

regeneration, Wnt1 has been shown to induce the expression of the MRF Myf5. Wnt3, 

on the other hand,  was shown to be involved in satellite cell differentiation [409, 410].  

The activation of the Wnt/B-catenin pathway, furthermore, by podocan (a member of the 

small leucine-rich repeat (SLR) family of proteins) induces the differentiation of muscle 

cells in vitro and the regeneration of tibialis anterior muscle in response to injury in vivo 

[401]. These results, therefore, suggest that TNKS, including TNKS1 and 2, likely have 

a prominent role in regulating muscle fiber formation. 

 The rate of lipid oxidation, which is mainly a function of mitochondria, has been 

shown to be reduced in type 2 diabetes patients [411, 412]. PGC1-α co-activates 

transcription factors involved in mitochondrial biogenesis and oxidative metabolism in 

muscle and adipose tissues to promote gluconeogenesis in the liver [413-415]. PGC1-α 
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expression, however, is known to be repressed in muscle and adipose tissue of patients 

with obesity and diabetes [416, 417].  Interestingly, TNKS1 was shown to target PGC1-

α for PARylation-mediated degradation.  in vivo studies using an inhibitor of TNKS1 in 

animal models of obesity and diabetes, furthermore, demonstrated that targeting the 

function of TNKS1 ameliorates insulin resistance and diabetes, and that this effect was 

correlated with the increased expression of PGC1-α [418]. Consistent with these results, 

TNKS1 inhibition in diabetic mice resulted in increased muscle mitochondrial mass and 

increased fatty acid oxidation.  These studies, therefore, suggest that TNKS1 plays an 

important role in regulating mitochondrial biogenesis by targeting PGC1-α. 

 Intriguingly, PARP2 has also been shown to have a role in obesity, in which 

levels of NAD+ are significantly reduced [419, 420]. High fat diet-fed obese mice display 

increased PARylation levels mediated by PARP2, which itself is upregulated in these 

mice [420]. This increase in PARP2 expression and activity in these mice negatively 

regulates the expression and deacetylation function of NAD+-dependent Sirt1 in the 

gastrocnemius muscle of obese mice. The PARP2-mediated inhibition of Sirt-1, 

therefore, results in the decreased deacetylation of PGC1-α thus affecting mitochondrial 

biogenesis [419]. 

 Myogenesis Muscle Wasting 

PARP1 Inhibition of MyoD transcriptional 

activity. [400] 

Inhibition of Sirt-1 pro-myogenic 

activity.  [421-423] 

Depletion of NAD+, leading to 

mitochondrial dysfunction. [421] 

Inhibition leads to decreased 

inflammatory molecules [424].  

PARP2 Inhibition of Sirt-1 expression and 

activity. [419, 420] 

Autophagosomes clearance. [374] 

Not determined. 

TNKS1 Glut4 vesicles-mediated glucose 

uptake. [385, 386, 395, 425] 

Wnt-signaling-mediated 

differentiation. [401, 402, 404] 

 

Not determined. 

TNKS2 Not determined. 

Table 1. Brief description of the role of PARPs in skeletal muscle. 
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1.5.1.3 PARylation in Muscle Wasting 

Recent reports indicate that PARylation is involved in muscle-related diseases 

and pathologies including cachexia, dystrophy, and sarcopenia. Indeed, PARylation 

activity was shown to be increased in skeletal muscle biopsies from third degree burn 

children [426].  One of the main reasons behind the negative impact of PARylation in 

muscle fibers is the consumption of NAD+, which leads to mitochondrial dysfunction. 

There exists a positive relationship between mitochondrial biogenesis and NAD+ 

metabolism [427]. Therefore, NAD+ consumption by PARPs may affect muscle integrity 

by impacting cellular energy levels. 

 Studies performed by Chacon-Cabrera et al. investigated, in vivo, the role of 

PARPs in cachexia [422, 428].  Using a mouse model of cancer-induced muscle 

wasting they demonstrated that genetic ablation of PARP1 but not PARP2 in tumour-

bearing mice decreased muscle mass and grip strength compared to their non-tumour 

bearing controls [428]. Importantly, they also demonstrated that wild-type mice bearing 

tumours exhibited increased PARylation levels compared to their controls suggesting 

that an increase in PARylation activity likely increases muscle wasting.  They, 

furthermore, demonstrated, in these tumour-bearing mice, increased protein 

degradation in the diaphragm and gastrocnemius skeletal muscle (measured by the 

release of tyrosine amino acid), which is an important aspect of muscle atrophy.  The 

increase in protein degradation in muscle, however, was evident in PARP2 but not 

PARP1 KO mice bearing tumours.  Moreover, while the size of fibers was significantly 

reduced in cachectic wildtype mice compared to their non-cachectic controls, it did not 

significantly differ in cachectic PARP1 and PARP2 KO mice compared to their controls.  

A more recent study showed that the PARP1 inhibitor BGP-15 has anti-cachectic 

properties [429]. Shen et al. used the irinotecan (IRI) chemotherapeutic agent 

(topoisomerase I inhibitor) to induce cachexia in mice. IRI induces cachexia by eliciting 

skeletal muscle toxicity by favoring protein degradation and mitochondrial dysfunction 

through which oxidative stress/damage is escalated. This treatment caused about 5% 

body mass loss. Indeed, this group observed that IRI treatment led to a decrease in the 

mass of the tibialis anterior (TA) mouse limb skeletal muscle, which was prevented by 
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the BGP-15 treatment. This observation was further supported by the decrease in 

cross-sectional area after the treatment with IRI, which was partially rescued by co-

treatment with BGP-15.  The ability of BGP-15 to prevent muscle wasting suggests that 

the loss of muscle observed during cachexia is mediated, in part, due to an increase in 

PARylation activity in skeletal muscle. 

1.6 Thesis Rationale and Objectives 

Skeletal muscle is an important tissue in the body whose integrity is vital for the 

survival and the quality of life of an organism. Skeletal muscle formation, a process 

called myogenesis, is tightly regulated to allow muscles to adapt to various insults, and 

disruption of this process leads to the development of various skeletal muscle disorders. 

Additionally, skeletal muscle can waste in response to chronic diseases that result in 

inflammatory conditions in this tissue. Currently, there exists no treatment for muscle-

related diseases and syndromes, urging the necessity of understanding underlying 

regulatory mechanisms that may be used in therapy for such disorders. Our laboratory 

and others have previously shown that the RBP HuR is a master regulator of 

myogenesis through regulation of mRNAs that either inhibit cell cycle progression 

and/or promote the differentiation of muscle cells. Our work established that HuR 

promotes the decay of NPM mRNA, and the stability of p21 mRNA to arrest the cell 

cycle, while it promotes the translation of HMGB1, and the stability of MyoD and 

myogenin mRNAs to promote muscle cell differentiation. Trans-acting factors of HuR in 

these functions have been identified. For example, KSRP was shown to form a complex 

with HuR and recruit the decay machinery to degrade the NPM message. Additionally, 

miR1192 was shown to compete with HuR for the inhibition of HMGB1 translation, 

whereas HuR promoted the translation of the message by preventing the recruitment of 

the RISC. Although the function of HuR in myogenesis is well established, regulatory 

mechanisms governing its ability to differentially regulate these messages at different 

posttranscriptional levels remain unclear. Therefore, the objective of my research in 

Chapter 2 was to identify a regulatory mechanism through which the pro-myogenic 

function of HuR is regulated. During these studies, we identified PARylation as a key 

posttranslational modification activated during the process, and which modifies HuR.  
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Recently, the importance of HuR in the function of muscle was confirmed in 

muscle-specific HuR knockout mice. Interestingly, knocking out HuR specifically in 

muscle was demonstrated to prevent cancer-induced muscle wasting, a syndrome 

called cachexia. While mechanisms through which HuR promotes muscle wasting 

remains elusive, it would not be surprising that HuR would have a more significant role 

in this process since HuR was previously shown to have dual and opposite functions in 

cell fate (survival or apoptosis). Therefore, in Chapter 3, we aimed to further 

characterize the pro-cachectic function of HuR and identify the network of mRNA 

targets through which it promotes muscle wasting.  Towards this end we identified the 

key pro-cachectic transcription factor, STAT3 as a novel mRNA target of HuR during 

muscle wasting and demonstrate that HuR promotes the translation of the STAT3 

mRNA by negating the action of miR-330. 

By determining the regulatory mechanisms of the function of HuR in myogenesis, 

we further identify ways to target this function of HuR without having to use HuR 

inhibitors to avoid their toxicity. Additionally, by identifying new pro-cachectic genes 

regulated by HuR, we further demonstrate that HuR plays dual opposite functions in 

skeletal muscle depending on the conditions to which the tissue is subjected. These 

studies shed light on the importance of posttranslational modifications in skeletal muscle 

and more importantly, they highlight new roles of TNKS1 and HuR in skeletal muscle, 

which can widen our understanding of how TNKS1 inhibitors can be repurposed in 

therapy and what systemic impacts the overexpression of HuR in cancer may be 

having. 
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Chapter 2 | Investigating the role of the Posttranslational 

Modification PARylation in the pro-myogenic Function of HuR 

 

2.1 Preface 

While the function of HuR in muscle fiber formation is well-established, regulatory 

mechanisms governing the function of HuR are not fully understood in this process. 

HuR has been shown to be modified by several modifications, including methylation and 

phosphorylation. We tested the impact of these modifications on the pro-myogenic 

function of HuR and observed no effect (unpublished data), therefore we decided to 

investigate if other posttranslational modifications may be implicated. A new 

posttranslational modification was recently shown to modify the RNA-binding activity, 

stabilization function, and localization of HuR, which are key functions of HuR in the 

myogenic process. Thus, we were interested in determining whether this modification 

regulates the function of HuR in myogenesis. To this end, in this chapter, we investigate 

the importance of PARylation in myogenesis and the significance of this modification in 

the function of HuR in this process. 

 

These findings and discussions are part of a manuscript that is under review. 

Mubaid S, Adjibade PM, Hall DT, Lian XJ, Brusque S, Ashour K, Carlile G, Gagné J-P, 

Di Marco S, Thomas DY, Poirier GG, Gallouzi IE. “Tankyrase-1 regulates RBP-

mediated mRNA turnover to promote muscle fiber formation” Manuscript to be 

submitted shortly. 
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2.2 Abstract 

Poly(ADP-ribosylation) (PARylation) is an ubiquitous posttranslational modification 

mediated by a subset of ADP-ribosyl transferases (ARTs). Although PARylation-

inhibition based therapies is being considered as an avenue to combat debilitating 

diseases such as cancer, diabetes and some myopathies, the role of this 

posttranslational modification in physiological processes such as cell differentiation is 

still unclear. Here we show that Tankyrase1 (TNKS1), one of the PARylating ARTs, 

plays a major role in myogenesis, a vital process known to drive muscle fiber formation 

and regeneration both in vitro and in vivo. Even though all bona fide PARPs (i.e. 

PARP1, PARP2, TNKS1 and TKNS2) are highly expressed in muscle cells, experiments 

using siRNA-mediated knockdown or pharmacological inhibition show that TKNS1 is the 

main enzyme responsible of catalyzing PARylation during muscle cell differentiation. Via 

this activity, TKNS1 controls the turnover and the expression of mRNAs encoding 

myogenic regulatory factors such as nucleophosmin (NPM) and myogenin. TKNS1 

mediates these effects by targeting key promyogenic RNA-binding proteins (RBPs) 

such as the Human Antigen R (HuR). HuR harbors a conserved TNKS-binding motif 

(TBM), the mutation of which not only prevents the association of HuR with TKNS1 and 

its PARylation, but also precludes HuR from regulating the turnover of the NPM and 

myogenin mRNAs as well as from promoting myogenesis. Therefore, our data uncover 

a new role for TNKS1 as a key modulator of RBP-mediated post-transcriptional events 

required for vital processes such as myogenesis. 
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2.3 Introduction 

Covalent addition of functional groups is one of the well characterized 

posttranslational modifications used by the cell to modulate and expand the function of 

its protein network. There are more than 400 different types of posttranslational 

modifications affecting many aspects of protein functions. During the last few decades, 

the list of posttranslational modifications have expanded to include phosphorylation, 

glycosylation, ubiquitination, SUMOylation, nitrosylation, methylation, acetylation, 

lipidation, as well as poly(ADP-ribosylation) (PARylation) [430-439]. The majority of 

these posttranslational modifications have been associated with numerous physiological 

and pathological phenotypes. Yet, our understanding of the role and impact of 

PARylation in cell homeostasis and physiology is quite limited [438, 439]. The 

importance of PARylation is underscored however, by the fact that it is ubiquitous in 

nature as well as by numerous in vitro and in vivo studies highlighting the benefit of 

PARylation inhibition for the treatment of diseases such as cancer, muscle myopathies 

and some metabolic disorders [438-440]. Recent clinical trials using these inhibitors 

nonetheless showed limited successes in combatting diseases such as diabetes as well 

as prostate, and colon cancers [438-440]. Therefore, to design wider and efficient 

PARylation-inhibition-based therapies, a better understanding of the role of PARylation 

in vital processes such as cell homeostasis, metabolism, and differentiation is needed. 

PARylation is a reversible posttranslational modification that is mediated by the 

hydrolysis of NAD+ and the transfer of ADP-ribose moieties to protein acceptors [351, 

441]. This catalytic reaction is mediated by a subset of enzymes called poly(ADP-

ribose) polymerases (PARPs) which are part of the ADP-ribosyl transferases (ARTDs) 

family of proteins [442, 443]. Although the majority of these enzymes transfer a single 

ADP-ribose (ADPr) moiety (i.e. mono(ADP-ribosyl) transferases or MARTs) or are 

catalytically inactive [444, 445] four members, PARP1 (ARTD1), PARP2 (ARTD2) as 

well as PARP5a (ARTD5) and PARP5b (ARTD6) (also called tankyrase-1 (TNKS1) and 

-2 (TNKS2) respectively) exhibit PARylation activity by adding a polymer composed of 

up to 200 ADP-ribose subunits (termed poly(ADP-ribose); pADPr) to target proteins. 

These four PARPs are designated as ‘’bona fide PARPs’’ since, as their name 

suggests, they synthesize polymers of ADPr [380, 444, 446-449]. pADPr was initially 
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characterized as a nucleic-acid-like molecule that is a product of a nuclear enzymatic 

activity [351]. However, it was later discovered that PARylation is a posttranslational 

modification capable of reprogramming the biochemical properties and activities of 

target proteins. It has been shown to regulate the interaction of target proteins with 

nucleic acids [354, 361, 450] and protein ligands [350, 367, 450-452] (by affecting their 

ubiquitination [355, 358, 393, 452] or their cellular localization [363, 367]).   

The function of PARPs is essential since the double knockout of PARP1/PARP2 

or TNKS1/TNKS2 in mice is embryonically lethal [379, 453]. They are known to play a 

role in several cellular processes including genomic maintenance, DNA damage 

response, transcription, and inflammation [354, 450, 454-457]. While PARP1 is 

generally associated with actively transcribed genes [458, 459], binding to nucleosomes 

and the DNA-damage response, PARP2 was shown to be involved, among other 

processes, in lipid metabolism and in autophagosomes clearance [373, 374, 451, 460]. 

TNKS1 and TNKS2, on the other hand, have a well-established role in regulating 

telomere maintenance, canonical Wnt-signaling pathway, as well as the vesicular 

transport signaling pathway [384-386, 394, 395, 403, 461, 462]. Importantly, large-scale 

identification of PARylation targets through transcriptomic and proteomic analyses 

revealed that these PARPs modulate RNA metabolism through the modification of RNA 

binding proteins involved in various levels of post-transcriptional regulation [463-465].  

Recently, several reports have shown that PARylation activity is linked to the 

outcome of several muscle-related diseases including cancer-induced muscle wasting 

(cachexia), dystrophy, and sarcopenia [386, 418, 423, 426, 428, 429, 466].  This is due, 

in part, to changes in mitochondrial biogenesis and production of pro-inflammatory 

cytokines (such as IL-6 and TNFα) [386, 423, 466-469]. While these and other 

observations suggest that PARylation could play an important role in the physiology of 

skeletal muscle tissue and its ability to adapt to internal and external assaults, this 

possibility has not been fully explored. Indeed, although synthesis of PAR was 

suggested to be correlated with the differentiation of limb mesodermal cells into muscle 

cells [470], we do not know the PARPs involved in this process and whether/how 

PARylation could impact myogenesis, a process that drives muscle fiber formation 



82 
 

during development as well as in response to injuries [471]. Myogenesis is a multi-stage 

process through which mono-nucleated muscle precursor cells, called myoblasts, fuse 

to form multi-nucleated myotubes.  This process is mediated through the controlled 

expression of pro- and anti-myogenic factors, including nucleophosmin (NPM) and 

myogenin that collaborate together to ensure the commitment of myoblasts to the 

myogenic program  [2, 5, 471]. Therefore, uncovering the mechanisms by which 

PARylation impacts muscle fiber formation is an essential step towards our 

understanding of the physiological role of this important posttranslational modification.   

In this study, we provide strong evidence that TNKS1-dependent PARylation is 

required for proper muscle fiber formation. TNKS1 achieves this effect by targeting 

promyogenic RNA binding proteins (RBPs), such as HuR, to modulate post-

transcriptional events involved in the expression of key myogenic regulatory factors. 

HuR harbors a conserved TNKS1-binding motif that is essential for its PARylation as 

well as its promyogenic function. Together, our data uncover that TNKS1-mediated 

PARylation of RBPs could be a general mechanism required for proper muscle fiber 

formation.    
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2.4 Results 

2.4.1 TNKS1-mediated PARylation activity is required fo.r myogenesis 

In order to determine the role of PARPs during myogenesis we assessed, as a 

first step, PARylation activity during the differentiation of C2C12 muscle cells [472] 

(Figure 2.1a).  Using western blot experiments with an anti-pADPr antibody, which is 

one of the gold standard methods used to identify PARylated proteins in extracts [15], 

we observed a steady increase of PARylation activity during the differentiation of 

myoblasts into myotubes (Figure 2.1b). To investigate the importance of PARylation 

during myogenesis, we depleted the main PARP enzymes: PARP1, PARP2, TNKS1 or 

TNKS2 (Figure 2.2a) in C2C12 cells that were subsequently induced for differentiation. 

The impact of depleting PARP3 and PARP4, which modify proteins through mono(ADP-

ribosyl)ation rather than PARylation [438, 439] was included as controls. The depletion 

of TNKS1 but not the other PARPs prevented the commitment of C2C12 cells to the 

myogenic process (Figure 2.1c-d).  Of note, although TNKS2 has redundant functions 

with TNKS1 [379], its depletion did not affect the formation of myotubes (Figure 2.1c). 

We next determined if TNKS1 is responsible for the observed increase in the 

PARylation activity during myogenesis (Figure 2.1b). Towards this end we knocked 

down TNKS1 and assessed levels of PARylated proteins during myogenesis. In the 

absence of TNKS1 the level of PARylated proteins in differentiating muscle cell was 

reduced by ~2 fold (Figure 2.1e).  These observations were confirmed using a well-

known specific TNKS1 inhibitor, XAV939 [384, 473, 474]. XAV939 but not DMSO (used 

as a negative control) significantly decreased the levels of PARylated proteins during 

myogenesis as well as reduced the formation of myotubes by ~40% (Figure 2.3). 

Collectively, these observations indicate that TNKS1 is not only the main enzyme 

responsible for the PARylation activity during myogenesis, but it is also required for 

proper muscle fiber formation. 
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Figure 2.1. Tnks1 is required for muscle cell differentiation.  

(A) Phase Contrast (upper panels) and immunofluorescence (lower panels) images 

demonstrating exponentially growing (EXP) and differentiating (D0, D2, D3) C2C12 

muscle myoblasts. (Scale bars, 50µm for phase contrast images). Immunofluorescence 

staining was performed with antibodies (anti-MyHC, anti-myoglobin) against known 

markers of muscle fibers. DAPI was used to stain nuclei. Images of a single 

representative field are shown and are representation of three independent 

experiments. (Scale bars, 20µm.) B) Total cell extracts were prepared from exponential 

and differentiating C2C12 myoblasts (EXP, D0, D1, D3). (Left panel) Western blot 

experiments were performed using antibodies against pADPr or α-tubulin (loading 

control). (Right panel) Histogram representation of the quantification of the western blot. 

Values were quantified using ImageJ and normalized to tubulin. C) Immunofluorescence 

experiments demonstrating the differentiation of C2C12 myoblasts treated with 

scrambled control (siCTRL), or specific siRNAs against PARP1, PARP2, PARP3, 

PARP4, TNKS1 or TNKS2. Immunofluorescence staining was performed with 

antibodies against known markers of muscle fibers (anti-MyHC, anti-myoglobin). DAPI 

was used to stain nuclei. Images of a single representative field are shown and are 

representation of three independent experiments. (Scale bars, 20µm.) D) Fusion index 

quantifying the nuclei in myotubes relative to the total number of nuclei. E) Total 

extracts were prepared from C2C12 cells that were transfected with scrambled control 

(siCTRL) or siRNA against TNKS1 (siTNKS1) and collected from exponentially growing 

(EXP) and differentiating C2C12 myoblasts (Day 0 and Day 2). (Left panel) The extracts 

were subjected to western blot analysis using antibodies against pADPr or α-tubulin 

(loading control). (Right panel) Histogram representation of the quantification of the 

western blot in the left panel. Values were quantified using ImageJ, normalized to 

tubulin and shown relative to the EXP siCTRL treated condition. Data are presented +/- 

the s.e.m. of 3 independent experiments with *P <0.05, **P <0.01, ***P <0.001 by 

unpaired t-test. 
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Figure 2.2. A-B) C2C12 muscle cells were transfected with scramble control (siCTRL) 

or with siRNAs specific for the different PARPs (1 to 5b). A) Total RNA was isolated 

from myotubes on Day 3 post-induction of differentiation and PARP1, PARP2, PARP3, 

PARP4, TNKS1, and TNKS2 mRNA levels were determined by RT-qPCR.  Levels were 

standardized against GAPDH mRNA and expressed relative to siCtrl conditions. B) 

Phase contrast images were taken of cells treated with the siRNAs described above. 

Images of a single representative field are shown and are representation of three 

independent experiments. (Scale bars, 50µm.) 
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Figure 2.3. A) Total cell extracts were prepared from C2C12 cells that were treated with 

10uM XAV939 or DMSO (used as a control) and collected from exponentially growing 

(EXP) (24h treatment) and differentiating C2C12 myoblasts (Day 0, Day 1, and Day 2) 

(24h, 48h, and 72h post-induction of differentiation). These extracts were used for 

western blot analysis with antibodies against pADPr or α-tubulin (loading control) (Left 

panel). Histogram representation of the quantification of the western blot (right panel). 

Values were quantified using ImageJ and normalized to tubulin and shown relative to 

DMSO treated control condition. B) Total cell extracts were prepared from C2C12 cells 

treated with 10uM XAV939 or DMSO (used as a control) and collected on Day 3 post-

induction of differentiation. These extracts were used for western blot analysis using 

antibodies against pADPr or α-tubulin. C) Immunofluorescence experiments on 

differentiating C2C12 myoblasts treated with 10uM XAV939 or DMSO. Staining was 

performed with antibodies against known markers of muscle fibers formation, MyHC 

and myoglobin. DAPI was used to stain nuclei. Images of a single representative field 

are shown and are representation of three independent experiments.  (Scale bars, 

20µm.) D) Fusion index showing quantification of nuclei in myotubes relative to the total 

number of nuclei counted in H. Data shown are presented +/- the s.e.m. of 3 

independent experiments with *P <0.05, **P <0.01, ****P <0.0001 by unpaired t-test. 
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2.4.2 TNKS1 promotes myogenesis by PARylating key promyogenic RNA-binding 

Proteins 

To decipher the mechanism through which TNKS1 regulates myogenesis, we 

began by identifying the network of proteins that are PARylated by this enzyme in 

muscle fibers. To this end, we performed mass spectrometry analysis on pellets 

obtained from an immunoprecipitation experiment using anti-pADPr or anti-IgG 

(negative control) antibodies and lysates from differentiated C2C12 myotubes (Figure 

2.4a).  We identified 204 proteins that were selected by counting unique peptides and 

by eliminating proteins that were bound to the IgG control. Classification of these 

proteins, based on known molecular function, using the Panther software, revealed that 

87 of them belong to the family of RNA binding proteins (RBPs) (Figure 2.4b). Among 

these, 7 proteins (Figure 2.4c) have been previously associated with muscle 

function/integrity [471, 475-480]. From this short list, HuR (ELAL1) is the only RBP that 

has been extensively characterized as one of the key posttranscriptional regulators of 

muscle fiber formation and function both in vitro and in vivo [149, 183, 481-483]. 

Therefore, as a proof of concept for the role of PARylation in muscle fiber formation, in 

this study, we chose to delineate the role of TNKS1 in the promyogenic function of HuR. 

First, we confirmed the PARylation of HuR during myogenesis by repeating the 

immunoprecipitation experiment described above (with anti-pADPr or anti-IgG 

antibodies) followed by western blot analysis using anti- HuR and -KSRP (as negative 

control) antibodies [367, 484]. We observed that anti-pADPr antibody 

immunoprecipitated HuR but not KSRP (Figure 2.4d). Moreover, TNKS1 knockdown 

significantly reduced the level of PARylated HuR (Figure 2.4e). Of note, since the level 

of HuR in muscle cells was not affected in the absence of TNKS1 (Figure 2.5a), we 

concluded that the observed decrease in pADPr-HuR association is not due to an effect 

on HuR expression.  

While these results clearly indicate that in differentiating muscle cells, TNKS1 is 

responsible for HuR PARylation, they do not provide any information on whether this 

effect is due to a direct or indirect interaction between HuR and TNKS1. To address 

this, we performed an in vitro PARylation assays (Figure 2.4f) [349] using recombinant 

TNKS1 and HuR.  PARP1 and  PARP3 were also included in the assay as a positive 
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and negative control respectively since PARP1 was previously shown to PARylate HuR 

in macrophage cells [349] and PARP3 is a known as a mono(ADP-ribose) transferase 

[485]. Similarly, to PARP1, TNKS1 but not PARP3 PARylated HuR in vitro (Figure 

2.4g). Additionally, XAV939 but not DMSO drastically reduced HuR PARylation in 

differentiated muscle cells (Figure 2.5b). Together, these results, suggest that during 

muscle cell differentiation TNKS1 is the main enzyme responsible for the PARylation of 

promyogenic RBPs such as HuR. 
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Figure 2.4. TNKS1 PARylates promyogenic RNA-Binding Proteins such as HuR.  

A) Total cell extracts isolated from differentiating C2C12 cells (Day 2) were used for 

immunoprecipitation experiments with pADPr or IgG antibodies and were analyzed by 

mass spectrometry. The immunoprecipitation of pADPr was validated by western blot 

analysis using a pADPr antibody. The blot shown is a representation of three 

independent experiments. B) The identified proteins were classified according to their 

gene ontology molecular function, and the percentage of proteins identified in each 

molecular function is represented in a pie chart. C) A list of RNA-binding proteins 

identified in B that have been previously associated with myogenesis. D) Total extracts 

isolated from confluent C2C12 myoblasts (D0) were used for immunoprecipitation 

experiments with pADPr or IgG antibodies. Association of RNA-binding proteins such as 

HuR and KSRP to pADPr was determined by western blot analysis. The blot shown is a 

representation of three independent experiments. E) Immunoprecipitation experiments 

using pADPr or IgG antibodies were performed with extracts from confluent (D0) C2C12 

cell transfected with scrambled control (siCTRL) or siRNA against TNKS1 (siTNKS1). 

Association of HuR to pADPr was determined by western blot analysis. The blot shown 

is a representation of three independent experiments. F) Schematic representation of 

the in vitro ribosylation assay procedure. GST-HuR and biotinylated NAD+ were 

incubated with recombinant PARP1, PARP3 or TNKS1 enzymes. HRP-conjugated 

streptavidin was added to the reaction and the signal was measured as arbitrary units 

by chemiluminescence, by detection with luminol. G) Quantification of Ribosylation units 

demonstrating the PARylation of GST-HuR by PARP1 and TNKS1, but not PARP3, in 

vitro. Levels are normalized to GST control. Data shown in Figure 2 are presented +/- 

the s.e.m. of 3 independent experiments with *P <0.05, **P <0.01 by unpaired t-test. 
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Figure 2.5. A) Total cell extracts were prepared from C2C12 cells that were transfected 

with scrambled control (siCTRL) or siRNA against TNKS1 (siTNKS1) and collected from 

exponentially growing (EXP) and differentiating C2C12 myoblasts (Day 0 and Day 2).  

(Top panel) Extracts were used for western blot analysis with antibodies against HuR or 

α-tubulin (loading control). (Lower panel) Quantification of the western blot. Values were 

quantified using ImageJ and normalized to tubulin quantification and shown relative to 

the EXP siCTRL treated condition. Data shown are presented +/- the s.e.m. of 3 

independent experiments. B) Immunoprecipitation experiments using pADPr or IgG 

antibodies were performed with extracts from confluent (D0) C2C12 cell treated with 

10uM XAV939 or DMSO treated control. Association of HuR to pADPr was determined 

by western blot analysis. The blot shown is a representation of three independent 

experiments. 
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2.4.3 TNKS1-meedaited PARylation is required for HuR function during myogenesis 

One of the main features of the promyogenic function of HuR is its functional 

dichotomy. Indeed, others and we have demonstrated that to promote myogenesis HuR 

simultaneously exercises two opposite functions on some of its target mRNAs: the 

decay of NPM and the stability of myogenin [183, 319, 401, 471, 482, 486]. Therefore, 

we investigated the impact of TNKS1-mediated PARylation on these two opposite but 

complementary functions of HuR during myogenesis. Our data show that the depletion 

of TNKS1 in C2C12 cells, similarly to what was observed for the knockdown of HuR 

[152, 183, 482], differentially impacted the expression levels of NPM (increase) and 

Myogenin (decrease) mRNAs and proteins (Figures 2.6a-c). Next, we performed 

immunoprecipitation experiments with the anti-HuR antibody on extracts from 

differentiating C2C12 cells depleted or not of TNKS1, and the presence of NPM and 

myogenin mRNAs was assessed by RT-qPCR analysis. Our data show that TNKS1 

depletion significantly reduced (by >3 fold) the association of HuR to both NPM and 

myogenin mRNAs (Figure 2.6d-e), effects that were also reproduced using XAV939 

(Figure 2.7a-e). Next, actinomycin D pulse-chase experiments [152, 319, 482] were 

used to determine the impact of TNKS1 on the half-lives of NPM and myogenin mRNAs. 

The knockdown of TNKS1 in C2C12 cells, similarly to HuR depletion [152, 183, 482], 

increased the half-life of NPM mRNA, while at the same time significantly decreased the 

stability of myogenin mRNA (Figures 2.6f-g). Therefore, together, these observations 

clearly establish that the TNKS1-mediated PARylation of RBPs such as HuR is required 

for the posttranscriptional regulation of key promyogenic factors such as NPM and 

myogenin. 
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Figure 2.6. TNKS1-mediates binding of HuR to myogenic mRNA targets during 

myogenesis.  

A) Total RNA was isolated from lysates treated with siRNA against TNKS1 or HuR 

(siTNKS1 and siHuR) or scrambled control (siCTRL), and NPM (Right panel) and 

myogenin (Right panel), mRNA levels were determined by RT-qPCR, standardized 

against GAPDH mRNA, and expressed relative to siCTRL conditions. B-C) Total 

extracts from C2C12 myoblasts transfected at the exponential growth phase with 

scrambled control (siCTRL) or siRNA against TNKS1 (siTNKS1) and collected 48h later 

(D2), were used for western blot analysis (Top panels) to determine NPM (B) and 

myogenin (C) protein levels.  (Lower panels) Histogram representation of the 

quantification of the western blot. Values were quantified using ImageJ and normalized 

to -tubulin and shown relative to the EXP siCTRL treated condition. D-E) RNA-

Immunoprecipitation coupled to RT-qPCR experiments was performed using anti-HuR 

(3A2) and anti-IgG antibodies on total extracts from differentiating C2C12 cells treated 

with scrambled control (siCTRL) or siRNA against TNKS1 (siTNKS1). (D) Western blot 

assessing the immunoprecipitation of HuR. (E) NPM and myogenin mRNA levels in the 

immunoprecipitates were normalized to the corresponding IgG sample. The levels of 

NPM and myogenin mRNA in siTNKS1 conditions were plotted relative to siCTRL 

conditions. . F-G) Actinomycin D (Act. D) pulse-chase assays were performed using 

C2C12 myoblasts transfected with scrambled control (siCTRL) or siRNA against TNKS1 

(siTNKS1). 48h after differentiation the cells were treated for various periods of time 

with Actinomycin D to assess the stability of  NPM (F)  and myogenin (G) mRNAs. Data 

shown in Figure 3 are presented +/- the s.e.m. of 3 independent experiments with *P 

<0.05, **P <0.01, ***P <0.001 by unpaired t-test.  
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Figure 2.7. A-B) RNA-Immunoprecipitation coupled to RT-qPCR experiments was 

performed using anti-HuR (3A2) or anti-IgG antibodies on total extract from 

differentiating C2C12 cells that were treated with 10uM XAV939 or DMSO as a control. 

A) Western blot assessing the immunoprecipitation of HuR. B) The levels of NPM and 

myogenin mRNAs in the immunoprecipitates were normalized to the corresponding IgG 

sample. The NPM and myogenin mRNA levels in XAV939-treated conditions were 

plotted relative to DMSO conditions. C) Total RNA was isolated from differentiating 

C2C12 cells (Day 2) that were treated with 10uM XAV939 or DMSO as a control. The 

levels of NPM and myogenin mRNAs were determined by RT-qPCR, standardized 

against GAPDH mRNA, and expressed relative to siCTRL conditions. D-E) Lysates 

were prepared from C2C12 cells as described in A and used for western blot analysis 

(Top panels) using antibodies against NPM, myogenin, or α-tubulin (Loading control). 

(Lower panels) Quantification of the western blots. Values were quantified using ImageJ 

and normalized to tubulin, then to the DMSO condition. Data shown are presented +/- 

the s.e.m. of 3 independent experiments with *P <0.05, **P <0.01, ***P <0.001 by 

unpaired t-test.  
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We have previously shown that the cytoplasmic translocation of HuR is essential 

for its pro-myogenic function [471, 481]. In fact, during muscle cell differentiation, about 

10-15% of HuR move to the cytoplasm where they are cleaved by caspase-3/7 

generating two cleavage products: HuR-CP1 (24kD) and HuR-CP2 (8kD) [471, 481]. 

We also showed that HuR-CP1 competes with HuR for the binding to transportin-2 

(TRN2), an import factor responsible of the movement of HuR from the cytoplasm to the 

nucleus [471, 481]. Consequentially, HuR-CP1 competes with the remaining non-

cleaved HuR for its association with TRN2, causing the cytoplasmic accumulation of 

HuR [471, 481]. Therefore, as a next step, we determined the impact of depleting 

TNKS1 on the localization and the cleavage of HuR during myogenesis. 

Immunofluorescence experiments assessing the localization of HuR in differentiating 

muscle cells showed that, while as expected [319], HuR partially accumulates in the 

cytoplasm in control conditions, HuR is completely sequestered in the nucleus upon 

TNKS1 knockdown (Figure 2.8a). Similarly, treating cells with XAV939 also resulted in 

the nuclear accumulation of HuR (Figure 2.9). We then verified if this nuclear 

accumulation is the result of an inhibition of HuR export from the nucleus, or rather an 

increased import of HuR from the cytoplasm. Immunoprecipitation assays using anti-

TRN2 or anti-IgG antibodies indicated that in muscle cells depleted of TNKS1, HuR 

associates more to TRN2, suggesting an increase in TRN2-mediated HuR import 

(Figure 2.8b). Additionally, the observed nuclear accumulation of HuR should in 

principle correlate with a decrease in its caspase-mediated cleavage. This was indeed 

the case since the depletion of TNKS1 in C2C12 resulted in a significant decrease in 

the levels of HuR-CP1 (Figure 2.8c). As such, our results show that TNKS1-mediated 

PARylation promotes the pro-myogenic function of HuR not only by enabling its 

interaction with target messages, but also by promoting its cytoplasmic accumulation 

and caspase-mediated cleavage. 
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Figure 2.4. TNKS1-

mediated PARylation 

of HuR regulates its 

cellular movement.  

A) 

Immunofluorescence 

images showing the 

localization of HuR in 

exponentially growing 

(EXP) and 

differentiating (Day 2) 

muscle myoblasts 

transfected with 

scramble control 

(siCTRL) or siRNA 

against TNKS1 

(siTNKS1). 

Immunofluorescence 

staining was 

performed with an 

antibody against HuR. 

DAPI was used to 

stain nuclei. Images of 

a single representative 

field are shown and 

are representation of 

three independent 

experiments. (Scale 

bars, 20µm.) B) 

Immunoprecipitation experiments using TRN2 or IgG antibodies were performed with 

extracts from differentiating (D2) C2C12 cells transfected with scrambled control 

(siCTRL) or siRNA against TNKS1 (siTNKS1). Association of HuR to TRN2 was 

determined by western blot analysis. The blot shown is a representation of three 

independent experiments. C) Total extracts from C2C12 myoblasts transfected at the 

exponential growth phase with scrambled control (siCTRL) or siRNA against TNKS1 

(siTNKS1) and collected 48h later (D2), were used for western blot analysis (Left panel) 

to determine HuR-CP1 protein levels.  (Right panel) Histogram representation of the 

quantification of the western blot. Values were quantified using ImageJ and normalized 

to a-tubulin and shown relative to the siCTRL treated condition. Data shown are 

presented +/- the s.e.m. of 3 independent experiments with **P <0.01 by unpaired t-test. 
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Figure 2.9. Immunofluorescence images showing the localization of HuR in 

differentiating (Day 2) muscle myoblasts treated with 10uM XAV939 or DMSO (used as 

a control). Immunofluorescence staining was performed with an antibody against HuR. 

DAPI was used to stain nuclei. Images of a single representative field are shown and 

are representation of three independent experiments. (Scale bars, 20µm.) 

 

2.4.4 TNKS1 associates with HuR via a conserved Tankyrase-binding motif 

It is well established that TNKS1-mediated enzymatic activity requires the direct 

association of TNKS1 to its target proteins via a consensus motif known as the 

tankyrase binding motif (TBM) [383, 487-489]. TBM consists of six residues (RXXPXG) 

with arginine and glycine being the most critical for binding [383, 487-490]. Interestingly, 

scanning the primary sequence of HuR we identified a potential TBM in its C-terminal 

region (219RFSPMG224) (that we dub HuR-TBM) that is conserved across different 

species such as human, rat, mouse, and xenopus (Figure 2.10a). It is well-established 

that mutating the glycine residue in the TBM of a given protein completely abolishes its 

ability to bind TNKS1 [490]. Hence, to assess if the HuR-TBM is required for the 

interaction of HuR with TNKS1 in myotubes, we generated constructs expressing GFP-

HuR wild-type (GFP-HuRWT) or GFP-HuR containing a glycine (G) → aspartate (D) 

mutation at the 224 position (GFP-HuRG224D) (Figure 2.10b). Our data show that the 

G→D mutation at the 224 residue abolished the interaction of HuR with TNKS1 (Figure 

2.10c). Subsequently, we conducted an in vitro PARylation assay using GST-HuRWT or 

GST-HuRG224D, and GST alone as a negative control to assess the importance of the 
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HuR-TBM for the TNKS1-mediated PARylation of HuR (Figure 2.10d and Figure 2.11). 

We observed a substantial decrease in the PARylation levels of GFP-HuRG224D when 

compared to its wild-type counterpart (Figure 2.10d), suggesting that an intact HuR-

TBM is required for the TNKS1-mediated PARylation of HuR in vitro. To determine the 

importance of this motif in HuR PARylation in myotubes, we performed 

immunoprecipitation experiments with anti-pADPr or anti-IgG antibodies on myotube 

extracts expressing the two HuR forms. Consistent with the above-mentioned results, 

the PARylation level of GFP-HuRG224D was substantially reduced when compared to 

that of GFP-HuRWT (Figure 2.10e). Rescue experiments in HuR-depleted muscle cells 

showed that GFP-HuRWT but not its mutant counterpart was able to re-establish the 

expression of HuR mRNA targets NPM and myogenin (Figure 2.12a) as well as the 

ability of these cells to enter myogenesis (Figure 2.12b and Figure 2.13). In addition, 

RNA-immunoprecipitation experiments with anti-GFP antibody on extracts from cells 

expressing the two HuR isoforms, showed that these effects on myogenesis and the 

expression of NPM and myognin mRNAs are due to the inability of GFP-HuRG224D to 

associate with these messages (Figure 2.12c-d). Together, these observations 

demonstrate that HuR harbors a bonafide TBM that is required for its PARylation by 

TNKS1 and that this posttranslational modification is essential for its promyogenic 

function. 
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Figure 2.10. HuR contains a TNKS1 consensus binding motif.  

A) Swiss-Prot Database (www.expasy.ch/prosite) blast of the putative TNKS1-binding 

motif identified in HuR. B) Schematic of the GFP, GFP-HuRWT and GFP-HuRG224D 

constructs. C) Immunoprecipitation experiment using differentiating C2C12 cells 

expressing GFP, GFP-HuRWT and GFP-HuRTBM were performed using anti-IgG or anti-

TNKS1 antibodies to assess the association of the exogenous proteins to TNKS1 by 

western blot analysis. The data are representative of three independent experiments. D) 

In vitro PARylation assay: Quantification of Ribosylation units showing the PARylation of 

GST-HuRWT and GST-HuRG224D by recombinant TNKS1  in vitro.  Levels are normalized 

to GST control. Data shown are presented +/- the s.e.m. of 3 independent experiments 

with *P <0.05, **P <0.01, ***P <0.001 by unpaired t-test. E) Immunoprecipitation 

experiment using differentiating C2C12 cells expressing GFP, GFP-HuRWT or GFP-

HuRG224D, were performed with anti-IgG and anti-pADPr antibodies to assess the 

PARylation by western blot analysis. The blot is representative of three independent 

experiments.  
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Figure 2.11. Coomassie staining of GST, GST-HuRWT 

and GST-HuRG224D used in Ribosylation assay in Figure 

4D. 
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Figure 2.12. TNKS1 mediated PARylation of HuR is required for its pro-myogenic 

function.  

C2C12 cells were transfected with scrambled control (siCTRL) or siRNA against HuR 

(siHuR), and then constructs expressing GFP, GFP-HuRWT or GFP-HuRG224D. A) Total 

RNA was isolated from these C2C12 and the level of NPM (Right graph) and 

myogeninc (Left graph) mRNAs was assessed by RT-qPCR, standardized against 

GAPDH mRNA, and expressed relative to siCtrl+GFP conditions.  Values Data 

represented as mean ± SEM (n = 3) with *P <0.05, **P <0.01, ***P <0.001 by unpaired 

t-test. (B) (Right panel) immunofluorescence (staining with anti-MyHC and anti-GFP 

antibodies, as well as with DAPI to stain nuclei) images of cells described in A 

assessing rescue of the myogenic phenotype in HuR knockdown cells. (Scale bars, 

50µm and 20µm respectively). (Left Panel) Histogram representation of the fusion index 

of immunofluorescence shown in C. Data represented as mean ± SEM (n = 3) with *P 

<0.05, **P <0.01, ***P <0.001 by unpaired t-test. (C-D) RNA-Immunoprecipitation 

experiment using differentiating C2C12 cells expressing GFP, GFP-HuRWT and GFP-

HuRG224D were performed using anti-GFP antibodies. (C) Western blot confirming the 

immunoprecipitation of GFP-conjugated HuR isoforms. The blot is representative of 

three independent experiments. (D) Association of GFP, GFP-HuRWT and GFP-

HuRG224D to NPM (Right panel) or myogenin (Left panel) was determined by RT-qPCR 

analysis. 

Figure 2.13. A) Knockdown of 

HuR and overexpression of 

GFP, GFP-HuRWT and GFP-

HuRG224D were assessed by 

western blot analysis using 

antibodies against HuR, GFP, 

or α-tubulin (loading control). 

The blot is representative of 

three independent 

experiments. (B) Phase 

contrast images of cells 

described in A assessing 

rescue of the myogenic 

phenotype in HuR knockdown 

cells. (Scale bars, 50µm and 

20µm respectively) 
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2.5 Discussion 

Although PARylation has been shown to be implicated in the onset of several 

skeletal muscle pathologies [423, 424, 426, 428, 466, 467], its role in the induction of 

muscle cell differentiation remains elusive. In this study we investigated the importance 

of this posttranslational modification in the myogenic process.  We showed that TNKS1-

mediated PARylation is required for muscle cell differentiation. Our data demonstrate 

that TNKS1 is essential for this process since its depletion or chemical inhibition 

reduced muscle fiber formation.  We show that these effects are due to TNKS1-

mediated PARylation of the RBP HuR. TNKS1 modulates the cytoplasmic accumulation 

of HuR, as well as the binding of HuR to its mRNA targets, such as NPM and myogenin 

resulting in the regulation of their turnover. We, furthermore, showed that TNKS1 binds 

HuR via a conserved consensus motif (HuR-TBM). Mutating the TBM of HuR prevented 

the interaction of HuR with target messages and the rescue of their expression in HuR 

depleted conditions. More importantly, the mutant could not rescue the myogenic 

phenotype when overexpressed in cells depleted of HuR, a condition known to impair 

muscle fiber formation [483]. Thus, our work reveals a new mechanism where the 

TNKS1-mediated PARylation of HuR is a key requisite for the induction of muscle cell 

differentiation (Figure 2.14).  
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Figure 2.14. Model depicting the mechanism by which TNKS1-mediated 

PARylation of the promyogenic RBP HuR impact myogenesis.  

TKNS1-mediated PARylation promotes the cytoplasmic translocation of 10 to 15% of 

total HuR. In the cytoplasm, PARylated HuR undergoes caspase-mediated cleavage 

generating HuR-CP1 that, in turn, binds with TRN2 to prevent the import to the nucleus 

of the remaining non-cleaved fraction of HuR [481]. The combination of our published 

data [481] and the observation reported in this study suggest that by retaining its 

PARylation status, this cytoplasmic fraction of HuR promotes myogenesis by 

differentially regulating the turnover and expression of its target mRNA NPM (decay) 

and myogenin (stability).  
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Compounds that inhibit PARP1/2-mediated PARylation activity have been shown 

to ameliorate muscle performance/function in muscle related diseases such as 

sarcopenia, Duchene muscle dystrophy, and cachexia [421, 424, 426, 428, 429, 466]. 

The onset of these diseases, therefore, seems to correlate with an increase in the 

activity of PARP1/2.  It is not surprising, however, that TNKS1-mediated PARylation 

beneficially impacts muscle cell differentiation.  Our data indicate that PARP1 is not 

involved in myogenesis, and that it is rather TNKS1 that is involved in the process. 

Although both PARP1 and TNKS1 mediate PARylation of proteins, both have unique 

and specific roles in various cellular processes.  Thus, the fate of muscle (whether it is 

formed or wasted) may depend on the specific PARP which is expressed and active 

under these conditions. Interestingly, our results suggest that TNKS1-mediated 

PARylation activity beneficially modulates the formation of skeletal muscle. In 

agreement with this, TNKS1 is known to regulate the canonical Wnt signalling pathway 

which was previously shown to be involved in embryonic and adult skeletal muscle 

formation [384, 389, 401-407]. Knockout mouse models of Wnt or Wnt signalling 

effectors display early embryonic lethality due to pronounced tissue damage and poor 

muscle development [408]. During adult myogenesis or regeneration, Wnt1 has been 

shown to induce the expression of the MRF Myf5, whereas Wnt3 is involved in satellite 

cell differentiation [410, 491]. Additionally, both Wnt1 and Wnt3 are heavily involved in 

somitic myogenesis [492]. Interestingly, others have also shown that XAV939 treatment 

decreases PARylation in rat L6 skeletal muscle cells [386]. Therefore, the PARylation of 

RBPs such as HuR by TNKS1, in addition to the activation of the Wnt signalling 

pathway, may explain the importance of TNKS1 in modulating the myogenic process. 

Posttranslational modifications of HuR have been previously shown to play an 

important role in regulating its function. For example, phosphorylation of HuR by the G2-

phase kinase CDK1 on the Ser202 residue promotes the interaction of HuR with 14-3-3, 

resulting in its nuclear localization [230]. The caspase-mediated cleavage of HuR on the 

D226 residue is another modification that modulates the localization of HuR during 

apoptosis and myogenesis leading respectively to the stabilization and expression of 

pro-apoptotic and pro-myogenic messages [481, 493]. Posttranslational modifications 

can also impact the interaction of HuR with target messages. For instance, 
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phosphorylation of HuR by the cell cycle checkpoint kinase CHK2 upon IR treatment led 

to a global decrease in HuR association to mRNA [346].  More recently, HuR was 

shown to be modified by PARP1—mediated PARylation under inflammatory conditions 

and that this modification impacted the localization and the RNA-binding activity of HuR 

[349]. Indeed, in activated macrophages, PARP1 PARylates HuR on the D226 residue 

and promotes its association to proinflammatory messages. Our work uncovers that 

PARylation is also important for the promyogenic function of HuR. However, it is TNKS1 

but not PARP1 that is responsible for the PARylation of HuR during myogenesis. 

TNKS1-mediated PARylation of HuR promotes its mRNA binding ability and function 

during myogenesis. Additionally, in this work, we show that TNKS1-mediated 

PARylation is essential for the cytoplasmic accumulation of HuR and its cleavage during 

myogenesis. Importantly, the cytoplasmic accumulation of HuR was shown to be a 

crucial event for the myogenic process and is associated to the stabilization function of 

HuR [183, 319, 471, 483].  

Posttranslational modification of proteins is known to play an important role in 

mediating protein-protein interactions. In some instances, it has also been shown to 

regulate the interactions of RBPs with other proteins during myogenesis [148, 288, 494-

498].  Indeed, HuR is known to collaborate or compete with other RBPs to regulate the 

stability of target messages [85-87].  As such, since one of the impacts of PARylation is 

to modulate protein-protein interactions, it is possible that TNKS1-mediated PARylation 

of HuR during myogenesis modulates its interactions with protein partners to 

differentially regulate the expression/stability of its mRNA targets. In fact, our group has 

previously shown that during the early steps of the myogenic process, HuR forms a 

complex with KSRP to promote the degradation of the NPM mRNA and that this event 

is required for the commitment of muscle cells to the differentiation process [39]. The 

fact TNKS1-mediated PARylation is also important for this event, raises the possibility 

that this modification is also important for the association of HuR with protein ligands 

such as KSRP.  
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Our study, therefore, uncovers the importance of TNKS1-mediated PARylation 

as a key determinant of skeletal muscle formation. This outcome occurs, in part, due to 

the PARylation of RBPs, such as HuR, that regulate the expression of mRNAs encoding 

factors that control the fate of skeletal muscle.  
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2.6 Materials and Methods 

Cell Culture. C2C12 muscle cells (ATCC, Manassas, VA, USA) were grown and 

maintained in 20% fetal bovine serum (Sigma) and 1% penicillin/streptomycin antibiotics 

in DMEM (Dulbecco's modified Eagle medium) (ThermoFisher). Cells were grown in a 

humidified incubator at 37°C, 5% CO2. To induce muscle differentiation, cells were 

switched to differentiation media (DMEM containing 2% horse serum (ThermoFisher) 

and 1% penicillin/streptomycin antibiotics) when they reached 100% confluency. 

XAV939 Treatment. C2C12 cells were treated with 10 μM XAV939 or DMSO as a 

negative control during the exponential phase and, additionally, upon induction of 

muscle cell differentiation.   

Plasmids and GST-tagged protein expression. The pGEX-6P1 plasmids containing 

the full length HuR were generated as previously described [171].  The GST-HuRG224D 

plasmid was generated by Norclone Biotech Laboratories. BL21 bacteria were 

transformed with either GST or the GST-HuR constructs described above. The 

expression of the proteins was induced by IPTG (0.5mM for 4hours at 37°C) in a 1-liter 

culture. The bacteria were collected and lysed. The GST proteins were pulled down 

using Glutathione Sepharose beads.  

Transfection. Transfections with siRNAs were performed when cells reached 50-60% 

confluency using Jetprime (Polyplus Transfection) for 48 hours according to the 

manufacturer's instructions. For DNA plasmid, cells were transfected at 70% confluency 

with 1 µg/ml of plasmid DNA for 24 hours using Jetprime as well. Cells were then 

switched to differentiation media when 100% confluency is reached and collected as 

indicated at various time points after the induction of differentiation. siRNAs used are 

listed in Suppl. Table 3. The GFP and GFP-HuR plasmids were generated as described 

in [493] while the GFP-HuRG224D construct was generated by Norclone Biotech 

Laboratories. For the rescue experiments, subconfluent C2C12 cells were transfected 

with siRNA against HuR which specifically targets the 3’UTR of the mRNA to avoid 

targeting of the exogenous GFP-HuR constructs that were transfected the next day. On 

the following day, a second hit of transfection was performed for 4 hours, followed by a 

transfection using GFP, GFP-HuR, and GFP-HuRG224D plasmids. 
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Immunofluorescence.  Cells were fixed in 3% paraformaldehyde (Sigma) for 20 

minutes. They were then permeabilized with a solution containing 0.5% Triton X-100 

and 1% goat serum in phosphate-buffered saline (PBS) with agitation for 15 minutes. 

After washing with 1% goat serum in PBS, cells were incubated with primary antibodies 

against myosin heavy chain (MF-20, developmental studies Hybridoma Bank, 1:250), 

myoglobin (Abcam, 1:500) diluted in 1% goat serum in PBS for one hour at room 

temperature. Following further washing, cells were incubated with appropriately labeled 

Alexa Fluor® (Invitrogen) secondary antibodies (1:1000) for an additional hour at room 

temperature. 4',6-diamidino-2-phenylindole (DAPI) staining was used to visualize nuclei. 

Cells were visualized using a Zeiss Axio Observer.Z1 inverted microscope with a 40X 

oil objective, and images were obtained using an AxioCam MRm digital camera. 

Fusion index. The fusion index was used to determine the efficiency of C2C12 

differentiation. It was quantified by calculating the ratio of the number of nuclei in 

myotubes versus the total number of nuclei counted in the same field. 

Protein Extraction and immunoblotting. Total cell extracts were prepared by lysing 

cells with mammalian lysis buffer (50 mM HEPES pH 7.0, 150 mM NaCl, 10% glycerol, 

1% Triton, 10 mM pyrophosphate sodium, 100 mM NaF, 1 mM EGTA, 1.5mM MgCl2, 1 

X protease inhibitor (Roche) and 0.1 M orthovanadate) for 15 minutes on ice, with 

vortexing every 5 minutes. Lysates were collected after centrifugation for 15 minutes at 

12000rpm. The lysates were run on SDS-PAGE and transferred on nitrocellulose 

membranes (Bio-Rad), and then analysed by western blotting using antibodies against 

HuR (3A2), pADPr (96-10), TNKS1, KSRP, myogenin and NPM. Quantifications were 

performed using ImageJ and normalized to tubulin. Antibodies used are listed in Suppl. 

Table 4. 

In vitro Ribosylation Assay. The PARP Universal Chemilumunescent assay kit 

(Trevigen #4676-096K) was used to test the PARylation of recombinant HuR by PARP1 

(Enzo Life Sciences Enzo Life Sciences # ALX-201-063-C020), PARP3 (Enzo Life 

Sciences Enzo Life Sciences # 201-170-C020), and TNKS1 (BPS Bioscience # 80504) 

(Figures 2 F-G). The TNKS1 Histone Ribosylation assay kit (Biotin-labeled NAD+) (BPS 

Bioscience # 80573) was used to compare the TNKS1-mediated PARylation of 
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recombinant HuR and HuRG224D, since this kit is optimized for TNKS1-mediated 

PARylation. The assays were performed as per the manufacturer's protocol, except that 

1.5 mL tubes were used rather than the 96-well plate provided. Briefly, PARP enzymes, 

biotinylated NAD+, and the PARP buffer were incubated with GST or the GST-HuR 

isoforms for one hour at room temperature. GST-Sepharose beads (GE Healthcare) 

were added to the tubes, which were rotated for 30 minutes. The samples were washed 

with PBS. HRP-conjugated Streptavidin provided in the kits was added to the beads, 

which were rotated for 40 minutes at room temperature. The beads were washed again 

and transferred to 96 well plates where luminol (ECL) was added for 

chemiluminescence measurement by a Synergy Mx Multimode Plate Reader using the 

Gen5 Data Analysis software.   

RNA-Immunoprecipitation: Cells were lysed in lysis buffer (50mM Tris-HCl pH 8.0, 

0.5% triton 100X, 150mM NaCl, 100mM NaF, 1X protease inhibitors (Roche)). Pre-

washed Protein A beads were incubated with the antibodies for 4 hours, rotating at 4°C. 

The beads were washed three times with low salt buffer (50 mM Tris pH 8, 0.5% Triton 

X-100, 150 mM NaCl, 1 X protease inhibitors). 800 ug of total cell extracts were added 

and the samples were rotated overnight at 4°C. The next day, samples were washed 

three times with low salt buffer and the co-immunoprecipitated RNA was purified and 

resuspended in 10 µl of nuclease-free water. 4 µl of the RNA was used for RT-qPCR 

analysis. 

Immunoprecipitation: Lysates were incubated with 5 g antibodies overnight, rotating 

at 4°C. The following day, protein A/G magnetic beads (GE healthcare - 

17152104011150) were added to the lysates and rotated for an hour at room 

temperature. The beads were washed three times with washing buffer (25mM Tris-HCl 

pH 8.0, 650mM NaCl, 0.05% Tween-20, 100mM NaF, 1X protease inhibitors) by placing 

the tubes in the magnetic stand and removing the washing buffer. The beads were 

washed once with water. Lamelli dye was added to the tubes and the tubes were 

rotated for 10 minutes. The supernatant was analyzed by western blot. 

Actinomycin D pluse-chase experiments. Cells were transfected with scrambled 

control or siRNAs against TNKS1 or HuR.  Two days after induction of differentiation the 
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cells were treated for 0h, 1h, 3h, and 6h with 2.5ug/ml of the RNA polymerase II 

inhibitor, actinomycin D (Act. D) (Sigma - A1410) to assess the stability of NPM and 

myogenin, mRNAs. RNA was extracted using Trizol reagent (Invitrogen) following the 

manufacturer's protocol. The level of myogenin and NPM mRNAs were determined by 

RT-qPCR and normalized to Gapdh mRNA levels in each sample. The stability was 

assessed by plotting the mRNA levels relative to the abundance of the messages at 0h 

of Act. D treatment considered as 100%. 

Quantitative RT-PCR. One microgram of total RNA or four microliters of 

immunoprecipitated RNA was reverse transcribed using the 5X iScript reagent (Bio-

Rad) according to the manufacturer's protocol. qPCR was done using 20 folds dilutions 

of the cDNA using SsoFast EvaGreen Supermix (Bio-Rad). RNA levels of the genes of 

interest were normalized to Gapdh mRNA levels by calculating the 2−ΔΔC
T values, in 

which ΔΔCT is the difference in CT between the gene of interest and the house keeping 

gene (Gapdh). 

Mass Spectrometry. Sample preparation: Following immunoprecipitation, pellets were 

washed three times with PBS. The pellets were then sent to Southern Alberta Mass 

Spectrometry Facility for preparation and analysis by mass spectrometry. 583 proteins 

were identified by selecting for unique count peptides, which are peptides that are 

identified in unique samples and not in all samples as they are considered background. 

By eliminating the proteins that were bound to the IgG control, 204 proteins remained 

(Suppl. Table 1). The list of proteins was subjected to PANTHER classification system 

(http://www.pantherdb.org/), selecting for classification by the Gene Ontology Molecular 

Function type of characterization.  

Statistical Analyses. All values are reported as mean ± standard error of the mean 

(S.E.M). Significance of the difference between two group means was assessed by 

unpaired t-test for normally distributed variables. p-values equal or less than 0.05 were 

considered significant: 0.05-0.01 (*), 0.01-0.001 (**), and less than 0.001 (***). 

 

http://www.pantherdb.org/
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Chapter 3 | Identification of STAT3 as a target of HuR-mediated 

regulation in Cachexia 

 

3.1 Preface 

Recently we showed, using muscle-specific HuR KO mice, that HuR is involved 

in promoting, in vivo, cancer-cachexia-induced muscle wasting [149]. This accentuates 

an earlier study in our lab that shows the implication of HuR in promoting inflammation-

induced muscle wasting through the stabilization of the mRNA encoding the pro-

cachectic effector, iNOS [104]. Although very little is known about the function of HuR in 

this process, the phenotypic evidence in vivo calls for further characterization of 

mechanisms governing the pro-cachectic function of HuR. Therefore, in this chapter, we 

sought to identify the network of mRNAs targeted by HuR in cytokine-treated muscle 

cells, which is a cell model of muscle wasting. Our microarray analysis identified the key 

pro-cachectic factor, STAT3, as a novel target of HuR. To this end, we aimed to 

decipher the mechanism through which HuR regulates posttranscriptionally the STAT3 

mRNA during inflammation-induced muscle wasting.  

 

These findings and discussions were originally published in PNAS in the following 

manuscript: 

Mubaid S, Ma JF, Omer A, Ashour K, Lian XJ, Sanchez BJ, Robinson S, Cammas A, 

Dormoy-Raclet V, Di Marco S, Chittur SV, Tenenbaum SA, Gallouzi IE. “HuR 

counteracts miR-330 to promote STAT3 translation during inflammation-induced muscle 

wasting.” PNAS August 2019; 10.1073/pnas.1905172116. 

Copyright © 2019 PNAS. 

Reproduced here under the Creative Commons Attribution License. 

 

 

https://doi.org/10.1073/pnas.1905172116
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3.2 Abstract 

Debilitating cancer-induced muscle wasting, a syndrome known as cachexia, is 

lethal. Here we report a novel posttranscriptional pathway involving the RNA binding 

protein HuR as a key player in the onset of this syndrome. Under these conditions, HuR 

switches its function from a promoter of muscle fiber formation to become an inducer of 

muscle loss. HuR binds to the STAT3 mRNA, which encodes one of the main effectors 

of this condition, promoting its expression both in vitro and in vivo. While HuR does not 

affect the stability and the cellular movement of this transcript, HuR promotes the 

translation of the STAT3 mRNA by preventing miR-330-mediated translation inhibition. 

To achieve this effect, HuR directly binds to a U-rich element in the STAT3 mRNA-

3’untranslated region (UTR) located within the vicinity of the miR-330 seed element. 

Even though the binding sites of HuR and miR-330 do not overlap, the recruitment of 

either one of them to the STAT3-3’UTR negatively impacts the binding and the function 

of the other factor. Therefore, together our data establish the competitive interplay 

between HuR and miR-330 as a novel mechanism via which muscle fibers modulate, in 

part, STAT3 expression to determine their fate in response to promoters of muscles 

wasting. 

 

 

 

 

 

 

 

 

 

 

 



116 
 

3.3 Significance 

Pro-inflammatory diseases, such as cancer, AIDS, and COPD, are often 

associated with a progressive loss of skeletal muscle tissue, a syndrome also known as 

cachexia. Cytokines trigger muscle loss by activating downstream effector pathways 

including the ones driven by STAT3 protein. Although high levels of STAT3 protein is 

required for the onset of muscle wasting, the mechanisms modulating STAT3 

expression in cachectic muscles remain elusive. Here we identify the RNA binding 

protein HuR and its ability to interfere with miR-330 action as a key promoter of STAT3 

mRNA translation. Our work identifies the competition between HuR and miR-330 as a 

novel mechanism that could be targeted to design novel anti-cachexia therapies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 
 

3.4 Introduction 

Skeletal muscle is the largest organ in the body, accounting for at least 40% of 

the total body mass of healthy individuals [499]. The maintenance of skeletal muscle 

mass requires a balance between protein synthesis and protein degradation to ensure 

continuous renewal of muscle proteins [67, 500]. Chronic diseases such as cancer, 

AIDS, and COPD (chronic obstructive pulmonary diseases) can disrupt this balance to 

favor protein degradation, leading to the onset of cachexia, a syndrome characterized 

by rapid muscle deterioration and wasting [51]. Patients that develop muscle wasting 

experience weakness, a lower quality of life, a decreased response to therapy, and 

reduced survival rates [40, 501]. Despite its deleterious effects, there are currently no 

effective treatment options available for muscle wasting, highlighting the need to better 

understand the molecular mechanisms mediating this deadly syndrome, which will help 

identify novel targets for therapy. 

It is well-accepted that one of the most common promoters of cachexia-induced 

muscle wasting is the excessive production of pro-inflammatory cytokines, such as 

tumor necrosis factor alpha (TNFα, interferon gamma (IFNγ, and interleukin 6 (IL-6) that 

is triggered by the underlying disease [501]. One way by which these cytokines promote 

muscle loss is by activating downstream effectors in the targeted skeletal muscle, such 

as the transcription factors NF-κB and STAT3 (Signal Transducer and Activator of 

Transcription 3) [502-504]. For example, IL-6 triggers the phosphorylation of STAT3 on 

Tyrosine-705 (Y705) residue leading to its activation, which in turn promotes the 

transcription of a STAT3-dependent network of pro-cachectic genes [502, 505]. On the 

other hand, cytokines such as IFNγ and TNFα promote muscle loss by activating the 

NF-κB pathway, leading to the transcription of numerous effector genes such as 

Atrogin1, MuRF1 and iNOS (inducible nitric oxide synthase) [122, 502, 504, 506]. 

Recent observations have uncovered that IFNγ and TNFα promote muscle loss by also 

activating the STAT3 pathway in a mechanism that, while independent of IL-6, involves 

the collaboration of STAT3 with NF-κB [502]. Consistent with previous findings [507], 

the activation of STAT3 under these conditions is always accompanied by a significant 

increase in the expression levels of STAT3 protein in the targeted muscles [502]. In 

keeping with this, increased levels in total STAT3 have been shown to enhance STAT3 
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activity and also correlate with poor prognosis of cancer patients [508, 509]. Therefore, 

these observations establish that the increase in the expression levels of promoters of 

muscle wasting, such as STAT3, is an important molecular event behind the 

progression of this deadly syndrome. However, the mechanisms controlling the 

expression of this and other pro-cachectic factors in muscles undergoing wasting are 

still poorly understood.                                    

The control of gene expression can occur at numerous levels including 

transcriptionally and post-transcriptionally. While the role of transcriptional events in the 

onset of muscle atrophy is well-established, the implication of posttranscriptional 

regulators, such as RNA Binding Proteins (RBPs) and micro-RNAs (miRNAs), in this 

process has also been reported [506, 510, 511]. Several studies have associated 

muscle atrophy with a change in the expression levels or the functional properties of 

many RBPs. For example, the genetic ablation of the zinc-finger RBP Zfp106, in mice, 

triggers an ataxia-like syndrome that is associated with severe muscle loss, leading to 

the death of these animals within the first 6 months of their birth [510]. Additionally, a 

change in the expression levels of the ELAV family members of RBPs HuD and HuR or 

in their ability to interact with target mRNAs has been associated with the onset of 

muscle atrophy and loss triggered by underlying diseases such as spinal muscular 

atrophy (SMA), amyotrophic lateral sclerosis (ALS) and cancer [506, 512-514]. Hence, 

these and other findings clearly demonstrate the importance of RBP-driven 

posttranscriptional events in regulating the expression of key promoters of disease-

induced muscle atrophy and degeneration.  

HuR and its role in both muscle fiber formation and muscle loss represents one 

of the best examples illustrating how an RBP could play a dual and opposite functions in 

the same tissue [471]. Indeed, HuR affects the fate of muscle fibers by modulating the 

stability and translation of mRNAs that either promote or hinder muscle differentiation 

and integrity [471, 481-483, 506, 515]. For example, during the early steps of muscle 

fiber formation, a process also known as myogenesis, HuR promotes the expression of 

the alarmin HMGB1 by preventing miR-1192-mediated inhibition of HMGB1 translation 

[515]. The promyogenic function of HuR also involves the HuR-mediated stabilization of 
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mRNA encoding key myogenic regulatory factors (MRFs) such as MyoD and myogenin 

[481, 516]. In muscle fibers exposed to IFNγ and TNFα however, HuR loses its ability to 

associate with the MyoD mRNA, yet, under these conditions, HuR binds the iNOS 

mRNA to promote its expression leading to the activation of the iNOS/NO pathway 

[506]. Collectively, these results suggest that by switching its network of mRNA targets 

in response to cachectic conditions, HuR changes its function from a promoter of 

muscle fiber formation to become a key player in the onset of muscle wasting. However, 

the network of pro-cachectic mRNA targets of HuR and the way by which HuR affects 

their expression during muscle wasting remain elusive.  

In this study we identified STAT3 mRNA as a novel HuR target during the onset 

of muscle wasting both in vitro and in vivo. We showed that while HuR does not affect 

the half-life of STAT3 mRNA, HuR promotes STAT3 translation by binding to a U-rich 

element in the 3’UTR to prevent miR-330-mediated translation inhibition. Our findings, 

therefore, clearly establish both HuR and miRNA-330 as key regulatory factors that 

modulate both STAT3 expression and STAT3-induced muscle wasting.    
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3.5 Results  

3.5.1 STAT3 is a novel HuR mRNA target in myotubes undergoing wasting 

To identify the network of mRNAs that associate with HuR during muscle 

wasting, we used C2C12 myotubes treated with or without IFNγ/TNFα  to perform RNA 

Immunoprecipitation (RIP) coupled to cDNA microarray experiments using an anti-HuR 

monoclonal antibody (3A2) [482, 506, 515, 517]. This in vitro cell model of muscle 

wasting is routinely used to mimic the effects of cytokines on muscle fibers, as seen 

during cachectic conditions [502, 506, 518, 519] (Figure 3.1A). Previous observations 

have indicated that the expression of promoters of muscle wasting in myotubes treated 

with IFN and TNFα as well as other cytokines is usually initiated as early as 12h 

posttreatment [506]. Therefore, the RIP-cDNA microarray experiments mentioned 

above was performed on C2C12 myotubes exposed to IFNγ and TNFα  for 12h. We 

identified 74 mRNAs that were associated with HuR two-fold or more, when compared 

to the messages immunoprecipitated with IgG (Dataset 1). The Panther classification 

software analysis (http://www.pantherdb.org) [520] revealed that under these conditions, 

HuR associates with mRNA encoding members of several signaling pathways, the most 

relevant of which to cytokine-induced muscle wasting being the JAK/STAT pathway [40, 

502] (Figure 3.2). A heatmap of the identified messages indicated that the STAT3 

mRNA, one of the drivers of this pathway [502], associates with HuR ~3.5 fold-more 

when compared to its association with the IgG control (Figure 3.3). Next, by repeating 

the RIP experiment followed by RT-qPCR we validated the cDNA array data and 

confirmed that HuR associates with STAT3 mRNA not only in both IFNγ/TNFα-treated 

C2C12 myoblasts and myotubes but also, albeit to a lesser extent, in their untreated 

counterparts (Figure 3.1B and Figure 3.4). These experiments show that the STAT3 

message is a novel HuR mRNA target in muscle fibers undergoing wasting.  

 

http://www.pantherdb.org/
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Figure 3.1. HuR associates 

with STAT3 mRNA in C2C12 

myotubes during muscle 

wasting. 

(A) C2C12 myotubes were 

treated with or without 

IFNγ/TNFα for 72h, fixed and 

stained with antibodies against 

Myosin Heavy Chain, Myoglobin 

and DAPI. Images are 

representative of 3 independent 

experiments. Scale bar = 50 μm. 

(B) Lysates obtained from 

C2C12 myotubes treated with or 

without IFNγ/TNFα for 24h were 

used for immunoprecipitation 

experiments using antibodies 

against HuR or IgG as a 

negative control. Western blot 

experiments demonstrating 

immunoprecipitated HuR (top 

panel) and analysis by RT-

qPCR of STAT3 mRNA 

associated to HuR (lower panel) 

are shown. Levels of STAT3 in 

(lower panel) were standardized 

to RPL32 mRNA levels. Data are 

representative of three 

independent experiments (n=3), 

and error bars represent the  

SEM. Significance P-values were 

calculated using the unpaired T-

test. *P<0.05                 from 

equivalent IgG samples. 
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Figure 3.2.  Panther analysis of HuR mRNA ligands. RNA-Immunoprecipitation 

(RIP)-coupled to DNA microarray experiments were performed to identify the network of 

mRNAs that associate with HuR in C2C12 myotubes treated with IFNγ/TNFα for 12h. 

The HuR mRNA targets were analysed using Panther classification software analysis 

(http://www.pantherdb.org) [520] to determine the signaling pathways they belong to.  
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Figure 3.3.  Heat map of the HuR mRNA targets. 

A heat map was generated using the HuR mRNA 

targets list obtained from the (RIP)-coupled to DNA 

microarray experiments described in Figure 3.2. 

Shown is the fold change of the binding of mRNA 

with HuR compared to IgG control.  

 

 

 

Figure 3.4. HuR associates with the STAT3 

mRNA in muscle cells treated with or without 

IFNγ/TNFα.   

(A, B) Immunoprecipitation experiments were 

performed using antibodies against HuR or IgG as 

a negative control with lysates obtained from 

C2C12 myoblasts treated with or without 

IFNγ/TNFα for 24h. Western blot experiments 

demonstrating immunoprecipitated HuR (A) and 

analysis by RT-qPCR of STAT3 mRNA associated 

to HuR (B) are shown. Levels were standardized to 

RPL32 mRNA levels. Quantifications are of three 

independent experiments (n=3), and error bars 

represent the SEM. Significance P-value was 

calculated using the unpaired T-test. *P<0.05 from 

equivalent IgG samples. 
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3.5.2 HuR promotes STAT3 expression during muscle wasting both in vitro and in vivo.  

Previous studies have shown that, during muscle wasting, phosphorylation-

mediated activation of STAT3 is concomitant with a substantial increase in its 

expression levels [502, 507]. We confirmed these observations and showed that the 

increase in expression levels of STAT3 protein in myotubes exposed to IFNγ/TNFα was 

detected as early as 4h posttreatment and that this effect is not associated with an 

increase in the levels of HuR (Figure 3.5A and SI Appendix Fig. S4). Knocking down 

HuR however, significantly reduced the levels of STAT3 protein in both untreated and 

treated muscle cells without affecting the steady state levels of STAT3 mRNA (Figures 

3.5B-C). Of note, the basic level of STAT3 in untreated cells was very low compared to 

the treated ones, yet the absence of HuR further reduced STAT3 expression in these 

cells (Figure 3.5B). We next confirmed these effects in vivo using the Elavl1 (HuR) 

muscle-specific knockout (muHuR-KO) mice that we recently generated [521]. These 

muHuR-KO mice appear healthy and do not differ in size when compared to their 

control counterparts (Figure 3.5D). Using the Lewis Lung Carcinoma model of cancer 

inflammation induced muscle wasting [49, 519], we observed that the genetic ablation of 

HuR protected muHuR-KO mice from the LLC tumour-induced muscle loss that is 

normally observed in the control mice (Figures. 3.5E-F). Interestingly, the protection 

from muscle wasting in the muHuR-KO mice correlated with a significant decrease in 

the expression levels of STAT3 protein when compared to its levels in control mice 

(Figure 3.5G). Of note, similar to the in vitro data, depleting HuR in skeletal muscles 

reduced the basic expression levels in untreated muHuR-KO muscle (Figure 3.5G). 

These results, therefore, demonstrate that HuR plays a key role in promoting STAT3 

expression both in vitro and in vivo in muscle fibers undergoing wasting.   
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Figure 3.5. HuR regulates the expression of STAT3 both in vitro and in vivo 

during cancer inflammation-induced muscle wasting. 

(A) Lysates obtained from C2C12 myotubes treated with or without IFNγ/TNFα for 24h 

were used for western blot analysis (left panel) with antibodies against STAT3 and α-

tubulin. (right panel) Densitometric quantification of STAT3 signal in the western blot 

relative to α-tubulin signal. (B) Total cell lysate from C2C12 cells depleted or not of HuR 

treated with or without IFNγ/TNFα for 24h were used for Western blot analysis (left 

panel) with antibodies against STAT3, HuR, and α-tubulin. (right panel) Densitometric 

quantification of STAT3 signal relative to α-tubulin signal. (C) Total RNA extracted from 

C2C12 cells treated as described in (B) were analyzed by RT-qPCR using primers 

specific for STAT3 and GAPDH cDNAs. Quantification of STAT3 mRNA levels relative 

to GAPDH levels is shown. (D-G) Control or muHuR KO male mice (8 to 10 weeks old) 

were injected with PBS or LLC cells to induce muscle wasting. (D) Photographs of 

muHuR-KO and control male mice. Scale bars=1 cm. (E) Photographs of quadriceps 

collected from mice described above. Scale bars=1 cm. (F) Weight of the quadriceps 

described in (E). Levels are shown as the percentage of weight remaining when 

compared to the PBS-treated control mice (shown as 100%). Quantifications are of 4 

mice (n=4). (G) STAT3 protein levels in quadriceps muscle obtained from mice 

described above were assessed by Western blot (left panel) using antibodies against 

STAT3, α-tubulin (loading control) and HuR. (right panel) Densitometric quantification 

of STAT3 signal relative to α-tubulin. All quantifications are of three independent 

experiments (n=3) for 2A-C and of quadricep muscles from 4 different mice for 2G 

(n=4). Error bars of all quantifications represent the SEM. Significance P-values were 

calculated using the unpaired T-test. *P<0.05, ***P<0.001 from untreated sample in (A), 

siCTL untreated samples in (B), from PBS treated control mice samples in (F) and 

untreated as well as LLC-treated control mice in (G). 

 

3.5.3 HuR promotes STAT3 translation via a U-rich element in the STAT3-3’UTR  

HuR is known to influence gene expression by modulating the stability, export, 

and/or the translation of its target mRNAs [192, 471, 482, 515]. Our Actinomycin D 

pulse-chase and experiments [522] and in situ hybridization experiments indicated that 

the depletion of HuR did not affect the half-live nor the  of the cellular movement of the 

STAT3 mRNA (Figure 3.6). We then assessed whether HuR affects the translation of 

the STAT3 mRNA under muscle wasting conditions. Using sucrose fractionation 

experiments we followed the distribution of STAT3 mRNA in polysome (P) and non-

polysome (NP) fractions in muscle cells depleted or not of HuR and treated with or 

without IFNγ/TNFα. Neither the knockdown of HuR nor the treatment of muscle cells 
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with cytokines affected general translation as determined by the profile of the polysome 

(P) and non-polysome (NP) fractions (Figure 3.7A). Consistent with an increase in 

STAT3 protein levels, as shown above (Figure 3.5A and Figure 3.8A), the levels of 

STAT3 mRNA recruited to polysomes dramatically increased in muscle cells treated 

with IFNγ/TNFα (Figure 3.7B). The depletion of HuR in both untreated and IFNγ/TNFα-

treated cells however, prevented the recruitment of STAT3 mRNA to polysomes (Figure 

3.7B). Together, these data clearly show that HuR promotes the translation of the 

STAT3 mRNA in muscle cells exposed to wasting conditions.  
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Figure 3.6. HuR does not affect the stability or the cellular movement of the 

STAT3 mRNA. (A) The stability of the STAT3 mRNA was assessed by performing 

Actinomycin D (AcD) experiments.  C2C12 myoblasts transfected with either a control 

siRNA (siCTL) or a siRNA specific for HuR were treated with IFNγ/TNFα for 24h. Cells 

were then incubated with ActD for the indicated period of time. Total RNA was extracted 

and used for RT-qPCR analysis using STAT3 and GAPDH primers to determine STAT3 

mRNA expression levels at time points post AcD treatment. Levels are shown as the 

percentage of mRNA remaining when compared to levels at 0 hour time point (shown 

as 100%). The dashed line indicates time point where 50% of mRNA is remaining. 

Quantifications are of three independent experiments (n=3), and error bars represent 

the SEM. (B) In situ hybridization experiments were performed using C2C12 myoblasts 

depleted or not of HuR. Cells were fixed and then stained with the anti-sense or sense 

probe for STAT3 mRNA, HuR protein, and DAPI. Images are representative of three 

independent experiments (n=3) experiments. Scale bar = 50 μm. 
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Figure 3.7. HuR promotes the translation of STAT3 mRNA. 

(A) Polysome profile of extracts obtained from C2C12 cells depleted of HuR or not and 

treated with or without IFNγ/TNFα for 24h. (B) RNA was extracted from each fraction 

and RT-qPCR analysis was performed using primers for STAT3 and 5.8S mRNA. The 

levels of STAT3 relative to 5.8S were graphed as the Polysomal (P) to Non-polysomal 

(NP) ratio. Quantifications are of three independent experiments (n=3), and error bars 

represent the SEM. Significance P-values were calculated using the unpaired T-test. 

**P<0.01, ***P<0.001 from untreated siCTL samples. 

 

Figure 3.8. The expression of STAT3 protein, but not HuR, increases over time in 

myotubes treated with or without IFNγ/TNFα.  

Total lysates obtained from myotubes treated for the indicated period of time with 

IFNγ/TNFα were used in western blot experiments using antibodies against STAT3 (A), 

HuR (B) and α-tubulin (assessed as a loading control). 
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It is well-established that HuR modulates the expression of its mRNA targets by 

directly binding to U/AU-rich elements in their 3’UTRs [192, 471, 482, 515]. Hence, to 

delineate the mechanism by which HuR regulates STAT3 translation, we first identified 

the exact cis-element through which HuR binds to the STAT3-3’UTR. Sequence 

analysis of the STAT3-3’UTR revealed both U- and AU-rich elements to which HuR 

could potentially bind (Figure 3.9). To determine whether HuR directly binds to 

the STAT3 mRNA through any of these elements, we performed RNA electrophoretic 

mobility shift assays (REMSA) [482, 515] using purified recombinant GST-HuR and 

sixteen radiolabelled RNA probes that span the entire STAT3-3’ UTR (Figure 3.10A 

and SI Appendix Table 1). We found that HuR forms a complex with only five of these 

RNA probes (P2, P6, P13, P14 and P16) (Figure 3.10B). Next, the strength of HuR 

binding to these probes was tested by introducing RNase T1 treatment into the REMSA. 

In this assay, HuR-mRNA complexes are formed prior to digestion with RNase T1, 

which cleaves specifically after G residues [523]. It is well-accepted that resistance to 

RNAse T1 treatment will only occur as a result of a direct binding of HuR to the RNA 

probe [523]. We observed that P2, and to a lesser extend the P16 probe, exhibited 

resistance to RNAse T1 treatment (Figure 3.11). These data show that both P2 and 

P16 elements resist RNase T1 while directly bound to HuR. These data, however, do 

not inform on the strength/affinity (Kd) of HuR binding to these sequences. Therefore, 

we performed REMSA [524] with increasing concentrations of GST-HuR to determine 

the binding affinity (Kd) of the HuR to the P2, P6, P13, P14 and P16 probes. Each one 

of these probes was incubated with increasing amounts of GST-HuR and the 

complexes were identified using REMSA as described [524] (Figure 3.10C, left panel). 

When measuring the fraction of free probe bound to HuR, we found that HuR 

associated with P2 with a high affinity (Kd ~20.5 nM).  P16 as well as the other probes 

(P6,P13 and P14) however, did not exhibit a measurable binding affinity at the 

concentrations of the recombinant HuR used (Figure 3.10C, right panel). Next, we 

determined the minimum HuR binding site within P2. To do this, we divided this probe 

into four smaller fragments, P2-A, -B, -C, and -D (Fig. 3.10D, upper panel). Based on 

the fact that the P2B-HuR complex generated the strongest signal in the REMSA 
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experiment (Figure 3.10D, lower panel), we decided to further investigate the role of 

this cis-element in HuR-mediated regulation of STAT3 translation.  

 

 

Figure 3.9.  Sequence of the STAT3 mRNA 3’untranslated region.   

The sequence of the HuR binding site P2B and the miR-330 seed element are 

respectively shown in blue and red. 
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Figure 3.10. HuR directly binds to a U-rich element in the 3’UTR of STAT3 mRNA.  

(A) Schematic representation of the STAT3 mRNA sequence. The location of the cRNA 

probes covering the 3’UTR of STAT3 mRNA used for RNA electrophoretic mobility shift 

(REMSA) assays are indicated (P1 to P16). (B) Gel shift assays was performed using 

recombinant GST-HuR protein or GST as a control incubated with radiolabelled cRNA 

probes as indicated in (A). Representative gels of each probe from n=3 experiments are 

shown. HuR/cRNA complex are indicated with an asterisk (*). (C) (left panel) REMSA 

was used to determine the dissociation constant (Kd) of HuR binding to P2, P6, P13, 

P14 and P16 probes. Increasing amounts of GST-HuR protein (0, 10, 20 and 40 nM) 

were incubated with P2, P6, P13, P14 or P16 radiolabeled probes and complexes were 

resolved using REMSA as described above. (right panel) The binding of GST-HuR with 

the various probes was plotted as fraction of the associated RNA against nM of GST-

HuR to determine the Kd. (D) REMSA with radiolabelled probes spanning P2 region 

(P2-A, P2-B, P2-C, and P2-D) were performed to further delineate the HuR binding site. 

Upper panel indicates the nucleotide sequence of each probe used for gel shift in panel 

D. 

 

Figure 3.11. P2 and P16 exhibit resistance to RNase T1 treatment. 

Representative gels of REMSA assays performed with radiolabelled cRNA probes (P2, P6, 

P13, P14, and P16) incubated with purified GST or GST-HuR prior to treatment with 

RNaseT1 to assess strength of complex formation seen in in Fig. 4B. 
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To achieve this, we generated Renilla-luciferase (R-Luc) constructs that 

expresses wild type STAT3-3'UTR (R-Luc-3’STAT3) or the STAT3-3’UTR from which 

the P2B (R-Luc-3’STAT3-P2B) or the P16  (R-Luc-3’STAT3-P16)  elements were 

deleted  (Figure 3.12A and Figure 3.13A). These reporter constructs were 

subsequently expressed in C2C12 cells and used to determine the impact of deleting 

P2B or P16 on the luciferase activity. We observed that the deletion of P2B but not that 

of P16 significantly reduced luciferase activity (Figure 3.13B). Moreover, while both R-

Luc-3’STAT3 and R-Luc-3’STAT3-P2B mRNAs were expressed to the same levels 

(Figure 3.12B), the significant reduction in the luciferase activity of R-Luc-3’STAT3-

P2B construct (Figure 3.12C) correlated with the inability of its mRNA to associate 

with HuR (Figure 3.12D). Therefore, these in vitro and ex-vivo experiments 

demonstrate that HuR promotes STAT3 mRNA translation and that this effect requires 

the binding of HuR to the STAT3-3’UTR via the U-rich P2B cis-element.   
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Fig. 3.12. The P2B element is required for the STAT3-3UTR-mediated translation 

regulation and association with HuR. 

(A) Schematic demonstrating the Renilla-luciferase (R-Luc) constructs with the STAT3-3'UTR 

(R-Luc-3’STAT3) or the STAT3-3'UTR mutant in which the P2B element was deleted (R-Luc-

3’STAT3-P2B). (B-D) The reporter constructs described in (A) were transfected in C2C12 

cells. R-Luc reporter mRNA steady state levels (B) as well as Luciferase activity (C) was 

determined for each construct. mRNA levels and luciferase activity for the R-Luc-3’STAT3-P2B 

mRNA is shown relative to those obtained with the R-Luc-3’STAT3 construct.  (D) (left panel) 

Western blot showing the immunoprecipitation of HuR from cell extracts expressing R-Luc-

3’STAT3 or R-Luc-3’STAT3-P2B mRNAs. The blot was probed with the monoclonal anti-HuR 

antibody. (right panel) Total RNA from HuR immunoprecipitate was prepared and the 

association of R-Luc-3’STAT3 or R-Luc-3’STAT3-P2B mRNAs was determined by RT-qPCR. 

Levels were standardized to RPL32 mRNA levels. Quantifications for (B-D) are of three 

independent experiments (n=3), and error bars represent the SEM. Significance P-value in 

(C,D) was calculated using the unpaired T-test. ***P<0.001 from R-Luc-3’STAT3 samples. 
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Figure 3.13. Unlike P2, the P16 element is not required for the STAT3-3’UTR 

mediated translation regulation.  

(A) Schematic demonstrating the Renilla-luciferase (R-Luc) constructs with the STAT3-

3'UTR (R-Luc-3’STAT3) or the STAT3-3'UTR mutant in which the P2B (R-Luc-3’STAT3-

P2B) or the P16 (R-Luc-3’STAT3-P16) element were deleted. (B) The reporter 

constructs described in (A) were transfected in C2C12 cells. Luciferase activity was 

determined for each construct. Luciferase activity for the R-Luc-3’STAT3-P2B and R-

Luc-3’STAT3-P16 mRNAs is shown relative to those obtained with the R-Luc-3’STAT3 

construct.   

 

3.5.4 HuR prevents miR-330-mediated translation inhibition of STAT3  

It is well established that one way by which HuR modulates the translation of 

some of its mRNA targets is by competing or collaborating with microRNAs (miRNAs) 

[515, 525]. Therefore, we investigated whether this could also be the case for the HuR-

mediated translation regulation of the STAT3 mRNA. As a first step, we identified 

miRNA(s) that could form a complex with HuR in C2C12 myotubes by performing a RIP 

experiment coupled to miRNA sequencing analysis using antibodies against HuR or IgG 

as a negative control. Although 15 miRNAs were co-immunoprecipitated with HuR in 

C2C12 myotubes, only one of them, miR-330, is predicted by three online prediction 

programs (TargetScan, miRBase, and microrna.org) to target the STAT3 mRNA. 
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Scanning the primary sequence of the STAT3 mRNA-3’UTR revealed that the predicted 

seed element of miR-330 is located 297nt away from the HuR binding site (HuRBS) 

P2B (Figure 3.9, and Figure 3.14A). Although the HuRBS P2B and miR-330 binding 

sites could appear far apart from one another, previous observations have shown that 

HuR is able to interfere with miRNA-mediated translation repression even when its 

binding site is positioned at a considerable distance from the miRNA seed element 

[526]. By repeating the RIP experiment followed by RT-qPCR, we validated the 

association of HuR with miR-330 in both untreated and IFNγ/TNFα-treated C2C12 

myotubes (Figure 3.14B) as well as in myoblasts (Figure 3.15). The observed HuR-

miR-330 association is not due to an increase in the expression levels of HuR or miR-

330 in response to IFNγ and TNFα (Figure 3.8B and 3.16). However, although the 

HuR-miR-330 complex was totally disrupted in muscle cells depleted of STAT3, the 

association between HuR and miR-330 was re-established by introducing back, in these 

STAT3 knockdown muscle cells, the R-Luc-3’STAT3 construct expressing an intact 

STAT3-3’UTR (Figure 3.14C-D). Together, these data clearly show that the association 

of HuR with miR-330 is indirect and occurs via the STAT3-3’UTR. It is well-established 

that recruiting AGO2, one of the main components of the RNA-induced silencing 

complex (RISC), represents one of the key steps used by miRNAs to inhibit the 

translation of their target mRNA [263]. Interestingly, our data show that the depletion of 

HuR increases the association of AGO2 with both STAT3 mRNA and miR-330 (Figure 

3.14E-H), suggesting that one way by which HuR interferes with miR-330 mediated 

inhibition of the translation of the STAT3 mRNA is by preventing the recruitment of 

AGO2.   
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Fig. 3.14. HuR interacts with miR-330 in a STAT3-dependant manner.  

(A) Schematic demonstrating the alignment between the sequence of mmu-miR-330 

with the predicted seed element in the 3’ UTR of mouse STAT3 mRNA. (B) Lysates 

obtained from C2C12 myotubes treated with or without IFNγ/TNFα for 24h were used 

for immunoprecipitation experiment using antibodies against HuR or IgG as a negative 

control. Analysis of miRNA isolated from the immunoprecipitate was performed by RT-

qPCR using primers specific for miR-330 (left panel) or for U6 (right panel) as a 

negative control. Quantifications are of four independent experiments (n=4). (C-D) 

Lysates obtained from IFNγ/TNFα   treated C2C12 myoblasts expressing or not R-Luc-

3’STAT3 transfected with siCTL or a siRNA (siSTAT3) specifically targeting STAT3 

were used for immunoprecipitation experiment using antibodies against HuR or IgG as 

a negative control. (C) Western blot analysis with antibodies against STAT3, -tubulin, 

and HuR validating the knockdown of STAT3. (D) (upper panel) Immunoprecipitated 

samples from C2C12 muscle cells, treated with sCTL, siSTAT3 or both siSTAT3 and 

expressing the R-Luc-3’STAT3 mRNA, were used for western blot analysis using 

antibodies against HuR. (lower panel) Analysis of miRNA isolated from the 

immunoprecipitate obtained using the anti-HuR antibody was performed by RT-qPCR 

using primers specific for miR-330 (left panel) or for U6 (right panel) as a negative 

control. Quantifications for (B-D) are of three independent experiments (n=3), and error 

bars represent the SEM. Significance P-value in (D) was calculated using the unpaired 

T-test. **P<0.01 from siCTL samples. (E) Total extracts from C2C12 muscle cells 

expressing (siCTL) or not HuR (siHuR) were used for immunoprecipitation experiments 

with a rabbit monoclonal AGO2 antibody, or anti-IgG antibody as a control. AGO2 

immunoprecipitation was then determined by western blot using an anti-AGO2 antibody. 

The western blot shown is representative of 3 independent experiments. (F-H) 

Associated RNAs were isolated from the AGO2 immunoprecipitate (IP), and quantitative 

RT-qPCR was performed using primers specific to STAT3 and RPL32 mRNAs (F), miR-

330 (G) and U6 (H). The levels of STAT3 mRNA in each IP, relative to those in the IgG 

IP, were normalized against the RPL32 mRNA. Error bars represent S.E.M of two 

independent experiments. 
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Figure 3.15. HuR associates with miR-330 in myoblasts treated with or without 

IFNγ/TNFα.     

(A) Lysates from C2C12 muscle cells treated with or without IFNγ/TNFα for 24h were 

used for immunoprecipitation experiment using antibodies against HuR or IgG as a 

negative control. Analysis of miRNA isolated from the immunoprecipitate was performed 

by RT-qPCR using primers specific for miR-330 (B) or for U6 (C) as a negative control. 

Quantifications are of three independent experiments (n=3), and error bars represent 

the SEM. 

 

Figure 3.16.  The expression of miR-

330 does not change due to treatment 

of myotubes with IFNγ/TNFα.     

miR-330 levels in C2C12 myotubes 

treated with or without IFNγ/TNFα for 

24h was determined by RT-qPCR using 

primers specific to miR-330.  Levels were 

standardized to U6 that was used as a 

negative control.  
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Next, we determined the impact of the predicted seed element of miR330, herein 

dubbed as miR-330 binding site (miR-330BS), on STAT3-3’UTR mediated translation as 

well as on its association with HuR. To achieve this, we generated Renilla-luciferase (R-

Luc) constructs with the STAT3 3'UTR (R-Luc-3’STAT3) containing or not mutations in 

the miR-330BS (R-Luc-3’STAT3-mut-miR-330BS) (Figure 3.17A). These reporter 

constructs were then transfected into C2C12 cells and used in luciferase expression 

assays as well as in immunoprecipitation experiments with the anti-HuR antibody. 

Although deleting the miR-330BS did not affect the steady-state levels of R-Luc mRNA, 

this mutation increased luciferase activity by 3 folds when compared to the activity 

generated by intact R-Luc-3’STAT3 (Figure 3.17B-C). Moreover, there was a significant 

increase in the association of HuR with the R-Luc-3’STAT3-mut-miR-330BS mRNA 

when compared to the R-Luc-3’STAT3 control (Figure 3.17D-E). These results clearly 

indicate that preventing the recruitment of miR330 to its seed element enhances the 

binding of HuR to the STAT3 3’UTR.    

 

 

 

 

 

 

 

 

 

 

 



142 
 

 

Fig. 3.17. The miR-330 seed element regulates the expression of STAT3. 

(A) Schematic demonstrating the Renilla-luciferase (R-Luc) constructs with the STAT3-

3'UTR (R-Luc-3’STAT3) or the STAT3-3'UTR mutant containing a mutation of the miR-

330 seed element (R-Luc-3’STAT3-mut-miR330BS). (B-E) The reporter constructs 

described in (A) were transfected in C2C12 cells. R-Luc reporter mRNA steady state 

levels (B) as well as Luciferase activity (C) was determined for each construct. mRNA 

levels and luciferase activity for the R-Luc-3’STAT3-mut-miR330BS mRNA is shown 

relative to those obtained with the R-Luc-3’STAT3 construct. (D, E) Binding of HuR to 

the mRNA expressed from these constructs was determined by immunoprecipitating 

HuR (D) from lysates obtained from the cells described above and assessing by RT-

qPCR R-Luc mRNA levels (E). Levels were standardized to RPL32 mRNA levels. 

Quantifications for (B, C and E) are of three independent experiments (n=3), and error 

bars represent the SEM. Significance P-value in (C and E) was calculated using the 

unpaired T-test. *P<0.05, and ***P<0.001 from R-Luc-3’STAT3 samples. 
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The data outlined above raise the possibility that miR330 inhibits STAT3 

translation by interfering with HuR binding to the STAT3-3’UTR. Indeed, overexpressing 

a miR-330 mimic in C2C12 cells significantly decreased STAT3 expression levels and, 

furthermore, significantly disrupted HuR association with the STAT3 mRNA (Figure 

3.18A-B). These data suggested that HuR promotes STAT3 expression by interfering 

with miR-330-mediated translation inhibition. If this is true, silencing miR-330 should 

rescue the expression of STAT3 in muscle cells depleted of endogenous HuR. Our data 

indicated that the expression of an anti-miR-330 (antagomir) in C2C12 muscle cells 

rescued (increased by at least two-fold) STAT3 protein levels in HuR knockdown cells 

when compared to cells treated with siHuR alone (Figure 3.18C). These results 

therefore indicate that HuR promotes STAT3 translation in muscle cells by binding to a 

cis-element 297nt apart from miR-330BS, partially alleviating the translation inhibition 

that is normally mediated by miR-330. 
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Fig. 3.18. HuR negates the effect of miR-330 on the expression of STAT3. 

 (A) Total cell lysate from C2C12 cells transfected with a miR-330 mimic or a control 

miRNA were used for Western blot analysis (left panel) with antibodies against STAT3 

and -tubulin. (right panel) Densitometric quantification of STAT3 signal relative to -

tubulin signal. (B) Lysates obtained from C2C12 myotubes transfected with miR-330 

mimic or miR control (negative control) were used for immunoprecipitation experiment 

using antibodies against HuR or IgG as a negative control. Western blot experiments 

showing immunoprecipitated HuR (left panel) and analysis by RT-qPCR of STAT3 

mRNA associated to HuR (right panel) are shown. Levels were standardized to RPL32 

mRNA levels. (C) C2C12 cells were transfected with siRNA targeting HuR or a non-

specific control siRNA. The cells were then transfected with or without an antagomir 

against miR-330. Total cell lysate was used for Western blot analysis (left panel) using 

antibodies against STAT3, HuR, and -tubulin. (right panel) Densitometric 

quantification of STAT3 levels were normalized to -tubulin and is shown relative to the 

levels observed in untreated cells transfected with the control siRNA. All quantifications 

are of three independent experiments (n=3), and error bars represent the SEM. 

Significance P-values were calculated using the unpaired T-test. *P<0.05, **P<0.01, 

***P<0.001 from equivalent miR CTL (A and B), or siCTL untreated (C) samples. (D) 

Model depicting the HuR-dependent posttranscriptional regulation of STAT3 expression 

during TNFα and IFNγ induced muscle wasting. In myotubes exposed to TNFα and 

IFNγ, HuR binds to a U-rich element in the 3’UTR of STAT3 mRNA promoting its 

translation. The association HuR with its binding element prevents binding of miR-330, 

thus inhibiting the affect of miR-330 on the translation of the STAT3 mRNA (panel 1). 

However, under these conditions, the miR-330 mediated inhibition of STAT3 expression 

becomes active in the absence of HuR protein (panel 2). 
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3.6 Discussion 

In this study we provide evidence supporting a key role of HuR in the progression 

of cytokine and cancer induced muscle atrophy both in vitro and in vivo. We identify 

STAT3 mRNA as a novel target of HuR and we demonstrate that HuR is required for 

the expression of the STAT3 protein in wasting C2C12 myotubes and in skeletal muscle 

in mice. We also show that while HuR does not affect the stability nor the cellular 

movement of STAT3 mRNA, HuR triggers muscle wasting by promoting the translation 

of the STAT3 protein. To achieve this, HuR binds specifically to a U-rich element in the 

STAT3-3’UTR to interfere, in part, with the miR-330-mediated inhibition of STAT3 

translation. Together our data support a model whereby maintaining a high expression 

level of STAT3 protein in an HuR-dependent manner represents one of the key steps 

involved in the onset of muscle wasting (Figure 3.18D). 

The RIP cDNA microarray analysis experiments clearly show that, consistent 

with its ability to bind high number of target mRNAs [527, 528], HuR associates with 

>2400 transcripts in untreated and fully formed myotubes (Dataset 1). As expected, 

many of these transcripts, such as MyoD, Myogenin, HMGB1 and p21 mRNAs, are 

known targets of HuR and by regulating their expression, HuR plays a key role in 

myogenesis [471, 481, 483, 515, 529]. Surprisingly, however, in the presence of TNFα 

and IFNγ HuR loses its ability to associate with the majority of its promyogenic mRNA 

partners and only binds to 74 messages, among which the mRNA encoding the 

procachectic factor STAT3. These observations raise the possibility that cytokines 

switch the function of HuR from a promoter of muscle fiber formation to an inducer of 

muscle wasting. In keeping with this observation, we have previously shown that TNFα 

and IFNγ change the function of HuR in muscle fibers vis a vis its promyogenic mRNA 

targets. Indeed, under these conditions the HuR-MyoD mRNA complex is disrupted, 

while at the same time HuR associates with and promotes the expression of the iNOS 

mRNA [506]. While these findings clearly provide a strong support for a functional 

switch of HuR in response to extracellular assaults such as cytokines, the molecular 

mechanisms behind this switch are still elusive.  
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The fact that the depletion of HuR prevents cytokine and cancer induced muscle 

wasting both in vitro and in vivo highlights the importance of HuR protein in the 

progression of this deadly syndrome. Indeed, our data establish that HuR participates in 

this process by promoting the translation of STAT3 mRNA, which is one of the well-

established drivers of muscle loss triggered as a result of inflammatory diseases such 

as cancer [130, 502, 503, 505]. HuR mediates this effect by directly binding to a U-rich 

element, P2B, in the STAT3-3’UTR, which consequently prevents miR-330-mediated 

inhibition of STAT3 translation. There are numerous examples of cross-talk between 

HuR and miRNA that lead to a collaborative or competitive regulation of the expression 

of numerous HuR mRNA targets in various systems. For example, HuR collaborates 

with the let-7 miRNA to inhibit the translation of cMyc mRNA in HeLa cells [525]. In 

contrast HuR, by competing with miR-195 for binding to the 3’UTR of the stromal 

interaction molecule 1 (stim1) mRNA, modulates STIM1 expression and calcium release 

during wound healing [530]. Our laboratory has previously shown that HuR negates the 

effect of miR-1192 on HMGB1 expression despite the fact that they both simultaneously 

associate to the HMGB1 mRNA in muscle cells [515]. In this study we demonstrate that 

the overexpression of miR-330 mimic decreases STAT3 protein levels while the use of 

an antagomir targeting this miRNA rescued, in part, the decreased expression of STAT3 

in cells depleted of HuR. In addition, our data also show that overexpressing miR330 

mimic interferes with the binding of HuR with STAT3 mRNA, suggesting a competitive 

interplay between these two trans-acting factors. This observation raises the question 

as to how both HuR and miR-330 are found within the same complex despite their 

competition for binding to the STAT3 mRNA? This could be explained by the existence 

of a dynamic equilibrium in the binding of miR-330 and HuR to the STAT3 3’UTR. In 

fact, a dynamic equilibrium between HuR and miR21 has been previously reported as a 

way to modulate the translation of PDCD4 mRNA, where HuR directly binds to both the 

PDCD4 3’UTR as well as to the miR21 itself [531]. In our case therefore, it is possible 

that the strength of the binding of HuR or miR330 to its cis-element determines the 

outcome of STAT3 translation, promotion or inhibition. Our data, however, clearly show 

that the binding of one of these trans-acting factors to the STAT3 3’UTR reduces, 

although not completely, the binding of the other. Although this result explains in part 
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why these two trans-acting factors co-immunoprecipitate together in a STAT3 3’UTR-

dependent manner, it also raises the possibility that the binding of either one of them 

affects the folding of the STAT3 3’UTR in a way that triggers the slow removal of the 

other factor. Testing experimentally this possibility will help determine the mechanisms 

behind this dynamic competitive interplay between HuR and miR330 in modulating 

STAT3 translation. 

In this study we also show that depleting miR-330 activity did not fully restore 

STAT3 protein levels in HuR-knockdown muscle cells, raising the possibility of the 

involvement of other miRNAs. Indeed, it is well-known that the STAT3 3’UTR is targeted 

by numerous miRNAs [532, 533]. Therefore, it is possible that HuR also indirectly 

modulates the inhibition of STAT3 translation mediated by these miRNAs. While our 

data showing only a partial rescue of STAT3 expression with anti-miR330 antagomir in 

HuR depleted cells could be explained by this possibility, these results clearly links in 

part, HuR effect to its ability to interfere with miR-330 mediated translation inhibition. 

This observation also raises the possibility that other trans-acting factors are involved in 

regulating STAT3 expression. Indeed, it has been shown that the HuR-binding sites 

P2B and P16 that we describe in this study associate with other RBPs, such as Arid5a 

and CPEB1. Arid5a stabilizes STAT3 mRNA by competing with the endoribonuclease 

Regnase-1 for binding to a stem-loop structure (1738-1765) that is found within the P16 

element [534]. On the other hand, CPEB1 prevents the synthesis of STAT3 protein by 

binding to two putative U-rich-elements, one of which is located within the HuR-binding 

site P2B [535]. This later observation is consistent with our findings that P2B but not 

P16 element is mainly responsible for modulating the translation of STAT3 mRNA. 

However, our data do not exclude the possibility of P16 involvement in regulating 

STAT3 expression posttranscriptionally at other levels such as mRNA stability [534]. 

Therefore, the possibility exists that competition or collaboration with these or other 

factors contribute to the HuR-mediated modulation of STAT3 expression in response to 

various stimuli.  
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Together, our data indicate that uncovering these mechanisms may lead to the 

identification of novel therapeutic options that can be exploited to interfere with STAT3-

induced muscle wasting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



150 
 

3.7 Materials and Methods 

Plasmid construction 

The pCMV-SPORT6 plasmid containing the full length STAT3 cDNA (accession 

number: BC003806) was purchased from Open Biosystems (catalogue number: 

MMM4769-99609717).  The full-length 3′UTR of mouse STAT3 was subcloned into a 

pRL-SV40 vector (Promega) by PCR amplification of the pCMV-SPORT6 plasmid 

described above. The pRL-luc-3′STAT3-ΔP2B (containing the deleted 

ATTTTTTTTTTTAATTT sequence from the P2-B region), the pRL-luc-3′STAT3-ΔP16 

(containing the deleted last 155nt from the STAT3-3’UTR as shown in SI Appendix 

Fig. S3) and the pRL-luc-3′STAT3-mut-miRBS (mutated miR-330 seed element) 

plasmids were generated by Norclone Biotech Laboratories, London, ON, Canada. 

The GFP and GFP-HuR plasmids were generated as described [493]. 

Cell culture and transfection 

C2C12 cells were obtained from American Type Culture Collection (VA, USA) and 

grown in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) containing high 

glucose, L-glutamine, sodium pyruvate, and supplemented with 20% fetal bovine serum 

and 1% penicillin/streptomycin. Murine Lewis Lung carcinoma cells (LLC) were obtained 

from the ATCC and grown in DMEM with 10% FBS and 1% streptomycin–penicillin 

(Invitrogen). Transfections with siRNA specific for HuR or STAT3 or plasmids 

expressing GFP or GFP-HuR, as well as the pRL plasmids containing the STAT3 3’UTR 

with/without mutations of the P2 or P16 HuR binding sites or the miR-330 binding sites 

was performed using jetPrime reagent (PolyPlus Transfection) according to 

manufacturer’s protocol. The siHuR (5’- CAUCAACACCGAGAUCAAAdTdT -3’) was 

custom synthesized (Dharmacon) [483] while the siSTAT3 (5'- 

GCCUCAAGAUUGACCUAGAtt -3') was purchased from Invitrogen (Ambion).  The 

mmu-miR-330-5p antagomir or mimic (Invitrogen, Ambion) were transfected at a final 

concentration of 200 nM using jetPrime reagent (PolyPlus Transfection) according to 

manufacturer’s protocol. 
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miRNA Prediction 

The miRNA predicted to associate with the STAT3 3’UTR was determined on the 

TargetScan (www.targetscan.org), miRanda (www.miRbase.org) and microrna.org 

websites. 

Western blot analysis 

Whole cell lysates were prepared by lysis in buffer containing 50 mm HEPES (pH 7.0), 

150 mm NaCl, 10% glycerol, 1% Triton X-100, 10 mm sodium pyrophosphate, 100 mm 

NaF, 1 mm EGTA, 1.5 mm MgCl2, 0.1 mM sodium ortho-vanadate, and complete 

EDTA-free protease inhibitors (Roche Applied Science). Primary antibodies used were 

total STAT3 (#9132 or 9139; Cell Signaling), -tubulin (Developmental Studies 

Hybridoma Bank), HuR [482] and AGO2 [515]. 

Quantitative PCR (qPCR) 

One microgram of total RNA was reverse transcribed with the M-MuLV Reverse 

Transcriptase (New England BioLabs) according to the manufacturer’s protocol. Each 

sample was diluted 1/20 and used to detect the mRNA levels of STAT3, R-Luc and 

RPL32 or GAPDH as a loading control using the SsoFast reagent (Bio-Rad 

Laboratories). The relative expression level was calculated using the 2-ΔΔCt method, 

where ΔΔCt is the difference in Ct values between the target and reference genes. 

Primers used for qPCR are as follows. STAT3 (F: 5’ TAT CTT GGC CCT TTG GAA TG 

– 3’, R: 5’ - GCT GCT TGG TGT ATG GCT CT – 3’), GAPDH (F: 5’ - AAG GTC ATC 

CCA GAG CTG AA - 3’, R: 5’ - AGG AGA CAA CCT GGT CCT CA – 3’), RPL32 (F: 5’ - 

TTC TTC CTC GGC GCT GCC TAC GA – 3’, R: 5’ - AAC CTT CTC CGC ACC CTG 

TGG TCA – 3’), R-luc (F: 5' - TTG AAT CAT GGG ATG AAT GG - 3', R: 5' - TGT TGG 

ACG ACG AAC TTC AC - 3'). The miR-330 and U6 primer sets were purchased from 

Qiagen. 

RNA-Immunoprecipitation (RIP) 

Total cell extract (TCE) from C2C12 cells either untreated or treated with IFNγ/TNFα 

were prepared as previously described [482]. Immunoprecipitation was performed with 

http://www.targetscan.org/
http://www.mirbase.org/
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an antibody against HuR (3A2) or AGO2 [515] or IgG (Jackson ImmunoResearch 

Laboratories) as previously described [515]. The isolated mRNA or miRNA associating 

to HuR was determined by microarray analysis [506] or RNA-Sequencing respectively 

(Institute for Research in Immunology and Cancer (IRIC) Genomic Platform, University 

of Montreal) respectively.  RT-qPCR experiments were then performed on the identified 

mRNA or miRNA to validate these associations.  Analysis of miRNA was performed 

using the Universal cDNA synthesis kit (Exiqon) followed by qPCR analysis for miRNA 

using the SyBr Green Master Mix kit (Exiqon) as we have previously described [515].  

RNA Electrophoretic Mobility Shift Assay (REMSA) 

cDNA templates for the 16 cRNA probes spanning the STAT3 3’UTR were generated 

as previously described [515]. Briefly, cDNA for 14 of the 16 cDNAs spanning the 

STAT3 3’UTR, with the exception of P4 and P5, were amplified by PCR using the 

complete STAT3 3’UTR as a template and individual primer sets specific for each 

region (Supp. Table 2). PCR products for these regions were purified with an EZ-10 

PCR product spin column purification kit (BioBasic). The P4 and P5 cDNA templates 

were obtained by annealing sense and anti-sense oligonucleotides spanning these 

regions. The radiolabelled probes were generated from these DNA templates by in vitro 

transcription reaction using radiolabelled -32P-UTP and T7 RNA polymerase 

(Promega). Recombinant GST or GST-HuR were incubated with 100 000 cpm of 

radiolabelled probe per reaction for 15 minutes and then with 100 g of heparin for 15 

min. After, samples were run for 2.5hrs at 180V on a native 5% acrylamide gel that had 

been pre-run for 1h at 80V. After fixation for 15 min, the gels were dried at 80°C for 1h 

and exposed at -80°C. For the Kd experiments (Fig. 4C), 0, 10, 20 or 40 nM of GST-

HuR were used. For REMSAs performed with RNase T1, recombinant GST or GST- 

HuR was first incubated with the radiolabelled mRNA for 15 min to allow complex 

formation, then heparin, followed by digestion with 300U RNase T1 (Thermo Fisher) for 

10 min at room temperature.  

Actinomycin D Pulse-Chase analysis 

Actinomycin D pulse-chase experiments were performed as previously described [518].  

C2C12 muscle cells were transfected with either a control siRNA or a siRNA specifically 
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targeting HuR using jetPrime reagent (PolyPlus Transfection) according to 

manufacturer’s protocol. After 24h, cells were treated with IFNγ/TNFα for 24h before 

treatment with 5 μg mL-1 of ActD, a transcriptional inhibitor, for the indicated periods of 

time.   STAT3 and GAPDH mRNA levels at each time point was determined by RT-

qPCR using primers specific for both genes.  STAT3 mRNA levels were normalized to 

GAPDH levels and plotted as the percentage at the zero time point which is considered 

as 100%. 

Polysome fractionation 

Forty million C2C12 cells either untreated or treated with IFNγ/TNFα and either depleted 

of HuR or not were prepared for each sample. Cells were treated with the protein 

synthesis inhibitor cycloheximide (CHX; 100 mg mL-1) for 15 min at 37°C immediately 

before harvesting. The cytoplasmic extracts of C2C12 cells were obtained by lysing 

pellets with a Dounce homogenizer and tight pestle. Isolated cytoplasmic fractions were 

centrifuged at 130,000g for 2h on a sucrose gradient (15-50%) and fractionated using a 

gradient fractionation system (Brandel) and absorbance was monitored at 254nm. RNA 

was extracted using phenol/chloroform from each fraction and the non-polysome (NP) 

fractions and polysome (P) fractions were combined. The levels of STAT3 and 5.8S 

mRNA were analysed using RT-qPCR. The STAT3 mRNA levels were normalized to 

5.8S mRNA levels then the polysome / non-polysome (P/NP) ratio was determined and 

further normalized to the control siRNA, untreated condition. 

Immunofluorescence 

Cells were fixed in 3% para-formaldehyde for 20min, permeabilized with 0.1% Triton-X 

100 in PBS for 20 minutes then incubated with antibodies against myoglobin (1:250; 

ab77232, Abcam) and myosin heavy chain (1:1000; clone MF-20, Developmental 

Studies Hybridoma Bank) [502]. Images were taken with a 40X magnification lens on an 

inverted Axiovert 200M microscope with an Axiocam MRm camera (Zeiss).  

Fluorescent in-situ hybridization 

in-situ hybridization were performed as previously described [515].  Briefly, the sense 

and anti-sense probes for STAT3 mRNA were generated from PCR fragments with the 
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following sequence and fused to the indicated RNA polymerase promoter: anti-sense 

fused to T7 promoter (5’ – TAA TAC GAC TCA CTA TAG GGT GCA CCA GCT GTA 

CAG CGA AC – 3’), sense fused to T3 promoter (5’ AAT TAA CCC TCA CTA AAG 

GGG ATC CTG CAC TCG CTT CCG G – 3’). Probes were DIG-labeled according to 

manufacturer’s instructions (Roche). C2C12 cells depleted or not of HuR were fixed and 

permeabilized as described above. Cells were incubated with DIG-labeled anti-sense or 

control sense probe to detect STAT3 mRNA as well as the 3A2 (anti-HuR) antibody 

(1:1000). Cells were blocked with 1% goat serum for 10 min and incubated with anti-

DIG and goat anti-mouse secondary antibody.  

Luciferase expression/activity 

R Luc mRNA steady state levels were determined by RT-qPCR using primers specific 

for R-Luc.  Luciferase activity was furthermore measured using a Renilla luciferase 

assay system (Promega) following the manufacturer’s instructions as previously 

described [515]. 

Muscle freezing and preparation of muscle/cell extracts  

Quadriceps muscles were dissected from the mice, mounted on 7% tragacanth gum 

and then snap frozen in liquid-nitrogen-cooled isopentane for 10-20 sec. Muscle 

extracts were prepared by the homogenization of the frozen muscle tissue in extraction 

buffer (1x PBS,1% NP-40, 0.5% DOC, 0.1% SDS, 2mM SOV, 1X protease inhibitor 

(Roche)). Cell extracts were prepared by incubating C2C12 muscle cells with lysis 

buffer (50mM HEPES pH 7.0, 150mM NaCl, 10% glycerol, 1% Triton, 10mM 

pyrophosphate sodium, 100mM NaF, 1mM EGTA, 1,5mM MgCl2, 1X protease inhibitor 

(Roche) for 15min on ice, vortexing every 5 min. The lysed muscle/cells were then 

centrifuged at 12000 rpm for 15min at 4°C in order to collect the supernatant containing 

the proteins. 

Animals  

All experiments using animals were approved by the McGill University Faculty of 

Medicine, Animal Care Committee and comply with guidelines set by the Canadian 

Council of Animal Care. HuR muscle specific knockout mice (muHuR-KO) and their 
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control littermates, generated on a C57BL/6 background [521], were housed in a 

controlled environment and provided commercial laboratory food (Harlan #2018; 18% 

protein rodent diet; Madison, WI). They were grown in sterile cages with corn‐cob 

bedding and they had free access to food and water. 

Lewis Lung Carcinoma (LLC) xenograft  

The LLC tumors were established in 8-9 weeks old male muHuR-KO or control 

littermates as described [521]. Tumours were formed due to the subcutaneous 

injections of 1 × 106 LLC cells in the right flank of the hindlimb of these mice. 

Subcutaneous injections of PBS in muHuR-KO mice or control littermates PBS were 

used as control.  Quadriceps muscles were harvested from these mice 30 days post-

injection of either PBS or LLC cells.   
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Chapter 4 | General Discussion 

 

4.1 Overview 

The goal of this thesis was to tackle the dichotomic function of HuR in skeletal 

muscle, by deciphering mechanisms governing its pro-myogenic and pro-cachectic 

functions. To this end, we uncovered a new mechanism regulating the function of HuR 

during myogenesis and a new mechanism through which HuR promotes muscle 

wasting. In Chapter 2, we show that the posttranslational modification PARylation 

regulates the pro-myogenic function of HuR. We show that TNKS1 is required for the 

PARylation of HuR during myogenesis. TNKS1 binds HuR through the consensus TBM 

harbored in the hinge region of HuR, and promotes the localization of HuR to the 

cytoplasm as well as its caspase-mediated cleavage. Once in the cytoplasm, HuR 

regulates the expression of NPM and myogenin, resulting in the formation of muscle 

fibers. As such, we were able to reveal a novel regulatory mechanism for the well-

known function of HuR in skeletal muscle fiber formation. Unlike its function in 

myogenesis, very little is known about the function of HuR in muscle wasting. Therefore, 

in Chapter 3, we identified a new molecular mechanism of cachexia which is mediated 

by the binding of HuR to the STAT3 mRNA. In doing so, we showed that HuR induces 

the translation of the STAT3 message by inhibiting the actions of miR-330. In doing so, 

we further characterized the function of HuR in promoting muscle atrophy. Thus, we 

provided additional evidence demonstrating that HuR has opposing functions in skeletal 

muscle in either promoting muscle fiber formation or inducing muscle wasting.  

Although these studies advance our knowledge about the function of HuR in 

skeletal muscle, much remains to be revealed. For example, our study in Chapter 2 

shows that HuR PARylation promotes its function in regulating mRNA turnover. There 

are, however, several unanswered questions regarding the PARylation of HuR.   For 

example, does this modification also regulate the ability of HuR to promote the 

translation of target mRNAs such as HMGB1?  Does the PARylation of HuR affect its 

interaction with protein ligands, such as pp32 and KSRP, that mediate its cellular 

localization or RNA binding activity respectively? Moreover, thus far, only two pro-
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cachectic targets of HuR have been identified, iNOS and STAT3. Since iNOS is a gene 

target of STAT3, are these mRNAs part of an RNA operon through which HuR induces 

muscle wasting [536]?  If so, what are the other mRNAs that are part of this operon?   

Additionally, while the cleavage of HuR was identified as being the switch between its 

pro-survival and pro-apoptotic function in response to mild and severe stress, what 

mechanism(s) are in place in muscle to mediate the switch between HuR’s pro-

myogenic and pro-cachectic. Since PARP1 has been suggested to induce muscle 

wasting and was also shown to posttranslationally modify HuR in macrophages 

exposed to inflammatory stimuli, can PARP1-mediated PARylation of HuR (instead of 

TNKS1) impact its pro-cachectic function [421, 428, 429]?  If this is the case, an 

investigation of the impact of PARP and PARG inhibitors in myopathies and cancer-

cachexia would provide insights into their therapeutic potential. 

4.2 Role of PARylation in the function of HuR  

As previously mentioned, trans-acting factors cooperate with HuR to regulate the 

expression of various targets at different posttranscriptional levels in a spatial-temporal 

manner under various conditions. Indeed, during the early phase of muscle cell 

differentiation, HuR complexes with KSRP to promote the decay of the NPM mRNA 

[151]. Since KSRP and HuR associate in an RNA independent manner, their interaction 

is required for the recruitment of this complex to the NPM mRNA. Therefore, it is 

possible that the PARylation of HuR changes its structural conformation in a way that 

enables it to associate with its trans-acting factors such as KSRP. Indeed, we have 

recently shown that HuR regulates the stability of Myogenin, MyoD and the p21 mRNA 

by interacting in an RNA independent manner with the RBP YB-1.  Our data 

demonstrates that the HuR/YB-1 complex associates with a GRE in the 3’UTR of the 

mRNAs to promote their stability (unpublished data).  One question that arises from this 

study is whether PARylation affects the formation of the HuR/YB-1 and, furthermore, the 

expression of these mRNAs.  

The differential localization of HuR is known to mediate its function in cells.  

Indeed, the repertoire of trans-acting factors that HuR associates with under different 

cellular conditions most likely depends on its localization inside the cell. Our data clearly 
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demonstrate that PARylation promotes the cytoplasmic accumulation of HuR during 

myogenesis. This event might be a result of the acidic charged conferred by the 

pyrophosphates in pADPr. Indeed, one of the main impacts of PARylation on target 

proteins is a change in their localization, probably due to the acidity of the protein which 

occurs due to the modification. Several studies have drawn a relationship between the 

protein isoelectric point (pI) and subcellular localization [537-540]. It was shown that 

cytoplasmic, Golgi and vacuole targeted proteins are highly biased towards acidic pI, 

while nuclear, membrane and mitochondrial associated proteins have rather basic pI. 

Interestingly, acidic proteins seem to have higher interactions than basic proteins [541]. 

Therefore, the acidity conferred to HuR might be contributing to its cytoplasmic 

translocation, where it gets cleaved and accumulates in this compartment. As such, we 

show that PARylation is a key regulatory mechanism regulating the localization and 

cleavage of HuR during muscle cell differentiation likely by affecting its acidity resulting 

in its interaction with protein ligands.  

Other posttranslational modifications of HuR, including phosphorylation and 

methylation, have been shown to modulate its RNA-binding activity and localization in 

various cell systems. We assessed the impact of phosphorylation and methylation of 

HuR during myogenesis and found that they do not affect its pro-myogenic activity. 

Therefore, PARylation, in addition to caspase-mediated cleavage, are likely the main 

posttranslational modification which affect the function of HuR in skeletal muscle. 

Nonetheless, it is possible that PARylation collaborates with other posttranslational 

modifications, such as its cleavage, by modifying HuR such that it renders it more 

accessible to enzymes which mediate these other modifications. Indeed, it was 

previously shown that PARylation of FoxO3 increased its phosphorylation in the cytosol 

[542]. Therefore, there might be an interplay between PARylation and other 

posttranslational modifications in regulating the function of HuR during myogenesis and 

potentially in other processes. Mass spectrometry analysis of the posttranslational 

modifications of GFP-HuRWT compared to GFP-HuRG224D might provide an initial insight 

on the potential interplay between PARylation and other posttranslational modifications 

of HuR in myogenesis. 
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4.3 Updated and potentially greater role of HuR in muscle wasting  

Thus far, very little is known about the role of HuR in muscle wasting. Our lab 

has previously shown that HuR promotes the stability of iNOS mRNA, which is one of 

the main effectors of muscle wasting. In Chapter 3 of this thesis, we identified STAT3 as 

a new target of HuR that is regulated at the translation level. Although we decided to 

validate and focus our research on the HuR-mediated regulation of STAT3 (since it is a 

well-known promoter of muscle atrophy) other targets were also identified in the 

microarray results obtained by performing an RNP-immunoprecipitation experiments 

using extracts of myotubes treated with cytokines. Thus, there remains other 

unvalidated genes that are targeted by HuR in muscle wasting, which suggests that 

there is a larger set of genes that likely comprise an RNA operon that HuR may be 

affecting to promote muscle wasting.  

In addition, HuR has been recently linked to Duchenne muscular dystrophy 

(DMD) [543]. This disease is caused by mutations and deletions in the dystrophin gene. 

Utrophin A is an autosomal homolog of dystrophin that can potentially be used as a 

treatment approach for DMD, since it has a high sequence identity and functional 

redundancy to dystrophin [544, 545]. Non-steroidal anti-inflammatory drugs (NSAIDs) 

and p38 MAPK activators have been previously shown to improve muscle function and 

elevate utrophin A expression [546-549]. In an attempt to test if celecoxib, an FDA 

approved cyclooxygenase-2 (COX2) inhibitor, that is a NSAID that also activates p38 

MAPK signaling, could be beneficial in ameliorating DMD, HuR protein level was found 

to be increased in vivo, in response to celecoxib treatment [543, 550]. In addition, HuR 

was found to bind to utrophin A mRNA, suggesting that utrophin A expression is 

regulated by HuR. 

HuR was shown to regulate pathways, in non muscle cells, that were shown to 

be involved in skeletal muscle wasting. Indeed, in smooth muscle cells, HuR was shown 

to be involved modulating autophagy through the regulation of AMPKα1 and AMPKα2 

expression [551]. HuR binds to AREs in the 3’UTR of these mRNAs thereby increasing 

their stability and translation. AMPK is a key factor in cellular energy metabolism and a 

key upstream activator of autophagy [552]. The depletion of HuR reduced p-AMPK and 
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the activation of the downstream autophagy-related protein LC3II, underlining the 

significant role of HuR in autophagy. As mentioned in the introduction, autophagy is 

involved in cancer-cachexia-induced muscle wasting. Therefore, there is potentially a 

bigger role for HuR in muscle wasting, through the activation of different pathways, 

besides the STAT3 and iNOS pathways. Although these mRNAs were not identified in 

our microarray analysis (Chapter 3), perhaps repeating the analysis by performing a 

PAR-CLIP (photoactivatable ribonucleoside-enhanced crosslinking and 

immunoprecipitation) analysis would give a better characterization of the repertoire of 

mRNAs targeted by HuR during muscle wasting.  

Lately, an increasing number of studies show that miRNAs, including miR-206, 

miR-21, and miR-378 are associated with cachexia [553-556]. Previous studies show 

that miRNAs modulate the function of HuR, and additionally, our miRNA sequencing 

analysis identified 15 miRNAs that interact with HuR in muscle fibers (Chapter 3) [152, 

169, 272]. Therefore, it would not be surprising that HuR may be found to interact with 

different, pro-cachectic miRNAs if a miRNA sequencing in wasting muscle fiber is 

performed. 

4.4 Potential role of PARylation in regulating the pro-cachectic function of HuR 

Mechanisms regulating the function of HuR in skeletal muscle have not been fully 

discovered. In this thesis, we show that PARylation by TNKS1 promotes the pro-

myogenic function of HuR. Nonetheless, another enzyme from the same family as 

TNKS1, PARP1, which is the best-characterized PARP, also modifies HuR with the 

same modification, albeit to promote the pro-inflammatory function of HuR in stimulated 

macrophage cells [345]. HuR has been previously shown to compete with miR181 to 

promote the stabilization of TNFα mRNA [175]. Similarly, HuR competes with miR51 to 

alleviate the decay of the Cxcl2 mRNA. Importantly, this event was shown to be 

modulated by the oligomerization of HuR, which is induced by PARP1-mediated 

PARylation [350]. This PARylation of HuR was shown to promote the stabilization of 

pro-inflammatory messages such as Cxcl2 [345].  Therefore, it is possible that TNKS-1-

mediated PARylation promotes the pro-myogenic function of HuR, while PARP1-

mediated PARylation promotes the pro-cachectic function of HuR, since it involves the 
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stabilization of the pro-inflammatory factor. This hypothesis can be supported by the 

phenotype of PARP1 KO mice which have an attenuated muscle wasting phenotype 

compared to their controls [428]. In addition, PARP inhibitors reduce muscle wasting, 

making this a plausible hypothesis [422, 426, 429, 557]. Moreover, it was previously 

shown that PARP1 levels decrease in myotubes compared to myoblasts [468]. While in 

models of muscle wasting resulting from various sources, such as ageing [423], burn 

injuries [424], myopathies [467], PARP1 levels and activity increased. Therefore, it is 

possible that during myogenesis, TNKS1 is activated and PARylates HuR, while during 

muscle wasting, PARP1 levels increase, and PARP1 PARylates HuR to promote 

wasting.  The switch in PARPs, from TNKS1 to PARP1, in mediating the PARylation of 

HuR under inflammatory conditions thus could provide an explanation as to how HuR 

switches from being a pro-myogenic to a pro-cachectic factor in skeletal muscle. 

Variations in the levels of PARPs might explain the seemingly higher impact of 

PARP1 in muscle wasting. However, it is well established that PARP1 and TNKS1 do 

not catalyze the same pADPr structure, where PARP1 forms branched pADPr and 

TNKS1 forms linear polymers. Although the functional difference between both 

structures of the modification is not clear, recent studies suggest that the length and 

structure of pADPr polymers affect cellular outcome [558]. In fact, longer, branched 

pADPr polymers have a longer half-life than linear or shorter branched polymers. 

Additionally, longer branched polymers seem to be responsible for parthanatos, and 

form stronger non-covalent binding bonds with proteins containing pADPr-binding 

domains. This may further support the hypothesis that TNKS1-mediated PARylation of 

HuR, which involved linear polymers, affects its function in a different manner than the 

PARP1-mediated PARylation, which involves branched polymers. However, clear 

distinction between both types of pADPr modifications of a single protein remains 

unknown.  

4.5 Therapeutic impact of PARP and PARG inhibitors in muscle wasting  

The benefits of using PARP inhibitors in muscle wasting have been previously 

explored. The significance of the role of PARP1 in muscle wasting is underlined by the 

ameliorated cachectic phenotype of PARP1 KO mice [428]. In fact, acetylation of FoxO3 
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did not increase in these mice compared to their controls. It was shown that using the 

PARP1 inhibitor, BGP-15, protected against cachexia and improved cardiac and 

skeletal myopathies [429]. Although the exact mechanisms have not been fully 

deciphered, PARP inhibitors were shown to reduce the expression of inflammatory 

factors (including TNFα, IFNγ, and IL-6) in skeletal muscles of patients with third degree 

burn [426]. This is supported by the well-known function of PARP1 in inflammation, 

especially its involvement in the STAT3 and NFκB pathways, which are key in mediating 

muscle wasting.  

Additionally, based on the results of Chapter 2, the use of PARG inhibitors might 

prove beneficial to improve muscle differentiation to enhance the activity of TNKS1-

mediated PARylation. Since PARP1 inhibitors ameliorate muscle wasting one could 

potentially consider combining these inhibitors with PARG inhibitors to treat muscle 

related pathologies. Although this might seem controversial, it is currently under 

investigation as possible combinatory therapies for cancer.  Indeed, PARG inhibitors 

seem to complement and increase the impact of PARP inhibitors as a potential 

combinatory therapy to treat cancers marked by genomic instabilities [559]. So far, 

PARG inhibitors use have proven to be challenging due to undesirable characteristics 

for therapeutic use, such as low cell permeability, low activity in cells, off-target effects, 

and low bioavailability. Recent studies are investigating new PARG inhibitors that may 

provide potential therapeutics for cancer [560]. If proven efficient, their use in 

combination with PARP1 inhibitors might be beneficial for muscle wasting by inhibiting 

the activity of PARP1 and enhancing the pro-myogenic activity of TNKS1.  

It is noteworthy that HuR has been shown to bind the mRNA of PARG and 

upregulates its expression through stabilization [561]. Silencing HuR was shown to 

increase the impact of PARP inhibitors in pancreatic ductal adenocarcinomas. HuR-KO-

mediated downregulation of PARG enhanced the trapping of PARPs on DNA and thus 

increase cytotoxicity of PARP inhibitors, which is an impact of PARG inhibitors that is 

being described in various models. Therefore, the interplay between HuR and 

PARylation might be more significant than being a simple modification, where there 
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might be a feedback loop involving HuR and PARylation, which can be taken advantage 

of in therapy. 

4.6 Potential role of PARPs in Muscle Wasting. 

Although mechanisms underlying the role of PARPs in muscle wasting are not 

fully understood, it seems that several PARPs have been shown to be involved in 

autophagy. For instance, PARP1 seems to have a prominent role in positively regulating 

autophagy in cardiac and smooth muscle [542, 562, 563]. PARP1 activation was shown 

to induce excessive autophagy in these cells through activation of the AMPK/mTOR 

pathway [563]. This event was important for the development of hyperplasia and 

hypertrophy of smooth muscle cells, which lead to airway remodelling in asthmatic 

patients. Similarly, PARP1-mediated activation of the AMPK/mTOR pathway induced 

autophagy and apoptosis of cardiomyocytes in myocardial infarction condition [562]. In 

both case, PARP-1 mediated apoptosis and excessive autophagy negatively impacts 

the condition. PARP1 was also shown to promote autophagy in cardiomyocytes by 

modulating FoxO3a transcriptional activity [542]. PARP1 and its catalytic activity 

displace histone 1 from the FoxO3a promoter of autophagy-related genes, recruits 

FoxO3a to the nucleus, and thereby promotes its transcriptional activity. Since several 

studies have shown that FoxO3 is targeted by PARP1-mediated PARylation [564] it 

would not surprising that PARP1 might be involved in muscle wasting by regulating the 

autophagy related activity of FoxO3. 

Unlike PARP1, PARP2 is believed to inhibit autophagy [374]. In fact, PARP2 

deletion resulted in the accumulation of autophagosomes in murine skeletal C2C12 

muscle cells and embryonic fibroblasts (MEFs). PARP2 and its enzymatic activity 

induced the breakdown of autophagosomes through the activation of AMPK and 

mTORC2, but not mTORC1. Although AMPK is known to induce autophagy, this group 

observed that there seems to be a causative role of the inhibition of AMPK in the 

induction of autophagy. 
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Figure 4.1 Potential role of PARylation in myogenesis and muscle wasting.  

(Left panel) Myogenesis. HuR promotes myogenesis by promoting the translation of 

HMGB1 [152], the decay of NPM [151], and the stability of MyoD, myogenin, and p21 

mRNAs [183, 325]. We showed in chapter 2 that TNKS1 promotes the pro-myogenic 

function of HuR. Others have shown that Wnt signalling, which is stimulated by the 

activity of TNKS1, regulates embryogenic and postnatal myogenesis [384, 401, 402, 

404-406, 565]. PARP1 negatively impacts myogenesis by preventing the transcriptional 

activity of MyoD [400]. (Right panel) Muscle wasting. HuR promotes muscle wasting by 

stabilizing iNOS mRNA and promoting the translation of STAT3 (Chapter 3) [107]. In 

smooth muscle, HuR promotes autophagy by stabilizing AMPKα and AMPKβ [551]. 

PARP1 causes excessive autophagy in smooth and cardiac muscle through the 

activation of AMPK/mTOR and FoxO3a pathway [542, 562, 563]. PARP2 is involved in 

autophagosomes clearance in murine C2C12 skeletal muscle cells and in MEFs [374]. 

While the involvement of HuR, PARP1, and PARP2 in autophagy have been 

demonstrated, their importance in muscle wasting linked autophagy has not been 

shown. 
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TNKS is another PARP that was shown to be involved in a specific type of 

autophagy which targets peroxisomes (pexophagy) [399]. TNKS1 and TNKS2 were 

shown to interact with the peroxisomal protein PEX14 and with the autophagosomal 

protein ATG9A. TNKS1 and TNKS2 function as chaperones by promoting the 

colocalization of these two proteins and promoting pexophagy. Although pexophagy has 

not been shown to be involved in muscle wasting, it seems that PARPs have an 

increasingly growing role in modulating autophagy.  

Additionally, one of the main functions of TNKS1 is the promotion of telomere 

elongation through the targeting of the TRF1, which is a telomere-specific DNA-binding 

protein that negatively regulates telomere length maintenance. In fact, TNKS1 was 

discovered through the investigation of TRF1-binding proteins [462]. Telomeres are 

DNA-protein complexes located at the ends of chromosomes, promoting chromosomal 

stability and gene expression. With every cycle of cell division, telomeric length 

decreases.  Once it reaches a minimum length, cells enter an irreversible growth arrest 

state, termed replicative senescence. Telomerase is an enzyme that elongates 

telomeres, and, in senescent cells, the activity of this enzyme is decreased [566, 567]. 

In various models of muscle atrophy, it is observed that satellite cells become 

increasingly senescent, making them unable to maintain muscle tissue renewal. For 

example, decreased telomere length in satellite cells was associated with the impaired 

muscle regenerative capacity in individuals with COPD suffering from muscle wasting 

(approximately 30-40% of COPD patients suffer from muscle atrophy) [568]. 

Additionally, in muscle dystrophy patients suffering from DMD or LGMD2C, satellite 

cells seem to prematurely senesce due to their repeated cellular division to repair the 

continuous muscle damage, as evidenced by their shortened minimal telomeric length 

[569, 570]. Thus, it is possible that increasing the activity of TNKS1 might ameliorate or 

delay muscle wasting in these patients.  

4.7 Conclusion and Future Directions 

This work deciphers two different mechanisms involving opposite functions of 

HuR in skeletal muscle. It provides a regulatory mechanism for the pro-myogenic 

function of HuR, and further characterizes the pro-cachectic function. These studies 
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provide initial findings that should be further investigated in vivo and potentially be used 

in clinical trials for muscle-related diseases. This can be done by using PARG inhibitors 

to ameliorate skeletal muscle formation, or using the new technology being developed 

to deliver miRNAs, such as miR-330, to specific tissues, such as cachectic skeletal 

muscle. Indeed, miRNA drugs are in clinical studies for cancer, hepatitis C, heart failure, 

wound healing, and other conditions [571, 572]. Delivery methods for miRNAs involve 

micelles, liposomes, nanoparticles, and intranasal delivery methods.  The findings 

in Chapter 2 also widen our understanding of the potential impact of PARP inhibitors, 

specifically TNKS inhibitors since it proved to be highly important in muscle fiber 

formation. Finding regulatory mechanisms for the function of HuR would be beneficial 

since HuR inhibitors are toxic [184]. One of the challenges in using them is that HuR 

functions in many processes. Therefore, targeting HuR in a specific process through 

targeting a posttranslational modification required to drive its function might be a viable 

option for therapy, especially that PARP inhibitors are already FDA-approved, and many 

are in clinical trials. 

In Chapter 3, although we focused on STAT3, our microarray analysis identified 

a variety of potential targets of HuR during muscle wasting. Similarly, various miRNAs 

interacting with HuR were identified by the miRNA-sequencing analysis. These data 

provide a basis for future analysis for the function of HuR in cytokine-induced muscle 

wasting. Additionally, in contrast to the function of HuR in myogenesis, no protein 

ligands have been identified to regulate in trans the pro-cachectic function of HuR. 

While trans-acting factors have been identified in the pro-myogenic function of HuR, the 

impact of PARylation on these factors needs to be further studied.  
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