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1. Abbreviations 

GM-CSF----Macrophage-colony stimulating factor 

AChRα ----Acetylcholine receptor α-subunit  

AGO----Argonaute  

ARE---- RNA elements enriched in adenylate and uridylate, AU-rich elements 

AS----Autophagy-lysosome system 

AUF1----AU-binding factor 1  

bHLH ----Basic helix–loop–helix 

BMP----Bone morphogenetic proteins  

Ca++----Calcium ions  

CD36----Cluster of differentiation 36/SR-B2 

CDK1----Cyclin dependent kinase 1  

CE----Core enhancer  

CELF ----CUG-BP- and ETR-3-like factors  

CHK2----Checkpoint kinase 2  

CPEB ----Cytoplasmic polyadenylation protein 

CREB----cAMP response element-bindingprotein  

CSD----Cold shock domain  

CTD ---- C terminal domain  

DEAD box ----DEAD box helicase domain  

DMD ----Duchenne muscular dystrophy  

DRR----Distal regulatory region,  

dsRBD ----Double stranded RNA-binding domain  

E0.0----Embryonic day N 

eIFs ----Translation initiation factors  

ELAV----Embryonic lethal abnormal vision  

FABP3----Fatty acid binding protein 3 

FAO----Fatty acid oxidation 

FFA----Free fatty acid 

FMRPs ----Familial mental retardation proteins  
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FoxO3----Forkhead box class O 

GLUT4----Enhancer factor GEF 

HDAC4----Histone deacetylase 4 

hnRNPD----Heterogeneous nuclear ribonucleoprotein D 

HNS----Nucleocytoplasmic shuttling sequence 

HuR----Human antigen R 

IC ----Translation initiation complex  

IRES----InternaI ribosome entry sites 

ITAFs ----IRES-transacting factors  

KH----hnRNP K homology domain  

KSRP----KH-type splicing regulatory protein 

m7g----7-methyl-guanylate  

MAPK----p38 mitogen-activated protein kinase  

MEF----Myocyte enhancer factor  

miRNA----MicroRNAs  

MRF4----Myogenic factor 6  

MRFs----Muscle specific transcription factors  

mRNA---Messenger RNA 

mTOR----Molecular target of rapamycin 

muHuR-KO----Muscle-specific HuR knockout 

Murf1----Muscle RING finger protein 1 

Myf5----Myogenic factor 5  

MyHC----Myosin heavy chain  

MyoD----Myogenic differentiation antigen  

Myog----Myogenin 

NES----Nuclear export signals  

NLS----Nuclear localization signal  

NR ----Nuclear receptors 

NMJ----Neuro muscular junction 

NPC ----Nuclear pore complex 

NPM----Nucleophosmin  
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NRF----Nuclear respiratory factor  

p21---Cyclin-dependent kinase inhibitor 1 

PABP----Poly(A)-binding protein  

PARN----Poly(A)-specific ribonuclease  

PARylation----Poly(ADP)-ribosylation 

PAX----Paired box transcription factor 

PGC-1α----Peroxisome proliferator-activated receptor coactivator 1 alpha 

PPARα----Peroxisome proliferator-activated receptor alpha  

PPARβ/δ---- Peroxisome proliferator-activated receptor beta/delta 

PPARγ---- Peroxisome proliferator-activated receptor gamma 

pri-miRNA----Primary miRNA molecules 

PRKCD ----Protein kinase C delta 

PTB ----Polypyrimidine-tract binding protein 

RBD----RNA-binding domain 

RBP----RNA-binding protein 

RISC----RNA-induced silencing complex 

RNPC----Ribonucleoprotein complexes  

RRM----RNA recognition motif  

SCD----Stearoyl-CoA desaturase 

SC---Satellite cells 

Shh----Sonic hedgehog  

Six----Sine oculis–related homeobox transcription factors 

SRF----Serum response factor  

ssRNAs----Single-stranded RNAs  

TIA-1----T-cell intracellular antigen 1  

TIAR----TIA-1–related protein  

TNF----Tumor necrosis Alpha 

TRBP----TAR RNA-binding protein 

TRN2----Transportin 2  

TSS----Transcriptional start site  

TTP----Tristetraprolin TTP  
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UPS----Ubiquitin proteasome system  

UTR----Untranslated region 

Wnt----Wnt protein family  

YB1----Y box binding protein 1 

ZBP1----Zip binding protein 1  
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3. Abstracts 

 

3.1. English  

Myogenesis, the process of muscle fiber formation and regeneration, is activated 

during embryogenesis and in response to muscle injury to ensure normal growth and 

repair of injured skeletal muscle tissue. The molecular regulatory events mediating 

myogenesis involve the sequential activation of four basic helix–loop–helix (bHLH) 

muscle specific transcription factors; Myogenic differentiation antigen (MyoD), Myogenin 

(Myog), Myogenic factor 5 (Myf5), and myocyte enhancer factor 6 (MRF4). Collectively 

referred as Myogenic Regulatory Factors (MRFs)1. The expression of MRFs is tightly 

regulated as ectopic expression has been shown to lead to compromised muscle 

function2-4. Although transcriptional mechanisms mediate the expression of these factors, 

recent evidence have demonstrated that transcription alone is not sufficient to maintain 

the high expression levels of MRFs needed during the lifespan of a myotube. Recently, 

the regulation of gene expression at the posttranscriptional level, including at the level of 

mRNA stability, localization and translation, was demonstrated to play an important role 

in the regulated expression of these MRFs during muscle development and 

maintenance5-11.  

The RNA binding protein (RBP) HuR (Human Antigen R) has been shown to play 

a prominent role in this process by stabilizing several promyogenic mRNAs including 

MyoD and Myog, as well as the cell cycle inhibitor p216,11. HuR has been previously 

shown to regulate its mRNA targets in several cell systems by collaborating/competing 

with additional trans-acting factors including RNA binding proteins (RBP) and micro RNAs 

(miRNAs).  Although we have shown that this is also the case in muscle cells12, the 

identity of the complete network of trans-acting factors, as well as the mechanisms 

through which they affect the pro-myogenic function, remains elusive. In this thesis I have 

explored the molecular mechanisms through which HuR mediates the integrity, 

composition and function of skeletal muscle tissue both in vitro and in vivo.  

Chapter I describes how HuR, via a novel mRNA destabilizing activity, promotes 

the early steps of myogenesis by reducing the expression of the cell cycle promoter 
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Nucleophosmin (NPM). We show that HuR mediates the destabilization of the NPM 

mRNA through a collaboration with the decay factor KSRP (The KH-type splicing 

regulatory protein). In the early stages of myogenesis HuR forms a complex with KSRP, 

to recruit the exonuclease Poly(A)-specific ribonuclease (PARN) and members of the 

exosome to the NPM mRNA, leading to its degradation. Our findings, therefore, highlight 

the interaction of HuR with KSRP during myogenesis as being pivotal for the 

differentiation and integrity of muscle. 

Chapter II illustrates a network of proteins ligands of HuR in muscle cells which, in 

addition to KSRP, may collaborate with HuR to regulate the myogenic process. We 

identified 20 novel protein ligands of HuR in muscle cells and provide evidence that one 

of these partners, the multifunctional DNA/RNA-binding protein YB1 (Y box binding 

protein 1), is required for the regulation of Myog mRNA stability and the formation of 

muscle fibers. We showed that during the preterminal stages of myogenesis YB1 

associates to HuR. This complex regulates the stability of the Myog mRNA by associating 

with a G/U-rich element (GURE) in the 3′ untranslated region (UTR). These findings 

demonstrate that the dual nature of HuR, functioning as a destabilizing and stabilizing 

RNA binding protein during myogenesis, is dependent on its interaction with different 

trans-acting factors. 

Chapter III focuses on addressing how HuR modulates the development and 

physiological function of skeletal muscle tissues. We generated a HuR muscle-specific 

knockout mice and demonstrated, that these mice, exhibit an enrichment of type I muscle 

fibers, resulting in the increased oxidative metabolic capacity of the skeletal muscle. HuR 

mediates these effects, in part, by destabilizing the PGC-1α mRNA in a KSRP-dependent 

manner. These results establish HuR as a powerful modulator of genetic programs 

implicated in energy metabolism and adaptations to endurance exercise. In addition, we 

demonstrate that loss of HuR specifically in skeletal muscle protects mice from cancer-

induced muscle wasting in the LLC model of cancer-caquexia. muHuR-KO mice-bearing 

LLC tumors (LLC-muHuR-KO) demonstrated a significant protection from LLC-induced 

weight loss when compared to their control counterparts (LLC-Control). Given the 

differential sensitivity of muscle fiber types to atrophy, the HuR mediated specification of 

glycolytic type II fibers raise the possibility that HuR expression can be targeted 
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therapeutically in skeletal muscles to combat conditions such as, DMD, denervation, 

disuse, and cancer cachexia, where wasting of type II fiber is favored.  

 

3.2. French 

La myogénèse, processus de formation et de régénération des fibres musculaires, 

est activée pendant l'embryogenèse et en réponse à des lésions musculaires pour 

assurer une croissance normale et la réparation du tissu musculaire squelettique. Les 

événements régulateurs de la myogénèse impliquent l'activation séquentielle de quatre 

facteurs de transcription à domaine hélice-boucle-hélice (bHLH) étant spécifiques aux 

muscles. l'antigène de différenciation myogénique (MyoD), la Myogénine (Myog), le 

facteur myogénique 5 (Myf5) et le facteur d'amplification des myocytes 6 (MRF4). 

L’expression de ces facteurs de régulation myogéniques (MRF)1 est elle aussi 

étroitement régulée. En effect, il a été démontré que l'expression ectopique de ceux-ci 

entraîne une altération de la fonction musculaire2-4. Bien que des mécanismes 

transcriptionnels servent de médiateurs pour l'expression de ces facteurs, des preuves 

récentes ont démontré que la transcription seule n'est pas suffisante pour maintenir les 

niveaux élevés d'expression des MRF nécessaires pendant la durée de vie d'un myotube. 

Récemment, il a été démontré que la régulation de l'expression génique au niveau post-

transcriptionnel, particulièrement au niveau de la stabilité, de la localisation et de la 

traduction de l'ARNm, joue un rôle important dans la régulation de l'expression de ces 

MRF pendant le développement et le maintien des muscles5-11. 

 Deplus, il a été démontré que la protéine de liaison a l'ARN (RBP) HuR (Human 

Antigen R) joue un rôle de premier plan dans ce processus en stabilisant plusieurs ARNm 

promyogéniques dont MyoD et Myog ainsi que l'inhibiteur du cycle cellulaire p216-11. Il a 

déjà été démontré que HuR régule ses cibles d’ARNm dans plusieurs systèmes 

cellulaires en collaborant ou en rivalisant avec d’autres facteurs de trans-action, 

notamment des protéines de liaison de l'ARN et des microARN (miRNA). Bien que nous 

ayons montré que c'est également le cas dans les cellules musculaires, l'identité du 

réseau complet de protéines ainsi que les mécanismes par lesquels elles affectent la 

fonction pro-myogénique de HuR restent méconnue. Dans cette thèse, j'ai exploré les 
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mécanismes moléculaires par lesquels HuR médie l'intégrité, la composition et la fonction 

du tissu musculaire squelettique à la fois in vitro et in vivo  

Le chapitre I décrit comment HuR, à travers une nouvelle activité déstabilisatrice 

de l'ARNm, favorise les premières étapes de la myogénèse en réduisant l'expression de 

la NPM. Nous montrons que HuR facilite la dégradation de l'ARNm de la NPM par une 

collaboration avec le facteur de désintégration KSRP (la protéine régulatrice d'épissage 

de type KH). Dans les premiers stades de la myogénèse, HuR forme un complexe avec 

KSRP, pour recruter l'exonucléase Poly(A)-spécifique ribonucléase (PARN) et l'exosome 

à l'ARNm de la NPM, conduisant à sa dégradation. Nos résultats mettent donc en 

évidence l'interaction essentielle de HuR avec KSRP pour la différenciation et l'intégrité 

du muscle au cours de la myogénèse. 

Le chapitre II illustre le réseau complet de protéines, en plus de KSRP, qui peuvent 

collaborer avec HuR pour réguler le processus myogénique. Nous avons identifié 20 

nouveaux ligands protéiques de HuR dans les cellules musculaires et fournissons la 

preuve que l'un de ces partenaires, la protéine multifonctionnelle de liaison à l'ADN/ARN 

nommée YB1 (Y box binding protein 1), est nécessaire pour la régulation de la stabilité 

de l'ARNm de Myog et la formation des fibres musculaires. Nous avons montré que 

pendant les stades préterminaux de la myogénèse, YB1 s'associe à HuR. Ce complexe 

régule la stabilité de l'ARNm de Myog en s'associant à un élément riche en G/U (GURE) 

dans la région 3′ non traduite (UTR). Ces résultats montrent donc que la double nature 

de HuR, en tant que protéine de liaison ARN à fonction déstabilisante ou stabilisante 

pendant la myogénèse, et que ceux-ci dépendent de son interaction avec différents 

facteurs de trans-action. 

Le chapitre III se concentre sur la manière dont HuR module le développement et 

la fonction physiologique des tissus musculaires squelettiques in vivo. Nous avons 

généré une souris HuR “knockout” spécifique au muscle et démontré, que ces souris, 

présentent un enrichissement des fibres musculaires de type I, entraînant une médie 

augmentation de la capacité métabolique oxydative du muscle squelettique. HuR agit en 

partie ces effets en déstabilisant de manière dépendante de la KSRP l’ARNm du 

coactivateur-1α de PPARγ (PGC-1α). Ces résultats établissent HuR comme un puissant 
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modulateur des programmes génétiques impliqués dans le métabolisme énergétique et 

les adaptations à l'exercice d'endurance. En outre, nous démontrons que la perte de HuR 

spécifiquement dans les muscles squelettiques protège les souris contre l’atrophie 

musculaire induite par le modèle LLC de cancer-cachexie. Les souris muHuR-KO 

porteusent de tumeurs LLC (LLC-muHuR-KO) ont démontré une protection significative 

contre la perte de poids induite par les tumeurs LLC par rapport à leurs homologues de 

contrôle (LLC-Contrôle). Étant donné la sensibilité différentielle des types de fibres 

musculaires à l'atrophie, la spécification des fibres glycolytiques de type II par la 

médiation de HuR soulève la possibilité que l'expression de HuR puisse être ciblée 

thérapeutiquement dans les muscles squelettiques afin de combattre des conditions où 

le amyotrophie des fibres de type II est favorisé telles que la dystrophie musculaire de 

Duchenne (DMD), la dénervation, la désuétude et la cachexie induite par le cancer. 
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5. Contribution to original knowledge 

This thesis includes the text and figures from 2 published research articles and 1 

manuscript. The work has been re-formatted to fit the overall style of the thesis. 

 

5.1. CHAPTER I: Destabilization of Nucleophosmin mRNA by the HuR/KSRP 

complex is required for muscle fiber formation. Nature Communications, 2014. 

We show that HuR, via a novel mRNA destabilizing activity, promotes the early 

steps of myogenesis by reducing the expression of the cell cycle promoter NPM. 

HuR mediated destabilization of NPM mRNA involves the association of HuR with 

the decay factor KSRP as well as the ribonuclease PARN and the exosome. 

 

5.2. CHAPTER II: Cooperativity between YB1 and HuR is necessary to regulate 

Myogenin mRNA stability during muscle fiber formation.  

We show that YB1 and HuR cooperate to promote the stability of Myog mRNA 

during the preterminal stage of myogenesis and that this interaction is necessary to 

sustain the integrity of skeletal muscle fibers. 

The cooperativity between YB1 and HuR provides further precedence indicating 

that a general mechanism through which HuR differentially modulates the expression of 

its mRNA targets during muscle fiber formation is by collaborating or competing with other 

trans-acting factors.  

 

5.3. CHAPTER III: Depletion of HuR in murine skeletal muscle enhances exercise 

endurance and prevents cancer-induced muscle atrophy. Nature 

Communications, 2019. 

We show that under normal conditions HuR modulates muscle fiber type 

specification by promoting the formation of glycolytic type II fibers. HuR mediates these 

effects by collaborating with the mRNA decay factor KSRP to destabilize the PGC-

1α mRNA. 
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Muscle-specific HuR knockout (muHuR-KO) mice exhibit a significant increase in 

the proportion of oxidative type I fibers in skeletal muscles, leading to a high exercise 

endurance which in turn is associated with enhanced oxygen consumption and carbon 

dioxide production. The type I fiber-enriched phenotype of muHuR-KO mice protects 

against cancer cachexia-induced muscle loss. 
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7. Introduction 

In the following section I will provide a comprehensive overview of muscle tissue 

with special emphasis in skeletal muscle. I will begin with a description of the structural 

characteristic and functional complexity that make skeletal muscle an important 

anatomical and metabolic tissue. Then, I will describe in details the process of muscle 

fiber formation, from its earliest developmental origin in the paraxial mesoderm to the 

formation of mature myofibers and its regeneration in postnatal life. In the last section of 

the introduction, I will provide a detailed review of our current understanding of the 

molecular mechanism mediating myogenesis, emphasising on the key posttranscriptional 

regulatory events involved in this process.  

 

7.1. Muscle basics.  

Muscle is a heterogeneous tissue serving a multitude of functions in the organism. 

At rest muscle tissue is responsible for approximately 20% of whole-body energy 

consumption. However, during vigorous exercise, this rate of energy consumption may 

go up 50 times or more. In vertebrates, there are three types of muscle tissue: Skeletal, 

Smooth and Cardiac (Fig 1.1). These muscle types are defined by two major 

characteristics: their mechanism of motor control (voluntary or involuntary), and the 

structure of their contractile units (striated or non-striated)13. 

Skeletal muscle is innervated by the somatic nervous system; hence its action is 

under conscious control (voluntary). Skeletal muscle is composed of long, cylindrical 

fibers, named myofibers, that contain multiple nuclei distributed along their periphery (Fig 

1.1.A). Each myofiber is made of repeated contractile units known as sarcomeres, 

arranged in regular, parallel bundles. Sarcomeres, in turn, contain two types 

of myofilaments: thick filaments (composed primarily of myosin) and thin filaments 

(composed primarily of actin). This structural arrangement gives skeletal muscle its 

characteristic stride appearance and categorize them as such. In response to increased 

levels of calcium, the thick and thin filaments interact in a sliding motion causing 
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sarcomere shortening. Simultaneous shortening of multiple sarcomeres results in muscle 

contraction, which in turn is responsible for the motion and support of the skeleton.13-15 

Cardiac muscle is only present in the heart and its contraction leads to the pumping 

of blood throughout the circulatory system. The cells of cardiac muscle, the 

cardiomyocytes, are single mononucleated cells attached to one another by specialized 

cell junctions known as “intercalated discs” (Fig 1.1B). Since cardiomyocytes are 

composed of sarcomeres, cardiac muscle is also categorized as a stride muscle. 

However, unlike skeletal muscle, cardiac muscle sarcomeres connect at branching, 

irregular angles and its contraction (heartbeats) is not the result of a single simultaneous 

shortening of all its sarcomeres. Due to its interconnected configuration, cardiac muscle 

contraction occurs in a wave-like pattern. This synchronized contraction initiates in 

specialized cardiac muscle cells called “pacemaker cells” that can generate electrical 

impulses spontaneously. The native rate of these electrical impulses can increase or 

decrease in respond to signals from the autonomic nervous system and cannot be 

consciously controlled.13,15,16 

Smooth muscle can be found lining the walls of hollow organs, such as the 

intestines and blood vessels, where its contraction facilitates bodily functions, peristaltic 

movement and vasocontraction respectively in the above examples. The contraction of 

smooth muscle is mainly under the control of the autonomous nervous system, occurring 

in an involuntary manner. Structurally, smooth muscle tissue is composed of single 

spindle-shaped cells with a single central nucleus (Fig 1.1C). Smooth muscle cells also 

contain thick and thin myofilaments, but, contrary to skeletal and cardiac muscles, they 

are not arranged in sarcomeres, therefore they are considered as non-striated muscle. 

Although their contraction involves the same sliding filament model used by striated 

muscle, the myofilaments in smooth muscle are anchored to unique structures that are 

spread throughout the cell named “focal adhesions” and “dense bodies”.  When the sliding 

motion interaction of thick and thin filaments is initiated, focal adhesions are drawn 

towards dense bodies, effectively squeezing the cell into a smaller conformation. The 

power of smooth muscle contractions is relatively low when compared to that of stride 

muscle but it can be sustained over a much greater range of time.13,15,17 
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Figure 1.1 Light micrographs of skeletal, cardiac and smooth muscle. A) Transverse 

histological section of skeletal muscle myocytes showing large, elongated, multinucleated 

fibers with peripheral nuclei. B) Transverse histological section of cardiomyocytes showing 

irregular branched myofibrils with central, single or double, nuclei. C) Transverse histological 

section of smooth muscle showing elongated fusiform shape myocytes with central nuclei. 

Sections were stained with H&E. (300x magnification). Images used under license from 

Shutterstock.  

 

7.2. Skeletal muscle structure and contraction. 

The skeletal musculature of any given organism is composed of several highly 

organized discrete organs (muscles), each constituted by blood vessels, connective 

tissue, muscle fibers and nerves. An individual skeletal muscle is made up of hundreds 

to thousands of multinucleated muscle fibers, bundled together by an irregular layer of 

connective tissue known as “epimysium”, which provides protection from friction against 

bone and other muscles (Fig 1.2). The epimysium also projects inward, producing a 

second layer of connective tissue, the perimysium, which divides the muscle into 

compartments that contain clusters of muscle fibers, the fascicles. Fascicles can vary in 

size, from 50 to up to 300 muscle fibers per bundle. A third layer of connective tissue, the 

endomysium, separates individual muscle fibers within the fascicles, each one resulting 

from the fusion of many precursor muscle cells (myoblasts), that come together in a 

process known as “myogenesis” (Fig 1.2). The interconnection of the three connective 

tissue layers (epimysium, perimysium and endomysium) is continuous throughout the 

muscle and with the tendons allowing an effective and efficient transmission of the 

contraction force to the bones, thus allowing skeletal movement. In addition, this network 

of connective tissue also provides a strong structural framework for the blood vessels and 

nerves. Generally, an artery and at least one vein accompanies each motor neuron that 

https://api.seer.cancer.gov/rest/glossary/latest/id/5502b70ce4b0c48f31d64c9d
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penetrates the epimysium of a skeletal muscle. Branches of the nerve and blood vessels 

will then extend along the perimysium and endomysium to transport nutrients and 

electrical impulses.13,15,16 

 

 

Figure 1.2. Schematic diagram illustrating the structural hierarchy of skeletal muscle 

tissue. Each skeletal muscle is enclosed within a thick layer of connective tissue called the 

epimysium, which is continuous with the fascia and the tendon, binding muscle to bone. Large 

muscles contain several fascicles, each wrapped in a second layer of connective tissue called 

the perimysium. Within fascicles, individual muscle fibers are surrounded by a third layer of 

connective tissue, the endomysium.  Image used under license from 18 

 

As mentioned previously, muscle fibers are mainly composed of actin (thin) and 

myosin (thick) myofilaments which make up more than 50% of total protein in the muscle 

cell14. Myofilaments are organized into sarcomeres which can be observed 

microscopically as structural entities (Fig. 1.3). The banding pattern in the sarcomeres is 

termed according to their appearance under polarized light. Each sarcomere is delimited 

by two dark colored bands called Z-lines, which define the lateral boundaries of the 

sarcomere and serve as anchors for thin filaments. The area between the Z-lines is further 

divided into two lighter colored bands at either end, the I-bands which correspond to thin 
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filaments, and a darker grayish band in the middle, the A band, which correspond to thick 

filaments (Fig. 1.3).  

 

Figure 1.3. Labeled diagrams and electronic micrograph of sarcomeres in a relax and 

contracted configuration. A) Schematic diagram and electronic micrograph of a sarcomere 

in a relaxed configuration showing its main components. B) Schematic diagram and electronic 

micrograph of a sarcomere in a contracted configuration showing its main components. The 

A-band is composed of myosin filaments (Thick) crosslinked at the centre by the M-band 

assembly. Actin filaments (Thin) are tethered at their barbed end at the Z-disc and interdigitate 

with the thick filaments in the A-band. Mouse skeletal muscle sections were fixed with 

glutaraldehyde and embedded in Epoxy resin. Sections were cut with a diamond knife, stained 

with uranium and lead, and examined with FEI Tecnai-T12 microscope. Image modified from19. 

 

Each individual muscle fiber is innervated by a single branch of a motor neuron 

which, through a neuro muscular junction (NMJ), transfers information from the nervous 

system to the muscle cell. A single motor neuron exclusively innervates a limited number 

of myofibers which can vary between as little as 3 (in extraocular muscles) to 1000-2000 

fibers (in gastrocnemius muscle)20,21. The combination of a motor neuron and the group 

of fibers that it innervates, constitutes a motor unit, which is considered as the smallest 

unit of force that can be activated to produce movement. When a motor unit is stimulated, 

the neuron releases a neurotransmitter (acetylcholine) into the cytoplasm of muscle cells 

triggering a series of events that lead to the release of large quantities of Calcium ions 

(Ca++) and activation of the troponin complex. The troponin complex is composed of three 

regulatory proteins: troponin C (calcium binding), troponin T (tropomyosin binding), and 
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troponin I (inhibitory) (Fig. 1.4). At low intracellular calcium concentrations, the 

tropomyosin protein sterically blocks the interaction of actin and myosin. As the calcium 

concentrations increase, tropomyosin no longer blocks this interaction, resulting in the 

exposure of actin-binding sites and enabling the attachment of myosin to actin (cross-

bridge) (Fig. 1.4). Following cross-bridge formation, ATP hydrolysis releases the energy 

required for myosin to pull the actin filament towards the centre of the A band, producing 

a sliding motion that causes the shortening of the thin filaments. Because actin is tethered 

to structures located at the Z bands, any reduction on the length of thin filaments results 

in the shortening of the sarcomere and thus the contraction of the muscle22. While the 

size, shape, and arrangement of muscle fibers of any given muscle will determine their 

unique mechanical function, it is the number of sarcomeres that operate together that 

dictates the amount of force produced by the muscle when it contracts. 

 

Figure 1.4. Schematic diagram 

illustrating the mechanism of the 

troponin complex. The troponin 

complex is composed of three 

subunits: TnT, which attaches to 

tropomyosin; TnC, which binds Ca2+; 

and TnI, which regulates the actin-

myosin interaction. Troponin 

complexes attach at specific sites 

regularly spaced along each 

tropomyosin molecule.  Image used 

under license from Shutterstock. 

 

 

7.3. Classification of skeletal muscle fiber types. 

In general, muscle motor tasks can be categorized in three types: 1) postural/joint 

stabilization, such as standing or siting, 2) long-lasting and repetitive activities like 

respiration or walking, and 3) fast and powerful actions, such as jumping or running. In 

order to respond to these needs, muscle fibers have a broad spectrum of physiological 

characteristics that makes them better suited to each kind of task. The major muscle 

fibers in mammalian skeletal muscles can be roughly classified into four types; type I, IIA, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/calcium-cell-level
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/myosin
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IIX, and IIB23. Muscle fiber types are categorized mainly by the particular isoform of 

myosin heavy chain (MyHC) they express, although many other components contribute 

to their specific physiological profile (Table 1.1). Type I fibers are slow-contracting, dense 

with capillaries and rich in mitochondria and oxidative enzymes which allows them to carry 

more oxygen and sustain aerobic activity using fats or carbohydrates as fuel. Their motor 

units have a high amount of impulse activity (300,000–500,000 over 24 hrs) with long-

lasting trains (300–500 seg) and relatively low frequency of firing (∼20 Hz). As such, this 

fiber type is better suited for postural/joint stabilization. Type II fibers, which are further 

subdivided into IIA, IIX and IIB, are all consider fast-contracting and are the ones that 

contribute most to muscle strength. When compared to type I fibers, type II fibers have a 

lower mitochondrial content, and a much higher level of glycolytic enzymes, although the 

amount in each subgroup varies (Table 1.1). Type IIB produce the fastest, strongest 

contraction but their motor units have a modest amount of activity per day (3,000–10,000 

impulses over 24 hrs), with high discharge frequency (70–90 Hz), and short duration of 

the trains (<3 seg). Consequently, these fibers are better suited for powerful actions. The 

motor units for types IIA and IIX do not exhibit major changes in their discharge frequency 

(50–80 Hz) when compared to type IIB, but they have the ability to sustain much greater 

activity per day (90,000–250,000 impulses) and relatively long train duration (60–140 

seg), coinciding with the requirements for long-lasting and repetitive activities23-25. 

 

Table 1.1. Contractile characteristics and metabolic properties of muscle fiber types.  

The profile of myosin heavy chains is consistent with speed and endurance.  
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Each muscle is composed of a mixture of these fiber types, which is mainly 

determined by genetic factors early in life23,26,27. However, changes in the metabolic 

environment within different fiber types can lead to the activation of transcriptional 

programs and signaling pathways that stimulate phenotypic changes to support muscle 

adaptation, a process known as fiber type switching. While fiber type switching is more 

likely to occur in developing and regenerating muscle, adult muscle fibers are also 

susceptible to this fiber type conversion28-30. Depending on the stimuli, a switch in fiber 

type can occur in a bidirectional prearranged pattern (I  IIA  IIX  IIB)31,32. Endurance 

training has been shown to induce a modestly increased proportion of type I fibers leading 

to an enhanced oxidative capacity33,34. Conversely, disease states such as obesity, 

metabolic syndrome and type 2 diabetes have been associated with a switch towards 

type IIB fibers and decreases oxidative capacity35-38.  

Due to the energy requirements of each type of fiber, a switch from oxidative 

phosphorylation (Type I) to aerobic glycolysis (Type II), which is less efficient in 

generating ATP, can profoundly impact whole body energy consumption. Regulatory 

pathways that control the metabolic flexibility of skeletal muscle fibers are frequently 

associated with the activity of two key metabolic regulators: peroxisome proliferator-

activated receptor alpha (PPARα) and peroxisome proliferator-activated receptor 

coactivator 1 alpha (PGC-1α)39-41. PPARα is one of three ligand-activated transcription 

factors belonging to the peroxisome proliferator-activated receptor (PPARs) subfamily of 

Nuclear Receptors (NR)42. Along with the other two members, PPARβ/δ and PPARγ, they 

influence lipid metabolism, inflammation and glucose homeostasis41,43,44. While all three 

PPARs are expressed in skeletal muscle, they display distinct tissue distribution patterns, 

enabling them to perform distinct, although overlapping functions. PPARα is mainly 

expressed in tissues with high metabolic rates such as liver, heart, muscle, and kidney 

and it has a central role in fatty acid oxidation and lipoprotein metabolism45,46. On the 

other hand, PPARγ is enriched in adipose tissue and is essential for adipocyte 

differentiation, lipid storage, and glucose metabolism46-49. PPARβ/δ although ubiquitously 

expressed, is the most abundant PPAR subtype in skeletal muscle44,50. Is an essential 

regulator of mitochondria biogenesis and fatty acid oxidation (FAO), and its activation 

triggers a transcriptional program that leads to a drastic increase in the utilization of fatty 
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acids as fuel51-53. Both PPARα and PPARβ/δ have been shown to drive the up-regulation 

of genes involved in Free Fatty Acid (FFA) uptake (such as cluster of differentiation 

36/SR-B2 (CD36) and LPL52,54,55), FFA intracellular transport (such as fatty acid binding 

protein 3 (FABP3)56) and fatty acid oxidation (such as CPT1)57,58. In addition, their 

expression has been associated to skeletal muscles metabolic adaptation through fiber 

type transformation31,53,54,59-63. Muscle-specific overexpression of an active form of the 

PPARβ/δ was shown to increase the percentage of type I myofibers causing a lean 

phenotype, mimicking exercise training60. A correlation between the expression of PPARα 

and the proportion of type I fibers has been found in human skeletal muscle62,64. The 

transcriptional activation of PPAR-regulated genes is facilitated by transcriptional 

coactivators such as PGC-1α 65. PGC‐1α has been established as a master regulator in 

the maintenance of mitochondrial function, thermogenesis and energy homeostasis66-70. 

Similar to PPARβ/δ, overexpression of PGC‐1α in skeletal muscle causes a switch from 

fast to slow muscle fiber type, accompanied by resistance to fatigue71. Conversely, PGC-

1α skeletal muscle knockout mice show a shift from type I and type IIA, to type IIX and 

IIB fibers72. A decrease in exercise capacity and an enrichment of type II fibers is also 

evident in conditions, such as insulin resistance and type II diabetes, that result in the 

decreased expression of PGC‐1α.73,74  

Indeed, the metabolic contribution to skeletal muscle fiber type composition is an 

important consideration in health and disease. It has long been known that another key 

aspect of fiber type is their differential susceptibility to catabolic signals. While fasting, 

cancer cachexia, sepsis or exposure of muscles to glucocorticoids triggers the wasting of 

type IIX and IIB muscle fibers, types I and IIA fibers are known to be sensitive to inactivity, 

microgravity, and denervation75-78. The underlying cause of this sensitivity to specific 

atrophy signals has been suggested to be directly associated to the levels of PGC-1α in 

these fiber types. PGC-1α was shown to partially prevent denervation and fasting induced 

muscle atrophy by reducing the FoxO3 (Fork head box class O 3) dependent upregulation 

of the ubiquitin ligases Atrogin-1 and MuRF179, two key components of the Ubiquitin 

Proteasome System (UPS) that control protein turnover in skeletal muscle2,75,77,80. These 

findings indicate that manipulation of muscle fiber type composition hold promise for 

treatment of muscle related diseases. However, in order to elicit an integrated 
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physiological response, the associated changes in neural innervation, motor neuron 

function, and peripheral metabolic adaptation must be considered.  

 

7.4 Skeletal muscle lineage specification and myogenesis. 

During embryonic development the formation of skeletal muscle tissue can be 

described in two districts but overlapping process: the specification of the myogenic 

lineage (formation of precursor muscles cells) and the differentiation of precursor muscles 

cells into muscle fibers. A broad spectrum of regulatory factors and signaling molecules 

direct these processes; while the specification to the muscle lineage depends on the 

combined action of the Sine Oculis–Related Homeobox Transcription Factors (Six), the 

Wnt protein family (Wnt), the bone morphogenetic proteins (BMP) and the Sonic 

hedgehog (Shh) signalling molecule1,81-83, the progression of precursor muscle cells 

towards mature myofibers is mainly controlled by a core network of four muscle specific 

transcription factors; Myf5, MyoD, Myog and MRF4 (Fig 1.5)8,84. The expression of these 

molecules follows a tight spatial and temporal regulation which is crucial for the 

development of functional skeletal muscle tissue. 

Figure 1.5. Hierarchy of 

transcription factors 

regulating progression 

through the myogenic lineage. 

Six1/4 and Pax3/7 are master 

regulators of early lineage 

specification, whereas Myf5 and 

MyoD commit cells to the 

myogenic program. Expression of 

the terminal differentiation genes, 

required for the fusion of 

myocytes and the formation of 

myotubes, are performed by both 

Myog and MRF4. Muscle 

progenitors that are involved in 

embryonic muscle differentiation 

skip the quiescent satellite cell 

stage and directly become 

myoblasts. Image modified from 1  
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7.4.1 Specification of the muscle lineage. 

In mammals, the positions and identities of cells that will form the three germ 

layers; ectoderm, mesoderm, and endoderm, are determined early in gestation. These 

three layers give rise to every organ in the body; from muscle and hair, to blood vessels 

and brain (Fig. 1.6)85. During the course of development, the middle layer, named the 

mesoderm, is anatomically separated into the paraxial, intermediate, and lateral 

mesoderm. Differential gene expression and morphogen gradients along the axis of the 

embryo induce pairwise condensations of paraxial mesoderm into somites. Somites are 

the first metameric structures in mammalian embryos, they develop progressively into 

distinct dorso–ventral compartments. Skeletal muscles of the body, with the exception of 

some head muscles, are derived from cells from the most dorsal portion of the somites, 

referred as dermomyotome (Fig 1.7)86,87.  

 

Figure 1.6. Schematic illustrating the organization of the three germ layers during 

succeeding days of mouse gestation. A) At E6.5 of mouse development, the three germ 

layers, Ectoderm, Mesoderm and Endoderm, are clearly visible in the trilaminar embryo. B) As 

development proceeds, the mesoderm will have organized into 3 areas: the paraxial 

mesoderm, adjacent to the notochord; the lateral plate mesoderm at the periphery; and the 

intermediate mesoderm, localized between the two. C) At E8.0, the paraxial mesoderm has 

increased in size and has organized itself into a somite. D) By E10.5 the somite has enlarged, 

and neural tube formation has concluded. Image modified from88.  

 

The molecular signals that direct progenitor cells from the dermomyotome towards 

the myogenic lineage do not act in a strictly linear manner. They are rather organized in 

complex feedback and feed-forward networks. Still, the expression of the transcription 

factors Six1 and Six4 at embryonic day 8 (E8.0) is currently considered as the highpoint 

in the genetic regulatory cascade that mediates specification of the myogenic linage89. 

Disruption of the Six1 gene was shown to lead to neonatal lethality due to the absence of 
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diaphragm muscle and severe hypoplasia90. By binding to the MEF3 sites in the 

promoters of its target genes Six1, in collaboration with its co-activators Eya1/2, regulate 

the expression of several promyogenic genes. Upregulation of one of these genes, the 

paired box transcription factor 3 (Pax3), is crucial for promoting the commitment of 

embryonic stem cells to the myogenic lineage28,91. Although neither Pax3 nor its 

paralogue Pax7 are skeletal muscle specific, their expression in stem cells from the 

dermomyotome marks the acquisition of the identity as a muscle progenitor cells. Pax3 

and Pax7 are expressed in partially overlapping domains, however, they are not 

functionally equivalent; while Pax3 is required for the efficient delamination and migration 

of progenitor muscle cells from the dermomyotome, Pax7 plays an important role in 

regulating the onset of muscle fiber formation in pre and postnatal myogenesis92.  

Downstream of Six1/4, the early progenitors muscle cells delaminating from the 

dermomyotome continue to progress towards the myogenic lineage due to the 

combinatory action of Bmp4, Wnt and Shh signaling molecules93. Activation of Shh 

signaling in both the floor plate and the notochord, and Wnt signal (mainly Wnt1 and 

Wnt3) from the neural tube (Fig. 1.7), synergistically induce the expression of Myf5 that, 

together with Pax3, activates MyoD expression1,94,95. Subsequently, downregulation of 

Pax3 and activation of MRF4 in these early precursor cells leads to the formation of the 

myotome96, a primitive muscle structure containing the first fully differentiated muscle 

cells named mononucleated myocytes (Fig 1.8C). At around E11, the newly formed 

mononucleated myocytes elongate along the anterior-posterior axis of the embryo to 

span the entire somite length, a process controlled by Wnt11 signaling97. Simultaneously, 

Bmp4 expression in the lateral-plate mesoderm (Fig 1.7) promotes expression of Pax3 

and delays upregulation of MyoD92,98, adversely affecting the elongation of the myotome. 

The apparent antagonism between Bmp4 and Shh/Wnt signaling is key in muscle 

development, as it prevents a precocious commitment of progenitor cells into the 

myogenic linage. By maintaining Pax3 expression Bmp4 promotes an asynchronous 

specification pattering, allowing the influx of a sufficient pool of cells that will enter terminal 

specification, while at the same time maintaining a certain population off cells in a stem 

like state. 

https://englishthesaurus.net/synonym/asynchronous
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Figure 1.7. Signaling molecules regulating 

progression of the myogenic lineage. Several 

signaling molecules are secreted from various domains 

in the embryo to specify the maturation of the somite into 

the sclerotome, the dermomyotome and, subsequently, 

the myotome. Wnt proteins are secreted from the dorsal 

neural tube and the surface ectoderm while Shh is 

secreted from the floor plate and the notochord. The 

combination of Wnt and Shh signaling activities are 

required to induce the expression of Myf5. This 

contrasts with the function of BMP4, secreted from the 

lateral mesoderm plate. A balance between these dorsal 

and ventral signals is key to promoting local identity of 

precursor muscle cells. Image modified from 99. 

 

Myotomal myocytes transition from a mononucleated to a multinucleated state 

occurs rapidly during embryogenesis (Fig. 1.9) and is hallmarked by the formation of 

embryonic myoblast. Myoblasts are mitotically competent cells derived from the 

dermomyotome, which show a Pax3-, MyoD+, Myf5+ expression profile.  These cells are 

considered as the final stage in the specification of the myogenic lineage. Once formed, 

embryonic myoblast will progressively translocate to the myotome and continue to 

proliferate within it. Upon myotome colonization, they will exit the cell cycle and begin 

fusing to form muscle fibers, a process referred as myogenesis.  

 

 

Figure 1.8. Schematic representation of transverse sections through the embryo 

illustrating the process of myotome formation during succeeding days of gestation. A) 

Upon undergoing mesenchymal-epithelial transition (MET), the newly matured somites 

develop into an outer epithelial region (outer pink layer), organized around a mesenchymal 

core (blue). B) As development proceeds, the outer epithelial cells will differentiate to form the 

dermomyotome while the mesenchymal cells will differentiate to form the sclerotome. C) By 

E11.0 of mouse embryo, muscle progenitor cells have migrated from the dermomyotome to 

form the myotome (green), composed of mononucleated myocytes. Image modified from 99. 
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7.4.2 Skeletal myogenesis during embryogenesis. 

The presence of embryonic myoblast in the myotome initiates the second phase 

of muscle development; Myogenesis84,93,100. During embryogenesis myogenesis occurs 

in two distinct phases: an early embryonic or primary phase (E10.5-E12.5 in mouse,) and 

a later fetal or secondary phase (E14.5-17.5 in mouse)101,102. During primary myogenesis, 

embryonic myoblasts residing in the myotome fuse to form primary (nascent) myotubes 

which contain few nuclei1,98. Whether myotomal cells are incorporated into primary 

myotubes or undergo programmed death upon the formation of primary fibers is still a 

subject of debate. However, it is clear that these myotomal cells provide the scaffold that 

supports the differentiation of proliferative myoblasts into muscle fibers103,104. As myoblast 

begin fusing, Pax3+ cells from the dermomyotome will infiltrate the myotome and align 

with nascent myotubes. Some of these myogenic progenitors will begin downregulating 

Pax3 and start expressing Pax7. A subset of Pax7+ cells will then proliferate and replenish 

the progenitor pool, while others will withdraw from cell cycle and recapitulate the 

molecular regulatory pathways that lead to their differentiation into myoblast (Pax3-, 

MyoD+, Myf5+ expression profile). Formation of myoblast derived from these Pax7+ 

progenitor pool (fetal myoblast) marks the completion of primary myogenesis (Fig. 

1.9)1,82,105,106.  

Secondary myogenesis is identified by the incorporation of fetal myoblasts to pre-

existing primary fibers and their de novo fusion to form secondary fibers. Further 

maturation of the multinucleated fibers will lead to innervation and expression of muscle 

structural proteins such as myosin and actin and the assembly of functional myofibers 105. 

During this phase, Pax7+ progenitor cells will position beneath the basal lamina that 

surrounds each muscle fibre to give rise to the first satellite cells (SC). As development 

proceeds some of the newly formed satellite cells will enter quiescence and henceforth 

reside within the muscles, providing the myogenic precursors involved in myofiber growth, 

and repair in postnatal life (Fig. 1.9)81,107-109. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/myotube
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Figure 1.9. Stages of skeletal myogenesis from the embryo to the adult. A) The early 

myotome (left, yellow) is composed of mononucleated myocytes which are aligned along the 

anteroposterior axis and span each somitic compartment. During primary myogenesis 

(Embryonic stage), Pax3+ progenitors (yellow cytoplasm, green nuclei) delaminate from the 

dorsal side of the dermomyotome and contribute to the formation of large primary myofibers 

(yellow). During secondary myogenesis (Fetal stage), Pax7+ myogenic progenitors (red 

cytoplasm, brown nuclei) contribute to secondary (red) fiber formation, using the primary fibers 

as a scaffold and contributing to the growth of fetal muscles. During this phase, satellite cell 

precursors (purple cytoplasm, brown nuclei) localize under the basal lamina (dotted line) of 

the fibers where they can be found in adult muscles. Key processes associated with each 

stage are listed above. DM. Dermomyotome; nt, neural tube; n, notochord. Image modified 

from 110  

 

7.4.3 Skeletal myogenesis in postnatal life, regeneration. 

Muscle fiber formation in postnatal life, recapitulates many aspects of embryonic 

myogenesis however one key difference is the inability of adult tissue to generate de novo 

myofibers111. In higher vertebrates, the total number of muscle fibers present in each 

muscle is fixed at the time of birth and while growth, injury or other subtle stresses, such 

as exercise-induced muscle damage, can stimulate the proliferation and fusion of 

myoblast to pre-existing fibers, this process slows as the animal grows so that little or no 

myoblast proliferation or fusion occurs in the adult1. Similar to embryonic myogenesis, 

postnatal myogenesis requires the recruitment of an undifferentiated progenitor cells to 

the site of injury and its differentiation into myoblasts, marked by the irreversible 

expression of Myf5, and MyoD, this function is provided by the SC. Unless activated by 

muscle injury or other stimuli, adult SCs exist in a quiescent, non-proliferative state112. 

Once activated, they will follow either self-renew or differentiate into myoblast. If self-

https://www.sciencedirect.com/topics/medicine-and-dentistry/myotube
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renewed, SC will either follow an asymmetric division in an apical–basal orientation, give 

rise to a father cell that is identical to the original stem cell (Pax7+/Myf5- expression profile) 

and a committed daughter cell (Pax7+/Myf5+ expression profile) or a planar symmetric 

division leading to the expansion of SC stem cell population (Fig. 1.10).  

 

Figure 1.10.  Modes of satellite stem cell division. Satellite stem cells can self-renew via 
symmetric or asymmetric cell divisions. A symmetric cell division along the planar axis (with 
respect to the myofiber) generates two stem cell daughters. Asymmetric cell divisions along 
the apicobasal axis give rise to a stem cell and a committed myogenic progenitor cell. 
Alternatively, satellite stem cells can directly express myogenic commitment factors (such as 
Myf5) to commit to the myogenic lineage and expand the progenitor population that will 
participate in muscle repair. Image from 113. 

 

Wnt and Notch signaling are both involved in the cell fate regulation of SC. Wnt7a, 

released from regenerating muscle fibers, signals through the planar cell polarity pathway 

to expand satellite stem cell population through symmetric divisions114, leading to a 

dramatic enhancement of the regenerative capacity of injured muscle115. Interestingly, 

the timing of Wnt activation has been shown to be critical to determine the SC fate. A 

transition from Notch signaling, which functions to expand the progenitor pool of adult 

skeletal muscle upon injury, toward Wnt3a signaling has been reported to be required for 

efficient myoblast differentiation and muscle regeneration which is maintained in the 

active state by Notch signaling and inactivated by Wnt signaling115. The balance between 

self-renewal and differentiation is crucial for stem cell maintenance and tissue 

homeostasis. Dysfunction leading to decreased self-renewal would eventually lead to 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/homeostasis
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depletion of the stem cell population, while uncontrolled self-renewal would result in 

overproduction of stem cells and potentially tumorigenesis. 

 

7.5 The gene regulatory network mediating skeletal myogenesis. 

As mention previously, myogenesis is controlled by a core network of transcription 

factors, the MRFs; Myf5, MyoD, Myog and MRF4, that induce or repress the expression 

of muscle-specific genes in response to various signals7,8,34,82,83,107,109,116-118. MRF genes 

are expressed exclusively in myogenic cells. The transcriptional activity of the MRFs is 

mediated by a bHLH domain which binds to E box sequences (CANNTG) in the promoter 

of many pro-myogenic genes119. Expression of the MRFs  is under strict spatial and 

temporal activation; while high levels of Myf5 and MyoD are observed in the early stages 

of myogenesis, coinciding with the formation and expansion of the mononucleated 

myoblast population120, Myog and MRF4 levels increase only at a later stage when 

myoblasts fuse (a process referred to as myoblast differentiation)7,8,34,82,107,109,116-118,121. 

 First detected at E8.5, Myf5 mRNA reaches a maximal level between E9.5 and 

E10.5122, after this peak of expression, Myf5 level declines rapidly beginning in the rostral 

part of the embryo and proceeding in caudal direction8,123. MyoD expression begins at 

E10.5 and in contrast with Myf5, its expression is continuous and persistent throughout 

prenatal development. MyoD transcripts accumulate mostly in the hypaxial myotome, 

where it drives the differentiation of the limb, tongue and diaphragm muscles8,117,124. Myog 

and MRF4 act later in the myogenic process and are considered as “differentiation 

MRFs”. Accumulation of Myog mRNA is first detectable in rostral somites at the time of 

myotome formation. Myog plays a critical role in the terminal differentiation of myoblasts 

but is dispensable for the generation of the myogenic lineage as evidence by the fact that 

mice lacking Myog have poorly developed skeletal muscle tissue even though myoblasts 

are present8,34,103,125,126. Through the activation of p21, Myog promotes an irreversible cell 

cycle withdrawal, an event that also triggers the expression of muscle structural proteins 

such as myosin and actin105,127. MRF4 expression is first detected in somites about 12 hr 

after Myog. Similar to Myf5, its expression is only transient as MRF4 transcripts can only 

be detected, by in situ hybridization, for about 2 days and its presence is restricted to the 
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myotome sand128. As development proceeds, the expression of MRF4 transcripts 

reoccurs from E16 onwards in fully formed skeletal muscle129,130. This biphasic 

expression is unique to MRF4 and is suggested to be necessary for myotome 

formation131. However, given that MRF4 null mice are viable and do no show 

compromised muscle function132, the specific role and importance of MRF4 remains 

unclear.  

Numerous studies have been directed to uncover the transcriptional regulation of 

the genes encoding the MRFs. The undertaking of these studies has led to the 

characterization of several transcription regulatory elements in the MyoD, Myog and 

Myf5/MRF4 locus (Fig. 1.11). In the case of MyoD, its expression is regulated by the 

concerted effects of two elements located upstream of the MyoD Transcriptional Start 

Site (TSS); the core enhancer (CE) that directs early embryonic expression, and the distal 

regulatory region (DRR) involved in its expression in differentiating muscles (Fig. 

1.11A)133-135. Expression of Myog is delineated by 6 well characterized binding 

sequences within the 143 bp immediately upstream of the Myog TSS. These include a 

TATA Box, MEF2, MEF3, PBX, and an E-Box (Fig. 1.11B)136,137. In addition, three 

elements with enhancer-like characteristics have been detected in the Myog locus; an 

early enhancer at −4.5 kb upstream of the TSS which is active within the first 24 hr of the 

onset of myoblast fusion and two late enhancers, at −5.5 kb, and −6.5 kb, which drive 

Myog expression 60 hr after the onset of myoblast differentiation137.  

The regulation of the Myf5/MRF4 loci is a bit more complex, given the proximity of 

the Myf5 and MRF4 genes (8.8kb)138,139. Multiple enhancer regions have been identified 

in the 140 kb region upstream of Myf5’s TSS. At least 4 different enhancer cassette 

control distinct expression patterns of Myf5 in dorsal dermomyotome, ventral 

dermomyotome, branchial arches and limb & myotome (Fig. 1.11C)138,140,141; MRF4 

biphasic expression (embryonic and foetal/adult) requires at least four enhancer regions 

that overlap with those of Myf5. While three elements specifically drive the embryonic 

phase in central thoracic myotome, ventral and dorsal myotome, and the somatic bud, a 

single enhancer has been implicated in its expression in multinucleated fibers (Fig. 

1.11C)139. Studies of the activities of MRFs enhancers in muscle progenitor lineages of 

wild-type and mutant embryos have provided insights into the tremendous diversity of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/knockout-mouse
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developmental signaling ligands and signal transduction effectors molecules that 

interactively and independently control MRFs activation 90,95,133. In addition to this network 

of transcriptional activation/repression, auto-regulation and cross-regulation exists 

among the myogenic bHLH proteins; MyoD and Myog have been long known to regulate 

each other while at the same time modulating their own level of expression and MRF4 

has been shown to negatively regulate the level of Myog while being subject to trans-

activation by all other MRFs itself120,132,142.  

 

 

 

 

 

 

Figure 1.11. Transcription regulatory 

elements in the MyoD, Myog and 

Myf5/Mrf4 locus. A) Enhancer regions 

controlling MyoD expression B) 

Conserved DNA binding elements within 

the Myog promoter. Modified from 143 C) 

Myf5 and MRF4 genes are both located on 

chromosome 10, about 8.8 kb apart. 

Elements regulating MRF4 expression, 

located upstream of MRF4 TSS are shown 

on the top part. Myf5 enhancers spanning 

140 kb upstream of the Myf5 start site and 

the intragenic region of Myf5 are shown on 

the bottom part. Image modified from 123. 
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7.6 The role of post-transcriptional regulation in myogenesis. 

Gene expression studies have demonstrated that a tight and coordinated 

regulation of the expression levels of MRFs is required for myogenesis to occur1,8 and 

that the onset and progression various skeletal muscle disorders share a deregulation of 

these timely series of events13,14. MRFs levels can be dynamically regulated by either 

restricting the abundance of mRNA, achieved by modulation of the transcriptional activity, 

or by restricting the abundance of the protein product through post-transcriptional 

regulation. While transcription plays a prominent role in the regulation of myogenesis, we 

now know that transcription alone is not sufficient to maintain the high levels of MFRs 

needed during the life spam of a myotube. Over the past two decades, numerous studies 

have demonstrated that post-transcriptional regulatory events play prominent role in 

regulating the spatial/temporal abundance of MRFs during myogenesis. 

When a eukaryotic gene is transcribed, the nascent RNA produced isn't 

immediately considered a messenger RNA (mRNA). Instead, it is present as an 

"immature" molecule called a pre-mRNA. The maturation of an mRNA involves an 

extensive series of posttranscriptional modifications which include the removal of introns, 

the addition of a 7-methyl-guanylate (m7G) cap structure at the 5' end and the addition of 

a stretch of 100-250 adenine residues at the 3' end of the mRNA (the poly(A) tail). The 

resultant mature mRNA has a tri-domain structure consisting of a 5' untranslated region 

(5’UTR), a coding region made up of triplet codons, each encoding an amino acid, and a 

3'UTR (Fig. 1.12). UTRs are known to play crucial roles in the posttranscriptional 

regulation of gene expression by controlling, among other things, the nuclear export, 

subcellular localization, stability, and/or translation of mRNA molecules. Each one of 

these posttranscriptional regulatory events can potentially be speed up, slowed down, or 

altered allowing us to achieve a highly refined modulation of gene expression. 
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Figure 1.12. Overall structure of eukaryotic mRNA. The generic structure of a eukaryotic 

mRNA containing the 5’ and 3’UTRs as well as the coding region.  Also illustrated are some 

post-transcriptional regulatory elements that affect gene expression. UTR, untranslated 

region; m7G, 7-methyl-guanosine cap; hairpin, hairpin-like secondary structures; uORF, 

upstream open reading frame; IRES, internal ribosome entry site; CPE, cytoplasmic 

polyadenylation element; AAUAAA, polyadenylation signal. Image from144. 

 

 Multiple, distinct mechanisms are involved in mediating posttranscriptional 

regulatory events, and nearly all of them involve the association of trans-acting factors, 

such as miRNAs and RBPs, to cis-regulatory sequence elements located in the 5’ and/or 

3’UTR region of the corresponding RNAs. The 5’ region, which includes the 5'cap 

structure and the cis-elements in the 5'UTR, are best known for their role in regulating 

cap-dependent as well as cap-independent (via Internal Ribosome Entry Sites: IRES) 

translation145. The 3 'UTR is best known for its role in regulating the half-life and decay of 

a message due to the presence of cis-elements, such as the adenylate-uridylate-rich 

element (ARE), that confer instability146. 

Individual mRNAs can harbor multiple discrete cis-elements for binding to multiple 

RBPs or miRNAs, allowing for a transcript-specific regulation that integrate multiple 

signals. In a complementary concept, nearly all trans-acting factors bind to a multitude of 

mRNAs that frequently encode functionally related proteins147. Hence, the organization 

and active interplay between RBPs, miRNAs, and a given mRNA allows for a dynamic 

regulation of gene expression, which is critical in tissues like skeletal muscle, which has 

an inherent ability to fine tune its expression profile in response to environmental and 

physiological changes, including but not limited to exercise, diet, disuse, and disease.  
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7.6.1 Cis-Regulatory elements involved in posttranscriptional regulatory 

mechanisms. 

While advances in high-throughput assays and genomic studies has expanded the 

genomic mapping of cis-regulatory elements, determining which sites are biologically 

functional remains a major challenge. Among these sequences, the ARE represent the 

most conserved and well-studied group of RNA cis-elements known to regulate a distinct 

subset of transcripts. This group of sequences is very heterogeneous and includes 

AUUUA pentamers and AT-rich stretches that can be found clustered in different 

combinations (Table 1.2). The functional role of the ARE was first established in vitro by 

subcloning the ARE-containing sequence from the 3′UTR of granulocyte macrophage-

colony stimulating factor (GM-CSF) mRNA in a reporter gene construct.  The inclusion of 

the GM-CSF mRNA ARE in the 3’UTR of the reporter construct decreased the stability of 

the chimeric reporter mRNA148. Recently, genome-wide analyses of mRNA transcript 

half-lives showed that transcripts containing conserved AREs in their 3′ UTRs have short 

half-lives149 and that the combination of multiple clusters of AREs in any given transcript 

has an additive effect on mRNA decay and deadenylation processes150. In addition to 

mRNA turnover, AREs also participate in regulating the translation of messages151. 

However, the specific interrelationship between the ARE-mediated control of mRNA 

turnover and translation is yet to be fully uncovered.  

 

Table 1.2. Conserved sequences of ARE and GRE post-transcriptional cis-regulatory 

elements.  
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Another closely related cis-element recognized as essential regulators of mRNA 

splicing, stability, and translation in mammalian cells is the GU-rich element (GRE) which 

differs from AREs by 2 nt (GUUUG) (Table 1.2)152. GRE-containing RNAs represent 

approximately 8% of transcripts of the human transcriptome and are mainly involved in 

controlling mRNA turnover153. Several RBPs, mostly those containing RNA Recognition 

Motive (RRM) domains152,154-156,  have been reported to bind with higher affinity to GRE 

repeats, RBPs belonging to the CELF family are the preferential regulators of GRE 

containing transcripts, mediating their degradation. The mechanism through which GREs 

and AREs control of mRNA turnover rely on the formation of RNP complexes, that 

involves the binding of RBPs to these elements. Upon binding, these factors can either 

accelerate or slow down deadenylation-dependent mRNA decay by influencing multiple 

steps of the decay process, including the accessibility of the RNA transcripts to specific 

mRNA degrading machinery157-160. Both the CELF and ELAVL families of RBPs have 

been shown to bind strongly to the ARE and GRE elements155,156,161-165. These two 

families share over 80% of sequence conservation within RRMs but cause opposite 

outcomes. While the CELF family binding to GRE leads to mRNA degradation165, the 

ELAVL family function as stabilizers of mRNAs containing AREs in their 3’UTR156,159,166-

170. ARE-mediated regulatory mechanisms play a critical role in the process of muscle 

cell differentiation, the genes encoding for the MRFs MyoD and Myog, contain 

AREs/GREs in their 3'UTRs6,11, and their stability has been shown to increased upon the 

induction of muscle differentiation6,7,11. However, the mechanisms through which AREs 

mediate the expression of these promyogenic targets is yet to be elucidated.  

 

7.6.2 Posttranscriptional regulation through microRNAs. 

miRNAs are evolutionarily conserved, small non-coding single-stranded RNAs 

(ssRNAs) of ~22 nt in length that can promote translational repression or induce the decay 

of their targeted mRNAs. miRNAs are first transcribed as primary miRNA molecules (pri-

miRNA), which base pair with themselves and fold over, creating a hairpin. Next, the 

hairpin is process by the microprocessor complex Drosha/DGCR8 to generate a small 

double-stranded fragment of about ~70 bp (pre-miRNA) which is then exported to the 
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cytoplasm by the Exportin5 protein171. In the cytoplasm, pre-miRNAs are further 

processed by the RNase III Dicer to yield ∼22 nt pre-miRNA duplex. Later, with the help 

of two closely related proteins, the TAR RNA-binding protein (TRBP /TARBP2) and PACT 

(PRKRA), the newly formed pre-miRNA duplex is loaded onto Argonaute (AGO) proteins 

to generate the RNA-induced silencing complex (RISC). One strand of the ~22-nt RNA 

duplex will be degraded while the other one will remain in the Ago protein as a mature 

miRNA (Fig. 1.13) 171. 

 

 

Figure 1.13. Biosynthesis of miRNA. microRNA 

genes are transcribed by RNA polymerase II (Pol II) 

to generate the primary transcripts (pri-miRNAs). 

The initiation step (cropping) is mediated by the 

Drosha–DiGeorge syndrome critical region gene 8 

(DGCR8; Pasha in Drosophila melanogaster and 

Caenorhabditis elegans) complex (also known as 

the Microprocessor complex) that generates ∼65 

nucleotide (nt) pre-miRNAs. Pre-miRNA has a short 

stem plus a ∼2-nt 3′ overhang, which is recognized 

by the nuclear export factor exportin 5 (EXP5). Once 

exported from the nucleus, the cytoplasmic RNase 

III Dicer catalyses the second processing (dicing) 

step to produce miRNA duplexes. Dicer, TRBP 

(TAR RNA-binding protein; also known as TARBP2) 

or PACT (also known as PRKRA), and Argonaute 

(AGO)1–4 (also known as EIF2C1–4) mediate the 

processing of pre-miRNA and the assembly of the 

RISC complex (RNA-induced silencing complex) in 

humans. One strand of the duplex remains on the 

Ago protein as the mature miRNA, whereas the 

other strand is degraded. Ago is thought to be 

associated with Dicer in the dicing step as well as in 

the RISC assembly step. In D. melanogaster, Image 

from 171 
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To control their biological function, miRNAs act on their mRNA target through 

complete or near-complete sequence complementarity172. The interaction between 

miRNAs and their RNA targets is mediated through a seed element in the 3’UTR of the 

mRNA, which is composed of 8 nt that are complementary to nucleotides 2–9 of the 5′ 

end of the miRNA. Canonical binding sites are characterized by a complete base pairing 

between the miRNA seed sequence and the mRNA target, while noncanonical sites are 

based on the imperfect base pairing at the seed sequence173. 

The precise molecular mechanisms that underlie the function of miRNAs remain 

largely unknown. However, several studies suggest that the extent of complementarity 

between the miRNA and its target transcript is determinant for the mechanism of 

silencing. For example, with the exception of miR-172, which acts as a translational 

repressor, all characterized plant miRNAs anneal to their targets with nearly complete 

complementarity at a single site, either in the coding region or in the UTRs, resulting in 

the degradation of these messages174. Conversely, when miRNAs pair with their targets 

imperfectly, such as in the case of most miRNAs from mammalian, worms and flies175,176, 

they trigger translational repression rather than mRNA cleavage. RBPs can dampen 

miRNA-mediated decay of mRNAs by binding directly to miRNA precursors or, indirectly, 

by competing for binding motifs present in the 3′UTR of their mRNA targets. Physical 

interaction of the RBP ZFP36 with AGO2 has been shown to enhance miRNA-dependent 

mRNA degradation177. On the contrary, the RBP HuR has been shown to compete with 

miRNAs for binding to RNA regulatory motifs present in the 3′UTR of target mRNAs, 

enhancing their stability178,179 or translation12.  

 

7.6.2.1 miRNA in myogenesis, myomiRs. 

Several miRNAs have been shown to be specifically expressed in stride muscles 

including miR-1, miR-206 and the miR-133 family.  As such, these miRNAs are referred 

as “myomiRs” (Table 1.3). MyomiRs expression is under the control of transcription 

factors including MyoD, MEF2 and serum response factor (SRF)180-182. In C2C12 skeletal 

muscle cells, miR-1 was shown to promote myogenesis by targeting histone deacetylase 
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4 (HDAC4), a repressor of the MEF2 transcription factor183. Thus, the repression of 

HDAC4 by miR-1 establishes a positive feed-forward loop in which the up-regulation of 

miR-1 by MEF2 causes further repression of HDAC4 and increased activity of MEF2, 

which in turn drives myocyte differentiation. By contrast, miR-133 enhances myoblast 

proliferation by repressing the transcription factor SR which, in turn, suppresses 

proliferation by repressing cyclin D2 expression in a negative feedback loop184. miR-206A 

differs from miR-1 by 4 nucleotides and was shown to be upregulated by MyoD and to 

target Pax3 and Pax7 mRNAs leading to their degradation. The expression of mirR-206 

has also been examined in vivo and was shown to be upregulated in the skeletal muscle 

of mdx mice (a mouse model of Duchenne muscular dystrophy) injected with cardiotoxin, 

a potent inducer of muscle regeneration 185. 

 

Table 1.3. Muscle specific miRNAS and their mRNA targets in muscle 

 

7.6.3. Posttranscriptional regulation through RNA binding Proteins   

RBPs are a diverse group of proteins that form ribonucleoprotein complexes (RNP) 

by binding to either specific sequence motifs or to structural patterns predominantly 

located in the UTRs of their target mRNAs. RBPs regulate all aspects of RNA metabolism, 

including splicing and processing of mRNA-precursors (pre-mRNAs) in the nucleus, the 

export and localization of mRNAs to distinct subcellular regions in the cytoplasm, as well 

as mRNA translation and degradation186 (Fig. 1.14). The importance of RBPs as 

regulators of these and other processes is underscored by the myriad of disease states 

and syndromes linked to disruption of RBP expression or function187. RBPs are 



Page | 48  

 

characterized by the presence of one or more well-structured RNA-binding domains 

(RBD), such as the RNA recognition motif (RRM), hnRNP K-homology domain (KH), cold 

shock domain (CSD), zinc fingers (ZF) domain, double stranded RNA-binding domain 

(dsRBD) and DEAD box helicase domain188. Many RBPs, such as those belonging to the 

the ELAV family, contain multiple RNA binding domains which typically leads to an 

increased affinity and/or specificity for RNA, and it has been suggested to enhance the 

recruitment of interacting protein partners189,190. Post-transcriptionally regulatory events 

can be broadly categorized into two subcategories: those occurring in the nuclear fraction 

(including capping, splicing or polyadenylation) and those occurring in the cytoplasmic 

fraction (including nuclear export, localization, translation or turnover (stability and 

decay)). For the purposes of this thesis, I will focus on regulatory events occurring in the 

cytoplasm. 

Figure 1.14. Mechanisms of RBP-mediated 

regulation of gene expression. Gene expression is 

regulated at several levels after transcription and 

addition of the 5’ cap and poly(A) tail. Prior to export, pre-

mRNAs are spliced to remove introns forming mature 

mRNA. Next, mature mRNA is exported into the 

cytoplasm and can be further localized to a specific 

compartment where its translation is regulated. 

Localization of mRNA to specific compartments can also 

lead to its decay. The translation of mRNA can be either 

cap-dependent or cap-independent, and also subject to 

regulation. These processes are regulated by the 

dynamic association of RNA-binding proteins (RBPs, 

showed in colored shapes) with mRNA, which define a 

transcript’s lifetime, cellular localization, editing, 

polyadenylation and rates of translation and decay, 

ultimately determining the levels of protein produced. 

Image from 191  

 

7.6.3.1. Control of mRNA nuclear export  

Following maturation of the mRNA, the efficient and proper transport of mRNA 

from the nucleus to cytoplasm occurs through the nuclear pore complex (NPC), an 

assembly of nucleoporins integrated within the nuclear envelope. Proteins and their RNA 

cargos translocate through the NPC through two major export pathways; the first one via 

the family of karyopherin-β nuclear export factors, which is dependant on the differential 
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RanGTP gradient in the nucleus and cytoplasm and the second via the non-karyopherin 

heterodimer Nxf1/Nxt1, which is independent of the RanGTP gradient192. The majority of 

poly-A transcripts are exported via the Nxf1/Nxt1 heterodimer. The NXF1 receptor is itself 

an RBP that harbors a RRM domain through which it can efficiently bind mRNA. However, 

since it does so in a non-specifically manner, additional factors are needed to mediate 

their attachment to specific mRNAs192,193. 

The karyopherin-β family contains both import and export receptors (importins and 

exportins respectively). Karyopherin-β proteins are not themself RBPs. Instead, they 

recognize nuclear localization signals (NLSs) or nuclear export signals (NESs) in proteins 

which themselves have mRNA binding activity194. The most extensively studied members 

of the karyopherin-β family are importin β1 and importin β2 (transportin 1 and 2 

respectively) as well as Exportin 1 (Chromosomal Maintenance 1/CRM1)195. Several 

mRNA binding proteins, such as HuR and Nmd3, have been shown to exit the nucleus 

by interacting with these receptors196-198. HuR, for example, has also been shown to 

mediate its own shuttling out of the nucleus by interacting with transportin 210 and has 

also been shown to alternatively interact with CRM1 through two protein ligands, pp32 

and APRIL in response to heat shock196,197 199, suggesting that HuR works as an export 

adapter for many mRNAs196.   

 

7.6.3.2. Regulation of mRNA subcellular localization. 

RNA localization generally refers to the transport or enrichment of subsets of 

mRNAs to specific subcellular regions. RNA localization can be achieved ‘passively’ by 

local protection from degradation or through the trapping/anchoring at specific cellular 

locations. Asymmetric distribution of RNA has been shown to be crucial for cell 

differentiation and development. To date, more than 100 mRNAs are known to undergo 

active mRNA transport in diverse organisms200. In Drosophila eggs, the mislocalization of 

nanos mRNAs has been shown to lead to the production of a second abdomen instead 

of the head and thorax201. In yeast, approximately half of the transcripts coding for 

mitochondrial proteins preferentially localize to the organelle surface202. Subcellular 

localization of mRNA is mediated by cis-acting elements mostly located in the 5' and 3' 
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UTRs generally referred to as zipcode sequences (Fig. 1.12) which interact with zip-code-

binding proteins such as the zip binding protein 1 (ZBP1), cytoplasmic polyadenylation 

protein (CPEB) and members of the familial mental retardation proteins (FMRPs)203-205. 

The best characterized mechanism involving zip code sequences is the regulation of the 

local translation of β-actin mRNA by ZBP1206. ZBP1 associates with β-actin mRNA in the 

perinuclear space and mediates its transport in a translationally repressed form to the cell 

edge, once at the cell edge, ZBP1 is phosphorylated by Src in response to an extracellular 

signal, and the mRNA is released and translated206. 

Subcellular localization can also be established by the “active” transport of RNAs 

via RBP-motor protein complexes. Many RBPs have been shown to shuttle from the 

nucleus to the cytoplasm, which is fundamental for most of their described functions on 

their target mRNAs207. In addition, their intracellular trafficking to specific cytoplasmic 

localization, such as the translation apparatus, the exosomes or processing (P)-bodies is 

an important determinant for the destiny of their bound target mRNAs. In most cell types, 

the shuttling of these RBPs is not a constitutive process, it is rather transiently induced 

by activation of different signals194,208. Indeed, it has also been shown that HuR 209,210 and 

its neuronal relative HuD211,members of the ELAV family of RBPs, when in the cytoplasm 

can utilize either the actin- or microtubule-dependent cytoskeleton for transport of mRNA 

cargo. Mechanistically, the interaction between Hu proteins and microtubules is thought 

to be indirect and mediated by Microtubule Associate Proteins (MAPs).  

 

7.6.3.3. Control of translation efficiency 

The overall process of translation of mRNAs can be divided into three steps: 

initiation, elongation and termination. This process is regulated in a spatial-temporal 

manner to modulate the abundance of the corresponding protein product. Regulation of 

mRNA translation can occur in two ways; global regulation, where translation regulation 

occurs in a non-specific manner and affects general protein biosynthesis, and mRNA-

specific regulation, where only the translation of a defined group of mRNAs or a single 

mRNA is modulated. Global regulation is achieved by controlling the rate of initiation 

through targeting of translation initiation factors (eIFs), the proteins responsible for the 

https://www.sciencedirect.com/topics/neuroscience/beta-actin
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first step in the initiation process. eIF4E mediates the recruitment of the mRNA to the 

small ribosomal subunit by binding to the cap structure at the 5′ end of the mRNA and 

promoting its interaction with eIF4G which, in turn, binds to the poly(A)-binding protein 

(PABP) to form the initiation complex (IC). The IC then scans the mRNA in 5′ to 3′ direction 

until the initiation codon (AUG) is reached leading to the merging of the large ribosomal 

subunit to the IC and the formation of active ribosomes. The rate of the initiation stage 

can be enhanced or inhibited by altering either the phosphorylation state of eIF4E or by 

targeting its binding to eIF4G. Key RBPs have been shown to repress global translation 

by preventing the binding of eIF4E to eIF4G; 4E-binding proteins one, two and three (4E-

BP1, 4E-BP2, and 4E-BP3)212,213. When 4E-BPs are hypophosphorylated, they can 

sequestrate eIF4E and prevent the interaction with eIF4G and inhibit the translation. 

When they are hyperphosphorylated, they cannot bind to eIF4E, which is then released 

to participate in the protein translation initiation213-215. These 4E-BPs are phosphorylated 

in response to growth factors, amino acids, or hormones such as insulin which activates 

the mTOR pathway (molecular target of rapamycin).  

Several conditions such as cachexia, sarcopenia, and disuse muscle atrophy are 

characterized by the impairment of general protein synthesis. While the basis of this 

inhibition in translation is likely to be multifactorial (pro-inflammatory cytokine expression, 

malnutrition, insulin resistance and/or physical inactivity) it is accompanied by increased 

phosphorylation of 4E-BP1216, evidencing the key role of RBPs in the onset of muscle 

wasting. Indeed, enhanced 4E-BP1 activity in mouse skeletal muscle was demonstrated 

to lead to an increased oxidative metabolism and to protects mice from diet- and age-

induced insulin resistance and metabolic rate decline. 4E-BP1 mediated this metabolic 

protection directly through increased translation of PGC-1α and enhanced respiratory 

function217.  

The second mode of translational regulation concerns mRNA-specific control, 

where translation of defined groups of mRNAs or an individual transcript is modulated 

without affecting general protein biosynthesis. This can be carried out by specific RNA-

binding proteins, which often bind to sequence or structural elements in the UTRs of 

target transcripts. A prime example for such regulation is the Internal Ribosome Entry 

Site (IRES) dependant translation. IRES elements are long, highly structured RNA 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mammalian-target-of-rapamycin
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sequences that function to recruit ribosomes to an mRNA in a CAP independent manner 

(Fig. 1.12). While some IRES elements are capable of recruiting the ribosomal subunits 

on their own, others require at least a subset of eIFs as well as certain RBPs to facilitate 

IRES-mediated translation (IRES-transacting factors/ ITAFs)218. A number of these 

regulatory proteins enhancing or repressing IRES activity have been characterized, such 

as, polypyrimidine-tract binding protein (PTB), the caspase-cleaved form of DAP5/ p97 

(p86), hnRNP-A1 and HuR219-222. Among these proteins, HuR is recognized as the only 

negative regulator of IRES function. HuR was shown to inhibit p27 mRNA translation by 

binding to a cis-elements in the 5’UTR and locking the mRNA into a conformation which 

is not permissive for IRES-mediated translation initiation219.  

 

7.6.3.4. Regulation of mRNA Stability  

RNA degradation plays a major role in regulating the quantity of gene expression 

in the cell, the abundance of an RNA transcript is a reflection of both its rate of synthesis 

and degradation. Degradation rate of an mRNA molecule is highly variable, in mammals, 

once transcripts are exported from the nucleus, the half-life can range from as little as 15 

minutes to more than 10 hours223. Three main components have been linked to the rapid 

degradation of a transcript: the length of the poly(A) tail, the integrity of the 5′ cap structure 

and the presence of destabilizing cis-elements, such as AREs and GREs motives (Fig. 

1.2). 

Deadenylation of mRNA, which involves the shortening of the poly (A) tail, is 

considered to be the rate-limiting step of the exonucleolytic decay pathway. 

Deadenylases are recruited to RNA substrates by a variety of RBPs and complexes. The 

poly (A)-specific ribonuclease PARN, the most extensively studied deadenylase, has 

been shown to interact with the 5′ cap of the mRNA substrate to enhance its enzymatic 

activity/processivity224,225. Following deadenylation, decapping is the next step in the 

decay of many mRNAs as the presence of the m7G-cap on mRNAs makes the mRNAs 

intrinsically resistant to degradation by 5′ to 3′ exonucleases present in both the nucleus 

and cytoplasm of eukaryotic cells226. Once an mRNA has been decapped and/or 

deadenylated, it can be targeted by cytoplasmic exonuclease at the 3’ or 5’ ends of the 
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mRNA for degradation. 3′ to 5′ decay in the cytoplasm is performed primarily by a multiunit 

complex called the exosome and requires an accessible 3′ hydroxyl227,228 (Fig. 1.15). On 

the other hand 5’ to 3’ decay is mainly orchestrated by the exonuclease XRN1, the 

primary cytoplasmic exonuclease, which preferentially degrades RNAs with a 5′ 

monophosphate end, precisely corresponding to the 5′ termini following mRNA 

decapping229. 

 

 Figure 1.15. Pathways for exonucleases access to RNAs for degradation. 5′-3′ 

exoribonucleases (XRN1) require a 5′ monophosphate, whereas 3′-5′ exoribonucleases 

(exosome and DIS3L2) require an accessible 3′ hydroxyl. A 5′ monophosphate can be 

generated in a regulated fashion by the process of decapping. Processing of the decapped 

mRNA can then occur in a deadenylation (poly(A) tail shortening) dependent or deadenylation 

independent fashion. Deadenylation itself generates an accessible 3′ hydroxyl for 

exoribonucleases. Poly(U) polymerases (also called TUTases) can uridylate the 3′ end of RNA 

targets to increase DIS3L2 exonuclease accessibility. In the 3′-5′ exonuclease pathway, the 

scavenger decapping enzyme DCPS acts on short-capped oligonucleotides to promote full 

degradation. Finally, rather than remodeling the natural 5′ and 3′ ends of the target mRNA, 

endoribonucleases, including the RNA-induced silencing complex (RISC) complex of the RNA 

interference (RNAi) pathway, can cleave a transcript internally and generate fragments with 5′ 

monophosphate and 3′ hydroxyl ends for exonucleolytic decay. Image from 227. 

 

As describe in section 7.6.1 the presence of AREs and GREs cis-elements has a 

big impact on determining the longevity of the mRNA. These sequences facilitate the 

binding of destabilizing/stabilizing factors, mainly RBPs, which affect the rate of 

decapping/deadenylation by preventing the recruitment of the degradation machinery or 
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facilitate their degradation by physically recruiting nucleases to their target transcripts. 

Many mRNA binding proteins have been discovered to date, which either stabilize (e.g. 

HuR/HuA, HuB, HuC, HuD, YB1, PAIP2) or destabilize (e.g. AUF1, CUGBP1, KSRP) 

their target transcripts. 

 

7.6.3.5. RBPs-mediated stability in myogenesis 

The role of mRNA stability in mediating changes in skeletal muscle gene 

expression is readily observed in studies that showed that the stability of specific 

mitochondrial regulators have an inverse relationship with the oxidative capacity of 

specific muscles230,231. Such findings are attributed, in part, to the differential abundance 

of RBPs across the range of striated muscle fiber types232. The rate of degradation of 

specific transcript, such as the utrophin A mRNA was also shown to be decrease in the 

presence of extracts made from soleus muscle (SOL) (predominantly slow-twitch), versus 

the extensor digitorum longus (EDL) (predominantly fast-twitch) muscles233. Furthermore, 

in vivo analysis using reporter constructs containing full and truncated lengths of the 

utrophin 3′UTR revealed a region containing elements capable of suppressing mRNA 

levels in EDL muscles, which were not targeted in Soleus muscle234. Suggesting that 

muscle fiber types distinguish themselves phenotypically using divergent rates of mRNA 

degradation which is itself directly related to the nonuniform distribution of selected RBPs 

across different fiber types232.  

In addition, in the last decade, the contribution of RBPs in directly controlling the 

expression of MRFs during myogenesis has taken a major role7,9,11,235-242 (Fig. 1.16). To 

date, KSRP and HuR are the only ARE-RBPs shown to directly modulate the expression 

of certain MRFs. However, CUGBP1, AUF1 and YB1 have been identified to bind GREs 

and AREs of promyogenic targets and to be implicated in regulating their half 

life146,230,243,244, which makes these proteins of particular interest in the study of muscle-

specific gene regulation. 
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Figure 1.16. RNA-binding 

proteins in myogenesis and 

their known mRNA targets. 

Schematic representation 

illustrating the mRNA targets and 

binding selectivity of known 

RBPs involved in myogenesis. 

Image modified from 191. 

 

 

 

 

7.6.3.5.1. CUG triplet repeat, RNA binding protein 1 (CUGBP1). 

CUGBP1 is a member of the CELF family of RBPs, it binds to a variety of mRNA 

cis-elements including GREs, and AREs, via three RRM domains. CUGBP1 has been 

shown to regulate alternative splicing as well as the stability and translation of its mRNA 

targets5 (Fig. 1.16). CUGBP1 mediates muscle cell differentiation by regulating the 

translation of mRNAs encoding the promyogenic factors p21245. Analysis of CUGBP1 

expression during myogenesis revealed a dramatic increase in its mRNA and protein 

levels upon induction of muscle differentiation resulting in the increase levels of CUGBP1 

in the cytoplasm246, an essential event required for myogenesis as preventing the 

accumulation of CUGBP1 in the cytoplasm has been shown to lead to muscular dystrophy 

and myotonia due to decrease expression of p21, Myog and MEF2A.245,247  

 

7.6.3.5.2. AU-rich binding factor 1 (AUF1) 

AUF1 primarily functions as a ARE-mRNA decay factor170,248, it consists of four 

related protein isoforms named for their molecular weights (p37, p40, p42, p45), derived 

by differential exon splicing of a common pre-mRNA249. While the molecular mechanism 

by which AUF1 regulate its target messages is not fully understood, it involves the 
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interaction of the different isoforms in a variety of homo- and hetero-complexes248. All four 

isoforms of AUF1 share some common structural elements, including two tandem, non-

identical RRM domains containing canonical RNP-1 and RNP-2 sequence motifs, as well 

as an 8-amino acid glutamine-rich sequence located C-terminal to RRM2249. Recently it 

has been demonstrated that AUF1 is involved in major stages of muscle development 

and regeneration, from control of the muscle stem cell (satellite cell) differentiation to 

development of mature muscle fibers250. AUF1 complete these functions by selectively 

targeting development checkpoint mRNAs, such as Twist1, p21, and RGS5 for rapid 

degradation250(Fig. 1.16). Furthermore, AUF1 null mice showed that, while healthy 

skeletal muscle can develop in the absence of functional AUF1, the satellite cell 

population is clearly altered and once activated is quickly depleted leading to age-related 

and post-injury myopathy251. 

 

7.6.3.5.3. Y box binding protein 1 (YB1) 

YB1, is a highly conserved member of the cold shock domain (CSD) family of 

proteins. The Y-box binding protein contain three main domains: the A/P domain 

(enriched of Alanine and Proline), the C- terminal domain (CTD) and the CSD. The CSD 

contains two highly conserved RNA recognition motifs, RNP-1 and RNP-2, which play a 

key role in mediating YB1 interaction with nucleic acids. Originally identified as a 

transcription factor binding to the promoter of major histocompatibility complex class II 

genes in the conserved Y-box motif (CCAAT)252, YB1 has been shown to bind to a variety 

of sequences in DNA and RNA molecules253,254, including mRNAs with a high GC 

content255. Having the ability to shuttle between the nucleus and the cytoplasm, YB1’s 

functions have been linked to its localization in cells and its ability to form distinct 

complexes with different protein partners254,256,257. YB1 is predominantly localized in the 

cytoplasm but has been shown to move into the nucleus in response to environmental 

signals such as DNA damage258,259. In the nucleus, it primary functions as a transcription 

factor, regulating the expression of genes involved in cell proliferation and differentiation. 

In the cytoplasm, however, YB1 plays a key role in regulating the stability and translation 

of its target mRNAs254,256. In skeletal muscle, YB1 was shown to regulate the maturation 

of the NMJ by binding to acetylcholine receptor α-subunit (AChRα) mRNA and inhibiting 
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its translation leading to NMJ maturation243,260 (Fig. 1.17). Additionally, nuclear 

localization of YB1 is thought to be preceded by its cleavage which generates a truncated 

isoform, YB1/P32, that displays a distinct nuclear localization. Accumulation of this 

truncated isoform in the nucleus was shown to inhibit C2C12 myoblast differentiation by 

preventing the expression of MyoD via binding to the CER of the MyoD promoter 258,259.  

 

7.6.3.5.4. KH-type splicing regulatory protein (KSRP). 

KSRP is involved in a variety of cellular processes, including nuclear RNA splicing 

and mRNA localization in the cytoplasm261. KSRP contains four RNA binding KH 

domains, which in addition to recognizing AREs in its mRNA targets, are responsible for 

binding to both the exosome and PARN, therefore promoting the rapid decay of ARE-

containing mRNAs159. Indeed, in proliferating myoblasts, KSRP is known to associate 

with AREs present in the 3’UTR of the Myog and p21 mRNAs leading to their rapid 

decay262(Fig. 1.16). By doing so, KSRP participates in ensuring the proliferation of 

myoblasts and prevents their premature commitment to the myogenic process. KSRP 

association to its promyogenic mRNA targets, during muscle cell differentiation, is 

mediated by its phosphorylation (on Thr 692) by the p38 mitogen-activated protein 

kinase (MAPK). p38 MAPK induced phosphorylation of KSRP leads to a loss in binding 

to the p21 and Myog mRNAs, resulting in a failure to promote their rapid decay despite 

being able to bind to the mRNA degradation machinery262. In addition, KSRP has been 

shown to regulate the biogenesis of the miR‐1, miR‐133a, and miR‐206 miRNAs by 

binding to G-rich stretches in the terminal loop of their pri-miRNA molecules, as such, 

KSRP knockdown impairs myogenic miRNA maturation, increases the expression of 

some of their targets and inhibits C2C12 myoblasts differentiation263. 

 

7.6.3.5.5. Human Antigen R (HuR) ELAVL1 

Of the posttranscriptional regulator involved in myogenesis, HuR has been the 

most well studied. HuR is a ubiquitously expressed protein, a member of the ELAV protein 

family (HuR, HuB, HuC, HuD)264. It’s main function is as an mRNA stabilizer and 

translational activator and has also been shown to act as adaptor protein for the nuclear 
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export of their target messages170,196,265-268. To date, HuR protein is among the few RBPs 

shown to activate the expression of mRNAs that contain AU-rich sequences, as most 

other ARE-binding proteins function in their degradation. However, depending on the 

mRNA target of interest, HuR can also promote or inhibit mRNA translation without 

detectable changes in the turnover of the mRNA target170,269,270. HuR contains three RRM 

domains through which it can bind directly to several classes of ARE elements (tandem 

repeats of AUUUA; A+U regions with interspersed AUUUA and U-rich sequence with no 

AUUUA pentamers)271. While RRM1 and RRM2 are mostly required for binding to 

ARE/GREs272,273, RRM3 has been suggested to have a predominant role in mediating 

protein-protein interactions, poly(A) binding and stabilization of ribonucleoprotein 

complexes (RNPC)168,199,274,275. A hinge  region, located between RRMs 2 and 3, contains 

a nucleocytoplasmic shuttling sequence (HNS) which regulates nuclear import/export of 

HuR272 (Fig. 1.17A).  

HuR has a critical function during skeletal myogenesis, which is linked to its 

coordinated regulation of several promyogenic targets at different posttranscriptional 

levels6,11. In myoblasts, HuR predominantly localizes to the nucleus; however, its 

cytoplasmic fraction increases on the onset of differentiation becoming nearly exclusively 

cytoplasmic in fully mature fibers (Fig. 1.17B). Studies focused on HuR cytoplasmic 

export in muscle cells showed that during the transition phase from myoblasts to 

myotubes, a fraction of HuR is cleaved at its 226th residue, an Asp (D), generating two 

cleavage products HuR-CP1 and HuR-CP210. HuR-CP1 binds to TRN2 and interferes 

with the TRN2-mediated nuclear import of HuR leading to the cytoplasmic accumulation 

of the remaining noncleaved HuR (Fig. 1.17C). HuR cleavage was shown to be essential 

for myoblast differentiation, as a non-cleavable isoform of HuR (HuRD226A) was unable 

to re-establish muscle cell differentiation in HuR-depleted myoblasts197,276.  
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Figure 1.17. The role of HuR in myogenesis. A) Schematic of HuR RNA binding domains 

organization, HuR has three RNA Recognition Motifs (RRM, yellow) and a hinge region (blue). 

The HuR Nucleocytoplasmic Shuttling Sequence (HNS) with in the Hinge region is 

represented in stripes. Enlargement depicts the site of HuR cleavage during muscle fiber 

formation. B) Localization of HuR protein in C2C12 cells grown to confluency (myoblast) or 

differentiated muscle fibers. Cells were fixed and used for immunofluorescence, using the 

monoclonal anti-HuR antibody C) Model depicting how HuR cleavage participates in the 

promyogenic function of HuR. During the early steps of myogenesis, the nuclear import of HuR 

is ensured by the import factor TRN2.10 During fusion, in which myoblasts form myotubes, 

HuR is needed in the cytoplasm. At this stage, HuR is cleaved by caspases generating HuR-

CP1, which in turn blocks the TRN2-mediated import of HuR. HuR-CP1 competes with HuR 

and forms a stable complex with TRN2. HuR then accumulates in the cytoplasm. Nuclear-

cytoplasmic shuttling of HuR is directly linked to it ability to bind to its mRNA targets. Image 

from 10 

 

In muscle cells HuR regulates the early and pre-terminal phases of the myogenic 

process by associating with AREs in the mRNAs of several classic and newly identified 

modulators of myogenesis10-12,197,267. During the early stages of myogenesis, HuR 

promotes the expression of HMGB1 by preventing miR-1192-mediated translation 

inhibition of the [the high mobility group box 1 (HMGB1) mRNA12. Later, during the pre-

terminal stage, when myoblasts begin their fusion to form myotubes, HuR associates with 

and stabilizes MyoD, Myog, and p21 mRNAs leading to an increase of the corresponding 

protein and the promotion of muscle fiber formation10,11,197 (Fig. 1.16).  

https://www.nature.com/articles/cdd201034#ref-CR10
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In addition to its promyogenic functions, HuR has also been implicated in muscle 

wasting by post transcriptionally regulating the messages encoding the pro-cachectic 

factors; inducible Nitric Oxide Synthase (iNOS) and Signal Transducer and Activator of 

Transcription 3 (STAT3)4,236,239. Exposure of skeletal muscle tissue to proinflammatory 

cytokines was shown to increase HuR association to the ARE in the 3’UTR of the iNOS 

mRNA leading to its stabilization and increase expression, consequently activating the 

pro-cachectic iNOS/NO pathway (Fig. 1.18). Similarly, under cytokine-induced muscle 

wasting conditions, HuR increases the translation of the STAT3 mRNA by preventing the 

binding of miR-330 to its 3’UTR leading to the onset of STAT3-induced muscle wasting 

277. 

 

Figure 1.18. Model depicting the role of HuR-

regulated iNOS mRNA and thus NO secretion in 

changes in MyoD mRNA levels. In muscle cells 

TNF-α and IFN-γ stimulate, respectively, the 

transcription factor NF-κB as well as IFN-γ-dependent 

transcription factors (such as STAT1), which in 

conjunction induce the mRNA expression of the iNos 

gene. The RNA-binding protein HuR, which is 

localized in the nucleus, associates with the iNOS 

mRNA through its ARE mediating its stability and 

probably its export to the cytoplasm. iNOS enzyme 

will likely induce NO conjugation with the superoxide 

(O2 −) to form peroxynitrite. The release of OONO− 

either inside the cytoplasm or outside the cell will 

activate the down regulation process of MyoD mRNA. 

The exact mechanism leading to NO-dependent 

MyoD loss is still unclear and could be due to 

destabilization and decay of the message in the 

cytoplasm or to transcription inhibition of Myod gene 

in the nucleus. Image from 236 
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8. Rationale and objectives of the thesis. 

It is clear that the integrity of skeletal muscle tissue is vital for the survival of an 

organism and it’s quality of life. Myogenesis is a tightly coordinated regulatory 

process107,121,278 who’s importance is accentuated by the fact that the inability of muscle 

to regenerate or adapt to metabolic changes leads to the development or progression of 

various skeletal muscle disorders4,80,238,239,279-288. Our previous work demonstrates that 

HuR is a key player involved in muscle fiber formation. We have shown that HuR’s 

promyogenic function is mediated by its ability to differentially regulate the expression of 

key promyogenic mRNAs targets, such as MyoD, Myog, p21 and HMGB1. HuR mediates 

these effects by competing with the miRNA miR1192 for binding to the HMGB1 mRNA 

thereby increasing its translation while, alternatively, binding to AREs in the 3’UTR of 

MyoD, Myog, and p21 and regulating their stability through a yet unknown mechanism. 

Recent findings from our laboratory show that depletion of endogenous HuR from 

undifferentiated C2C12 myoblast increases the steady-state levels of the cell cycle 

modulator NPM. Our observations indicate that during the initiation stages of myogenesis 

HuR, in addition to regulating the HMGB1 mRNA, destabilizes the NPM transcript, a 

function not previously described for HuR. The possibility of HuR downregulating the 

expression of its mRNA targets is unexpected as HuR is a well-known stabilizer of 

mRNAs7,264,269. However, since HuR was shown to affect the expression of NPM mRNA 

in intestinal epithelial cells, we reasoned that this could also be the case in muscle cells. 

Our previous work also demonstrated that HuR differentially regulates its mRNA targets 

during the different stages of the myogenic process. While the HuR-mediated regulation 

of the HMGB1 mRNA is restricted to the early stages of myogenesis, when HuR in 

predominantly localized in the nucleus242, the stabilization of MyoD, Myog and p21 

mRNAs occurs at later stages when myoblast begin to fuse and HuR translocate to the 

cytoplasm11. Taken together these observations support the established notion that the 

pleiotropic function of HuR is directly associated to the nature of its protein ligands7,197,238-

242,265,268,276,289,290. Therefore, the function of HuR during the different stages of 

myogenesis is likely linked to its collaboration/competition with other protein partners 

which help establish the specificity with which it binds to its mRNA targets during this 
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process. To identify these protein ligands, we performed an immunoprecipitation (IP) 

experiment using muscle cell extracts followed by mass spectrometry. From this analysis, 

we identified KSRP and YB1 as potential ligands of HuR, two well-characterized RBPs 

that have been previously linked to myogenesis243,259,260,262,291. Together these 

observations provide strong evidence in support of the hypothesis put forth in this thesis 

that the differential promyogenic functions of HuR during the different stages of 

myogenesis involves its collaboration/competition with various protein ligands such as 

KSRP and YB1.  

In addition, despite these advances, little is known about the physiological 

relevancy of HuR in this process. One of the main drawbacks in addressing the in vivo 

importance of HuR in muscle formation/function is that HuR-null mice are embryonically 

lethal at embryonic day 7.5 (E7.5) due to problems in placental branching 

morphogenesis292. Therefore, in this thesis we will establish the molecular mechanisms 

that regulate HuR function during myogenesis and, furthermore, assess the in vivo 

importance of HuR in muscle formation/function by addressing the following questions: 

(1) Is HuR destabilizing activity of the NPM mRNA part of it’s promyogenic function? Is 

KSRP involved in the HuR-mediated destabilization of NPM? (2) What are the molecular 

mechanisms through which HuR regulates the stability of its promyogenic mRNAs such 

as Myog? Do these HuR-mediated effects involve YB1 as part of the regulatory 

mechanism (3) Does HuR play an important role in regulating muscle development, 

formation and function in vivo? 

By determining the HuR-mediated regulatory events required for myogenesis and 

elucidating the distinct molecular mechanisms through which HuR regulates the 

expression of its target mRNAs, this work will provide new insights into the importance of 

post-transcriptional regulatory events in a key physiological process and provide 

candidate targets to modulate muscle fiber formation under normal and disease 

conditions. 
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9. Body of the thesis  

 

9.1. CHAPTER I: Destabilization of Nucleophosmin mRNA by the HuR/KSRP 

complex is required for muscle fiber formation.  

 

9.1.1. Abstract  

HuR promotes myogenesis by stabilizing the MyoD, Myog and p21 mRNAs during 

the fusion of muscle cells to form myotubes. Here we show that HuR, via a novel mRNA 

destabilizing activity, promotes the early steps of myogenesis by reducing the expression 

of the cell cycle promoter Nucleophosmin (NPM). Depletion of HuR stabilizes the NPM 

mRNA, increases NPM protein levels and inhibits myogenesis, while its overexpression 

elicits the opposite effects. NPM mRNA destabilization involves the association of HuR 

with the decay factor KSRP, as well as the ribonuclease PARN and the exosome. The C-

terminus of HuR mediates the formation of the HuR-KSRP complex and is sufficient for 

maintaining a low level of the NPM mRNA as well as promoting the commitment of muscle 

cells to myogenesis. We therefore propose a model whereby the downregulation of the 

NPM mRNA, mediated by HuR, KSRP and its associated ribonucleases, is required for 

proper myogenesis. 

 

9.1.2. Introduction 

Muscle differentiation, also known as myogenesis, represents a vital process that 

is activated during embryogenesis and in response to injury to promote the formation of 

muscle fibers1,2. Myogenesis requires the activation of muscle-specific promyogenic 

factors that are expressed at specific steps of the myogenic process and act in a 

sequential manner. We and others have demonstrated that the expression of genes 

encoding some of these promyogenic factors such as MyoD, Myog and the cyclin-

dependent kinase p21, are not only regulated at the transcriptional level but are also 

modulated posttranscriptionally3–8. Indeed, modulating the half-lives of these mRNAs 

plays an important role in their expression. The RNA-binding protein HuR, via its ability 
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to bind specific AU-rich elements (AREs) in the 3′untranslated regions (3′UTRs) of these 

mRNAs, protects them from the AU-rich-mediated decay (AMD) machinery4,5,7–9. This 

HuR-mediated stabilization represents a key regulatory step that is required for the 

expression of these promyogenic factors and proper myogenesis. 

HuR, a member of the ELAV family of RNA binding proteins, specifically binds to 

AREs located in the 3′UTRs of its target transcripts8–12 leading to their stability, which in 

turn enhances the expression of the encoded proteins5,7. In addition to mRNA stability, 

HuR modulates the nucleocytoplasmic movement and the translation of target 

transcripts13–16. Our previous data have indicated that HuR associates with MyoD, Myog 

and p21 transcripts only during the fusion step of myoblasts to form myotubes5. This 

finding led to the conclusion that HuR promotes myogenesis by stabilizing these mRNAs 

specifically at this step. In the same study however, we showed that depleting HuR from 

proliferating myoblasts prevented their initial commitment to the differentiation process. 

These observations indicated that HuR promotes muscle fiber formation by also 

regulating the expression of target mRNAs during the early steps of myogenesis. 

Recently, we discovered that HuR promotes myogenesis through a novel 

regulatory mechanism involving its caspase-mediated cleavage4. As muscle cells are 

engaged in the myogenic process a progressive accumulation of HuR in the cytosol is 

triggered. In the cytoplasm, HuR is cleaved by caspase-3 at its 226th residue, an Asp (D), 

generating two cleavage products (HuR-CPs: -CP1, 24kDa and -CP2, 8kDa). These HuR-

CPs, generated from ~50% of cytoplasmic HuR, are required for muscle fiber formation4,8. 

Indeed, while wt HuR can rescue myogenesis in cells depleted of endogenous HuR, the 

non-cleavable HuRD226A mutant failed to do so4,8. Additionally, HuR-CP1, by 

associating with import factor Transportin 2 (TRN2), prevents HuR nuclear import 

promoting its cytoplasmic accumulation. While these data clearly establish that HuR-CP1 

modulates the cellular movement of HuR during myogenesis, the role of HuR-CP2 

remains unclear. 

HuR is not the only RNA binding protein involved in the posttranscriptional 

regulation of promyogenic factors. The KH-type splicing regulatory protein (KSRP) is 
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known to associate, in proliferating myoblasts, with the AREs of the Myog and p21 

mRNAs leading to their rapid decay3. By doing so, KSRP participates in ensuring the 

proliferation of myoblasts and prevents their premature commitment to the myogenic 

process. KSRP promotes mRNA decay in muscle cells by recruiting ribonucleases such 

as PARN and members of the exosome complex (e.g. EXOSC5) to ARE-containing 

mRNAs such as Myog and p213,17. It was also suggested that when myoblasts become 

competent for differentiation, KSRP releases Myog and p21 mRNAs leading to their 

stabilization. As a consequence, myoblasts enter myogenesis and fuse to form 

myotubes3. Since at this same step HuR associates with and stabilizes these ARE-

bearing mRNAs5,7, we concluded that the induction of myogenesis involve both KSRP 

and HuR that modulate the expression of the same mRNAs in an opposite way but at 

different myogenic steps. 

Surprisingly, however, here we report that in undifferentiated muscle cells HuR 

and KSRP do not compete but rather collaborate to downregulate the expression of a 

common target, the Nucleophosmin (NPM, also known as B23) mRNA. HuR forms a 

complex with KSRP that is recruited to a U-rich element in the 3′UTR of NPM mRNA. The 

HuR/KSRP complex, in collaboration with PARN and the exosome, then destabilizes the 

NPM mRNA leading to a significant reduction in NPM protein levels. Our data also provide 

evidence supporting the idea that the HuR/KSRP-mediated decrease of NPM expression 

represents one of the main events that helps myoblasts commit to the myogenic process. 

9.1.3. Results  

9.1.3.1. NPM is a HuR-mRNA target in undifferentiated muscle cells. 

We first identified the mRNAs that depend on HuR for their expression in 

undifferentiated, C2C12 cells. Endogenous HuR was depleted (siHuR) or not (siCtr) from 

these cells and total RNA was then prepared and hybridized to mouse arrays containing 

17,000 probe sets of known and unknown expressed sequence tags. Consistent with the 

fact that HuR acts as a stabilizer for many of its mRNA targets10,12 we observed a 

significant decrease in the steady-state levels of 18 mRNAs in siHuR-treated cells. 

Surprisingly, however, we found that 12 mRNAs are significantly upregulated in these 

cells (Annex 1. Supplementary Table 1). While many of these transcripts do not have 
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typical AREs and are not known to modulate myogenesis, these observations suggested 

that in muscle cells HuR, in addition to stabilizing some of its target mRNAs, could also 

be involved in the destabilization of other transcripts. Therefore, we investigated further 

this unexpected possibility and assessed whether this HuR destabilizing activity is part of 

its promyogenic function. To this end we chose to study, among these upregulated HuR 

mRNA targets, the NPM mRNA. NPM was identified as a target of HuR in other cell 

systems18 and its downregulation has been shown to be required for the differentiation of 

other cell models19,20. Hence, moderating NPM expression in muscle cells could be one 

of the early events through which HuR promotes myogenesis. 

First, we validated the results of our microarray data using Northern blot analysis. 

The knockdown of HuR in C2C12 cells increased the level of NPM mRNA by two-fold 

while, as previously described5, it decreased the level of MyoD mRNA by >50% (Fig. 

2.1a). Knocking down HuR in these cells also increased NPM protein levels, while Myog 

protein levels were reduced (Fig. 2.1b). Conversely, overexpressing GFP-HuR protein in 

C2C12 cells significantly decreased the levels of both NPM mRNA and protein, compared 

to cells transfected with GFP only (Annex 1. Supplementary Fig. 1). Together these 

observations establish that in undifferentiated muscle cells HuR prevents the 

overexpression of NPM mRNA and protein. 
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Figure 2.1 HuR regulates NPM expression in muscle cells. Exponentially growing C2C12 

myoblasts were transfected with the HuR or Control (Ctr) siRNAs. (a) RNA was prepared 48h 

after transfection with HuR or Ctr siRNAs. Northern blotting was performed using radiolabeled 

probes against NPM, MyoD, HuR mRNAs and 18S (loading control). The band intensities of 

NPM, MyoD mRNAs and 18S were determined using ImageQuant Software. The NPM and 

MyoD mRNA levels were normalized on 18S rRNA level. (b) Forty-eight h after transfection 

with HuR or Ctr siRNAs whole-cell extracts were prepared and Western blotting was 

performed using antibodies against NPM, HuR, myogenin and α-tubulin (loading control). 

ImageQuant was used to determine the NPM level, normalized on α-tubulin level. In the 

histograms, the siRNA HuR condition was plotted relative to the siRNA Ctr condition +/− the 

standard error of the mean (S.E.M.) of three independent experiments *P<0.01, **P<0.001 (t 

test). 

 

9.1.3.2. HuR-mediated NPM mRNA destabilization promotes myogenesis. 

If downregulating NPM levels represent an important event during the early steps 

of myogenesis, decreasing its expression levels in C2C12 cells should promote their 

ability to enter this process. To investigate this possibility, we assessed NPM mRNA and 

protein levels during muscle cell differentiation. We observed that although, as 

expected21, MyoD mRNA levels increased during this process, the abundance of the NPM 

mRNA and protein significantly decreased as soon as myogenesis was initiated (Fig. 

2.2a–c). To determine whether decreasing NPM expression is required for the initiation 

of myogenesis, we tested the impact that NPM knockdown (Fig. 2.2d) could have on the 

ability of C2C12 cells, expressing or not HuR, to enter this process. We observed that the 

depletion of endogenous NPM by siRNA not only triggered the formation of more and 

larger muscle fibers when compared to siCtr-treated cells, but also re-established 

myogenesis in HuR-knockdown C2C12 cells (Fig. 2.2d–h and Annex 1. Supplementary 

Fig 2). These observations, together with the fact that overexpressing GFP-NPM 

prevented myogenesis (Annex 1. Supplementary Fig. 3), clearly demonstrate that one 

way by which HuR promotes the early steps of muscle fibers formation is by 

downregulating NPM expression. 

We have previously shown that HuR is cleaved during muscle cell differentiation 

into two cleavage products HuR-CP1 (24 kDa) and HuR-CP2 (8 kDa). Our data also 

indicated that HuR cleavage is a key regulatory event required for proper muscle fiber 
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formation4. Since our data (Fig. 2.2c) have shown that the cleavage of HuR during 

myogenesis correlates with a decrease in NPM expression, we decided to investigate the 

effect of HuR-CPs on NPM expression in muscle cells. As expected, we observed that in 

muscle cells depleted of endogenous HuR, the wild type (wt-HuR) but not the non-

cleavable isoform of HuR (HuRD226A) was able to re-establish myogenesis as well as 

the downregulation of the steady state level of the NPM mRNA. Surprisingly however, 

HuR-CP2 but not HuR-CP1 was also able to re-establish, in these cells, the 

downregulation of NPM mRNA levels and myogenesis similarly to wt-HuR (Fig. 2.2i–l). 

While these results suggest a correlation between HuR cleavage and the HuR-mediated 

down regulation of the NPM transcript, they clearly indicate that the C-terminus of HuR 

could play an important role in this effect. 
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Figure 2.2 Reducing NPM level is required for the commitment of muscle cells into the 

myogenic process (a–b) Total RNA was isolated from exponentially growing (exp) or 
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confluent C2C12 myoblasts (day 0) and during the differentiation process (days 1 to 3). (a) 

NPM and (b) MyoD mRNA levels, determined by RT-qPCR, were standardized against 

GAPDH mRNA and expressed relative to the exponential condition. Values were plotted +/− 

the S.E.M. of three independent experiments. (c) Total cell extracts were prepared from 

growing (exp) as well as differentiating C2C12 myoblasts (days 1 to 5) and used for Western 

blotting with antibodies against NPM, HuR or α-tubulin (loading control). The NPM protein level 

was determined using the ImageQuant software, standardized against tubulin levels and 

plotted relative to the exponential condition +/− the S.E.M. of three independent experiments. 

(d–h) Knockdown of HuR, NPM and NPM+HuR was performed in C2C12 cells and 

differentiation was induced 48 hours post treatment with siRNAs. (d) Total cell lysates were 

prepared 48 hours post-transfection and used for Western blotting with antibodies against 

NPM, HuR, and α-tubulin. (e) Phase contrast pictures showing the differentiation status at d0 

and d3. Bars, 50μm. (f) Immunofluorescence (IF) experiments were performed using the anti-

MyHC antibody and DAPI staining. Images of a single representative field were shown. Bars, 

10μm. (g) The fusion index (calculated from three independent experiments) was determined 

for muscle fibers shown in (f). (h) Total cell extracts were prepared from the cells described 

above and used for Western blotting analysis using antibodies against myoglobin and α-

tubulin. (i–l) C2C12 cells depleted or not of HuR were treated twice (see Methods) with 50nM 

AP-GST, -HuR-GST, -CP1-GST, -CP2-GST or -HuRD226A-GST and 24h after the second 

treatment with these chimeras they were induced for differentiation. (i) Immunofluorescent 

images and (j) fusion index of fibers fixed on day 3 of differentiation process. Bars, 10μm. (k–

l) NPM (k) and MyoD (l) mRNA levels in confluent myoblasts treated as described above. 

mRNA levels were plotted relative to the GST-and siCtr-treated conditions +/− the S.E.M. of 

three independent experiments. For histograms in Figures 2g,k *P<0.01, **P<0.001 (t test). 

In order to identify the mechanisms responsible for the decreased expression of 

NPM mRNA during myogenesis (Fig. 2.2a), we first performed a nuclear run-on assay22 

to assess whether this decrease is due to a change in transcription. Since we did not 

observe any change in the transcription rate during myogenesis (Annex 1. 

Supplementary Fig. 4), we concluded that the HuR-mediated downregulation of NPM 

mRNA expression is likely to occur at the level of mRNA stability. Indeed, a pulse-chase 

experiment23 using the RNA polymerase II inhibitor Actinomycin D (ActD), showed that 

depleting HuR in C2C12 cells significantly increased, from ~5h to >9 h, the half-life of the 

NPM mRNA (Fig. 2.3a–b). Of note, treatment of cells with ActD did not affect their viability 

(Annex 1. Supplementary Fig. 5). These results, together with the fact that HuR does not 

affect the localization or the translation of the NPM mRNA (Fig. 2.3c–d), indicates that 

HuR promotes the formation of muscle fibers by destabilizing the NPM mRNA. 
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F 

Figure 2.3 HuR regulates the stability of the NPM mRNA (a) Total extracts from C2C12 

myoblasts treated with siRNA HuR or siRNA Ctr were used for western blot analysis to detect 
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NPM, HuR, and α-tubulin (loading control). Representative gel of three independent 

experiments. (b) RNA was prepared from C2C12 transfected with HuR or Ctr siRNAs (for 48h), 

and then treated with ActD for 0, 3, 6 or 9 hours. Northern blot analysis was performed using 

radiolabeled probes against NPM mRNA and 18S rRNA (loading control). NPM and 18S band 

intensities were measured using ImageQuant and the stability of NPM mRNA was determined 

relative to the 18S for each time point. NPM signal in each one of these time points was 

compared to NPM level at 0h of ActD treatment, which is considered 100%. These 

percentages were then plotted +/− S.E.M of three independent experiments. (c) C2C12 cells 

transfected with siRNA HuR or siRNA Ctr were fixed, permeabilized, and incubated with 

digoxigenin-labeled in vitro transcribed antisense probe to detect NPM mRNA (panels a, e) 

and with sense RNA probe (panels i, m) as a control (Ctr probe). IF staining with anti-HuR 

antibody (panels b, f, j and n) and with DAPI was performed. A single representative field for 

each cell treatment is shown. Bars, 10μm. (d) 48h post-transfection of exponentially growing 

C2C12 cells with siRNA HuR or Ctr, polysomes were fractionated through sucrose gradients 

(15–50% sucrose). Absorbance at wavelength 254 nm was measured in order to determine 

the profile of polysome distribution. 10 fractions were collected and divided in two groups to 

non-polysome (NP, fractions 1–4) and polysome (P, fractions 5–10, contain mRNAs engaged 

in translation) (left panel). RT-qPCR was performed on each fraction using specific primers for 

NPM and GAPDH mRNAs (right panel). NPM mRNA level was standardized against GAPDH 

mRNA in each fraction and plotted +/− S.E.M of three independent experiments. 

 

9.1.3.3. HuR destabilizes the NPM mRNA via U-rich elements. 

HuR is known to regulate its mRNAs targets by interacting with AU-/U-rich 

elements in their 3′UTRs9,24. Therefore, to define the molecular mechanism by which HuR 

destabilizes the NPM mRNA, we first assessed whether HuR and NPM mRNA associate 

in muscle cells. Immunoprecipitation (IP) (Fig. 2.4a) followed by RT-PCR (upper panel) 

or RT-qPCR (lower panel) analyses23,25 showed that HuR and the NPM mRNA coexist in 

the same complex in muscle cells. In order to determine whether this association is direct 

or indirect, we performed RNA electromobility shift assays (REMSAs)23 using 

recombinant GST or GST-HuR proteins and radiolabeled RNA probes corresponding to 

the entire 5′ or 3′ UTRs of NPM mRNA (Fig. 2.4b). We observed that GST-HuR forms a 

complex only with the 3′ but not the 5′ UTR of NPM mRNA (Fig. 2.4c). To further define 

the binding site(s) of HuR, we divided the NPM 3′UTR into 2 probes, P1 and P2 (Fig. 

2.4b) and observed a strong association of GST-HuR with only the P1 probe (Fig. 2.4d). 
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Using surface plasmon resonance (SPR) analysis, we confirmed these associations and 

showed that GST-HuR bound to the NPM-3′UTR and P1 probe with higher affinity 

(dissociation constants (KD) of 86 × 10−9 M and 132 × 10−9 M respectively) than the P2 

probe (KD = 324 × 10−9 M) (Fig. 2.4e). In addition, further subdivision of P1 and 2 probes 

into three smaller regions, P1/2-1, -2 and -3, showed that HuR only binds to the P1-1 

region of NPM-3′UTR (Fig. 2.4f and Annex 1. Supplementary Fig.6a–b). Analysis of the 

secondary structure of the P1-1 region, using the mfold prediction software for mRNA 

folding26 indicated the existence of two U-rich elements (E1 and E2) similar to HuR cis-

binding motifs previously identified in other mRNA targets11,23,26 (Annex 1. 

Supplementary Fig. 6c). To determine whether E1 and/or E2 elements mediate the 

binding of HuR to the NPM 3′UTR, we mutated each one of their uracils (Us; shown as 

Ts) as well as those of the element separating E1 and E2 to cytosine (C) (Fig. 2.4g) and 

performed REMSA experiments as described above. Since mutating each site separately 

(P1-1-mut-1 or -mut-2) but not those of the hinge element (P1-1-mut-3), equally disrupted 

the P1-1/HuR complex (Fig. 2.4h–i), we concluded that the E1 and E2 elements together 

constitute the minimum U-rich-element required for the direct binding of HuR to the NPM-

3′UTR.  

Next, we tested whether these U-rich elements are involved in the HuR-mediated 

destabilization of the NPM mRNA in muscle cells. We generated reporter cDNA plasmids 

expressing the Renilla Luciferase (Rluc) in which we inserted, at the 3′end, either the wild 

type NPM 3′UTR (Rluc-NPM-3′) or the NPM 3′UTR mutant 1 (Rluc-NPM-3′-mut1, deficient 

in its ability to bind HuR) (Fig.2. 4h and 2.5a). An IP/RT-qPCR experiment showed that 

the association between HuR and the Rluc-NPM-3′ mRNA is significantly higher than its 

association with the control reporters Rluc or Rluc-NPM-3′-mut1 (Fig. 2.5b–c). We next 

assessed the impact of depleting endogenous HuR on the expression of the Rluc-NPM-

3′ mRNA. siCtr- or siHuR-treated C2C12 cells were transfected with the Rluc, Rluc-NPM-

3′ or Rluc-NPM-3′-mut1 plasmids (Annex 1. Supplementary Fig. 7a) and the steady state 

levels of these mRNAs were determined by RT-qPCR analysis. While we observed a 3.5-

fold increase in the level of the Rluc-NPM-3′ mRNA in cells depleted of HuR but not in 

those treated with siCtr, the levels of Rluc-NPM-3′-mut1 remained high in both cell types 

(Fig. 2.5d). 
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Figure 2.4 HuR binds to the NPM mRNA via two U-rich sequences within the 3′UTR (a) 

IP experiments were performed using the monoclonal HuR antibody (3A2), or IgG as a control, 
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on total cell lysates (TE) from C2C12 cells. RNA was isolated from the immunoprecipitate, and 

RT-PCR or RT-qPCR was performed using primers specific for NPM and RPL32 mRNAs. The 

agarose gel (Upper panel) shown is representative of three independent experiments. For RT-

qPCR (lower panel), NPM mRNA levels were standardized against RPL32 mRNA levels. The 

normalized NPM mRNA levels were plotted relatively to the IgG IP condition +/− S.E.M. of 

three independent experiments **P<0.001 (t test). (b) Schematic representation of the NPM 

mRNA sequence. The probes covering the NPM 3′UTR (P1, P2, P1-1 to P1-3) used to 

generate radiolabeled RNA probes for RNA eletromobility shift assays are indicated (black 

lanes). (c–d, f and h–i) Gel-shift binding assays were performed by incubating 500 ng of 

purified GST or GST-HuR protein with the radiolabeled cRNA (c) 3′UTR and 5′UTR, (d) P1 

and P2, (f) P1-1 to P1-3, (h) P1-1, P1-1-mut1 and P1-1-mut2, (i) P1-1 and P1-1-mut3 probes. 

These gels are representative of three independent experiments. (e) BIACORE, a surface 

plasmon resonance (SPR)-based biosensor technology, was used for a kinetic binding study 

between GST-HuR and NPM 3′UTR, P1 or P2 probes. GST-HuR was captured on a Series S 

CM5 chip and increased concentrations of NPM cRNA probes, as indicated, were injected 

over the surface. Injections were performed for 150s, to measure association, followed by a 

400s flow of running buffer to assess dissociation. The association/dissociation ratio of GST-

HuR to NPM 3′UTR is shown in the sensorgram (top left panel). The binding affinity (KD) of 

GST-HuR to NPM 3′UTR (top right panel), P1 or P2 (bottom panels) cRNA probes is also 

shown. (g) Nucleotide sequence of probe P1-1 showing the thymidine (T) residues that were 

mutated to cytidine (C) residues (identified by asterisks) to generate the P1-1-mut1, P1-1-mut2 

and P1-1-mut3. The sequences highlighted by the dashed boxes as E1 and E2 are the single-

strand AU-rich sequences identified using mfold software. * shown in panels 4c, f and h 

indicate the location of shifted complex. 

 

On the other hand, overexpressing GFP-HuR in C2C12 cells decreased the level 

of the Rluc-NPM-3′ mRNA by >65% but had no significant effect on the levels of Rluc or 

Rluc-NPM-3′-mut1 mRNAs (Fig. 2.5e, Annex 1. Supplementary Fig. 7c). The effect of 

knocking down or overexpressing HuR on luciferase activity (which is proportional to Rluc 

protein levels) was similar to those seen for the mRNA levels (Annex 1. Supplementary 

Fig.7b,d). Next, we investigated the functional relevance of these HuR binding sites on 

NPM mRNA stability. We performed ActD pulse-chase experiments on C2C12 cells 

expressing the various Rluc reporters described above and treated or not with 50nM of 

recombinant HuR conjugated to the cell-permeable peptide Antennapedia (AP)14 (Fig. 

2.5f). We observed that the half-life of the Rluc-NPM-3′ mRNA was significantly reduced 

(<2h) only in cells treated with AP-HuR-GST but not in those treated with AP-GST (>6h). 

However, the Rluc-NPM-3′-mut1 mRNA remained stable under all treatments (half-life 

>6h). While these results clearly demonstrate that an intact HuR binding sites is required 

for HuR-induced destabilization of the NPM mRNA, it does not provide any indication on 
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their relevance during myogenesis. To address this question, we generated GFP-

conjugated full-length wild type (GFP-NPM-3′) or mutated (GFP-NPM-3′-mut1) isoforms 

of NPM (Fig. 2.5g). These NPM isoforms were then overexpressed in C2C12 cells and 

48h later these cells were induced for differentiation for 3 days. Our experiments showed 

that overexpressing GFP-NPM-3′ reduced the efficiency of muscle fiber formation by 

~50% when compared to GFP alone (Fig. 2.5h–j). Interestingly, the overexpression of 

the GFP-NPM-3′-mut1 isoform, that does not bind HuR, provided a much higher inhibition 

of myogenesis efficiency than GFP-NPM-3′ (>70%). Together these results show that the 

recruitment of HuR to the E1 and E2 U-rich elements of NPM 3′UTR is required for NPM 

downregulation and the promotion of myogenesis. 
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Figure 2.5 An intact P1-1 element is required for HuR-mediated regulation of NPM 

expression (a) Schematic diagram of the renilla luciferase reporters used in the experiments 

described in Figs.5a–f. (b–c) Exponentially growing C2C12 cells were transfected with 
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plasmids expressing Rluc, Rluc-NPM-3′ or Rluc-NPM-3′-mut1. Total extracts from these cells 

were prepared 24 h after transfection and used for IP using the anti-HuR antibody (3A2) or 

IgG as a control. (b) Western blotting analysis with the anti-HuR antibody was performed using 

these IP samples. (c) Rluc mRNA associated with the immunoprecipiated HuR was 

determined by RT-qPCR. The relative Rluc RNA levels from Rluc-NPM-3′ and Rluc-NPM-3′-

mut1 were plotted relatively to the Rluc RNA reporter +/− S.E.M. of three independent 

experiments. (d–e) The expression levels of these Rluc RNA reporters were also determined 

by RT-qPCR in C2C12 cells depleted or not of HuR (d) or overexpressing GFP or GFP-HuR 

(e). The expression levels of the Rluc mRNAs were normalized over total Rluc DNA 

transfected as described59 and then standardized against GAPDH mRNA level +/− S.E.M. of 

three independent experiments *P<0.01, **P<0.001, NS: Nonsignificant (t test). (f) C2C12 

cells were transfected with the Rluc reporter RNA described above in the presence of AP-GST 

or AP-HuR-GST proteins. The stability of these reporter Rluc mRNAs was determined by AcD 

pulse-chase experiments. The percentages shown were plotted +/− S.E.M of three 

independent experiments. (g) Schematic diagram of GFP or the GFP-conjugated full-length 

NPM isoforms: WT NPM (GFP-NPM-3′) and the NPM 3′UTR with the first AU rich sequence 

mutated (GFP-NPM-3′-mut1). The coding region of NPM is shown as NPM CDR. (h–j) C2C12 

cells expressing these isoforms or the GFP-HuR protein were fixed on day 3 of muscle cell 

differentiation. (h) Phase contrast images of the myotubes described above. (i) IF (using the 

anti-My-HC antibody) images of these myotubes were used to calculate the fusion index +/− 

S.E.M. (j) of three independent experiments **P<0.001, ***P<0.0001, (t test). Images of a 

single representative field are shown. Bars, 50μm for (h) and 10μm for (i). 

 

9.1.3.4. HuR destabilizes the NPM mRNA in a KSRP dependent manner. 

It has been shown that during myogenesis transcripts such as Myog and p21 but 

not MyoD are destabilized by KSRP in proliferating myoblasts3. However, at later stages 

(fusion step) these mRNAs are stabilized by HuR, leading to an increase in their 

expression levels and to the promotion of myotube formation5,7. Therefore, since KSRP 

and HuR target common transcripts in muscle cells3,5,7 and our observation showed that 

depleting the expression of either of these two proteins in C2C12 cells equally prevented 

myogenesis (Annex 1. Supplementary Fig. 8), we tested whether KSRP could be 

implicated in the HuR-mediated destabilization of the NPM mRNA in proliferating C2C12 

cells. We first determined the effect KSRP depletion could have on the expression level 

of the NPM mRNA and protein. We showed that, similarly to HuR depletion, the 

knockdown of KSRP significantly increased the expression levels of NPM mRNA (>2 fold) 

and protein (>1.5 fold) (Fig. 2.6a–b). Additionally, ActD pulse chase experiments 

indicated that the knocking down KSRP increased the half-life of NPM mRNA to a similar 

extent than HuR (compare Fig. 2.3b to 2.6c). However, as expected3, KSRP knockdown 
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had no effect on the stability of the MyoD mRNA, while it increased the half-life of p21 

mRNA from ~3.6h to >6h (Fig. 2.6c). Altogether, these data show that both HuR and 

KSRP decrease the expression level of the NPM protein by shortening the half-life of the 

NPM mRNA. Surprisingly we additionally observed that overexpressing KSRP alone in 

C2C12 cells, unlike HuR, does not affect NPM mRNA or protein levels (Fig. 2.6d–e) 

despite promoting the decreased expression of p21. Since knocking down KSRP by 

>90% prevented the HuR-mediated decrease of the NPM mRNA and protein (Fig. 2.6f–

h), we concluded that although KSRP alone is not able to destabilize NPM mRNA, KSRP 

is required for the HuR-mediated down-regulation of NPM level in muscle cells. 
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Figure 2.6 KSRP is required for the HuR-mediated destabilization of NPM mRNA. (a–b) 

Exponentially growing C2C12 cells were treated with siRNA Ctr or siRNA against HuR or KSRP. 
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Total cell (a) or RNA (b) extracts from these cells were prepared 48 hours after transfection. (a) 

Western blotting analysis was performed using antibodies to detect KSRP, NPM, HuR and α-

tubulin (loading control). (b) RT-qPCR analysis was performed to assess NPM mRNA levels 

which were standardized against GAPDH mRNA. The levels of NPM protein (a) or mRNA (b) in 

cells depleted of HuR or KSRP were plotted relative to the siRNA Ctr condition +/− the S.E.M. of 

three independent experiments. (c) The stability of the NPM, MyoD and p21 mRNA in C2C12 

depleted or not of KSRP was determined by AcD pulse-chase experiments. RT-qPCR analysis 

was performed using specific primers for these three mRNAs. mRNA levels were then 

standardized against GAPDH mRNA and plotted +/− S.E.M of three independent experiments. 

(d–e) Exponentially growing C2C12 cells were transfected with the pcDNA3, pcDNA-Flag-KSRP, 

GFP and GFP-HuR. (d) Total cell extracts or (e) RNA extracts from these cells were prepared 

24h post-transfection. (d) Western blotting was performed using antibodies against Flag, HuR, or 

α-tubulin (loading control). (e) RT-qPCR analysis was performed as described above in 6c and 

mRNA levels were plotted relative to their levels in control cells +/− the S.E.M. of three 

independent experiments. (f–h) GFP and GFP-HuR plasmids were transfected in C2C12 cells 

depleted or not of KSRP. 24 h later total protein extracts and RNA were prepared. (f–g) Western 

blotting analysis was performed with antibodies against (f) KSRP, GFP and (g) NPM. α-tubulin 

levels were assessed as a loading control in both (f) and (g). (h) RT-qPCR analysis was performed 

as described above. NPM mRNA levels were standardized against GAPDH mRNA level. In each 

condition the level of NPM mRNA in siKSRP treated cells was plotted relative to its levels in siRNA 

Ctr-treated and GFP-transfected cells +/− the S.E.M. of three independent experiments. In the 

histograms presented in Figures 6 a,b,e,h *P<0.01, **P<0.001, ***P<0.0001 (t test). 

 

To gain insight into the molecular mechanisms by which HuR and KSRP affect the 

fate of NPM mRNA in muscle cells, we first determined whether KSRP also associates 

with this transcript. IP experiments using the anti-KSRP antibody17 followed by RT-PCR 

and -qPCR analyses showed that KSRP binds to the NPM mRNA similarly to HuR (Fig. 

2.7a and 2.4a). REMSA using total extracts prepared from C2C12 cells that were 

incubated with radiolabeled NPM-3′UTR or the P1 or P2 probes (Fig. 2.4b) and with the 

anti-KSRP antibody showed that, similarly to HuR (Fig. 2.4), KSRP associates with the 

3′UTR of NPM through the P1 but not the P2 region (Fig. 2.7b). To determine the KSRP 

binding site(s) in the NPM 3′UTR, we incubated the recombinant KSRP with intact or 

mutated radiolabeled P1 probes and performed the same REMSA experiments described 

in Figure 2.4. KSRP formed complexes with P1-1 and P1-1-mut2 but not with P1-1-mut1 

(mut-E1) probes (Fig. 2.7c). In addition, IP experiments with anti-KSRP antibody were 

performed on cells expressing the Rluc-reporters described in Fig. 2.5a. We observed 

that while KSRP associated with the Rluc-NPM-3′ mRNA and Rluc-NPM-3′-mut2, it failed 

to interact with the Rluc-NPM-3′-mut1 message (Fig. 2.7d–e and Annex 1. 

Supplementary Fig. 9). Therefore, together these results show that KSRP directly 
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associates with the NPM mRNA through the E1 element that is also one of the sites that 

mediates HuR binding. 

Next we investigated whether HuR and KSRP can form a complex. IP experiments 

on cell extracts treated or not with 100μg/ml RNAse A indicated that HuR and KSRP 

associate in C2C12 cells in an RNA-independent manner (Fig. 2.7f–g). However, this 

RNA independent interaction between HuR and KSRP was not seen using a lower dose 

of RNAse A (12.5μg/ml). Moreover, GST-pulldown experiments, using recombinant His-

KSRP and GST-HuR, further confirmed this direct interaction (Fig. 2.7h). We then 

assessed whether the association between the NPM mRNA and HuR or KSRP requires 

an intact HuR/KSRP complex. IP/RT-qPCR experiments showed that depleting HuR from 

C2C12 cells significantly decreased (>40%) the amount of NPM mRNA that binds to 

KSRP (Fig. 2.7i). Similarly, although knocking down KSRP in C2C12 cells did not affect 

the binding of HuR to the Myog and p21 mRNAs (Annex 1. Supplementary Fig. 10), it 

decreased its association with the NPM mRNA (Fig. 2.7j). Taken together, these data 

suggest that in muscle cells the HuR/KSRP complex assembles in an RNA-independent 

manner and is recruited to the P1-1 element thus promoting the rapid destabilization of 

the NPM mRNA. 
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 Figure 2.7. HuR and KSRP form a complex and bind to the same element in the NPM 

3′UTR. (a) IP coupled to RT-PCR (upper panel) or RT-qPCR (lower panel) experiments were 

performed to determine the association of KSRP and HuR with the NPM mRNA in C2C12 

cells. For RT-qPCR, NPM mRNA levels are shown +/− S.E.M. of three independent 

experiments ***P<0.0001 (t test). (b) Supershift binding assay was performed to demonstrate 

that the radiolabelled NPM 3′UTR as well as the P1 cRNA probe, unlike the P2 probe, can 
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associate to a complex containing KSRP (indicated by an asterisk (*)). (c) Gel-shift binding 

assay was performed with 500 ng of purified GST or His-KSRP proteins and the indicated 

radiolabeled cRNA probes. (d–e) IP experiments were performed on C2C12 cells expressing 

Rluc, Rluc-NPM-3′ and Rluc-NPM-3′-mut1 using the KSRP or IgG antibody. 

Immunoprecipitation of KSRP (d) and association with reporter RNAs (e) were determined as 

described in Figure 2.5b–c. (f) C2C12 extracts treated or not with RNase A were used for IP 

experiments with the anti-KSRP or -IgG antibodies. The binding of HuR to KSRP was then 

assessed by western blot. For unknown reasons, we observed a shift in the molecular weight 

of KSRP that we believe could be due to the immunoprecipitation of a post-translationally 

modified KSRP isoform. (g) Agarose gel demonstrating effectiveness of RNAse treatment. (h) 

In vitro GST pull-down assay demonstrating that HuR directly interacts with KSRP. Input lanes 

account for 10% of the reaction performed in the assay. (i–j) IP coupled to RT-qPCR 

experiments were performed using anti-KSRP (i) or HuR (3A2) (j) antibodies on total extract 

(TE) from C2C12 cells treated with siHuR (i) or siKSRP (j). NPM mRNA levels in the 

immunoprecipitates were standardized (as described in the Methods) and normalized to the 

corresponding IgG and input sample. The NPM mRNA levels in siHuR or siKSRP conditions 

were plotted relative to siCtr conditions +/− S.E.M. of three independent experiments, *P<0.01, 

**P<0.001 (t test). All gels/blots shown in the figure are representative of three independent 

experiments (except for the gel shown in 2.7b which is representative of two). * shown on gel 

indicates the location of shifted complexes. 

To gain insight into the mechanism by which HuR executes these functions, we 

first determined the HuR domain responsible for this activity. We generated plasmids 

expressing GFP-tagged wild-type HuR or various deletion mutants of HuR (Fig. 2.8a). 

Each one of these isoforms was then expressed in C2C12 cells that were subsequently 

used for IP experiments with the anti-KSRP antibody. Western blotting analysis with the 

anti-GFP antibody has shown that similarly to wt HuR, polypeptides harboring the RRM3 

motif (GFP-HNS-RRM3 and GFP-RRM3), but not those harboring RRM1-2 or HNS alone, 

were able to associate with KSRP (Fig. 2.8b) and promote a significant decrease in NPM 

mRNA level (Fig. 2.8c). In addition, an IP/RT-qPCR experiment on cells expressing GFP-

HuR, -RRM1-2 or -RRM3 indicated that while RRM1-2 did not show a strong association 

with the NPM mRNA, RRM3 associated with more NPM message than wt-HuR (Fig. 

2.8d–e). Since, during myogenesis cytoplasmic HuR undergoes caspase-mediated 

cleavage generating HuR-CP1 (24 kDa, RRM1-RRM2-ΔHNS1) and HuR-CP2 (8 kDa, 

ΔHNS2-RRM3)4 (Fig. 2.2c and Annex 1. Supplemental Fig. 12a), we next verified the 

effect of these CPs on NPM expression. Our data confirmed that HuR-CP2, which harbors 

the RRM3 motif, but not HuR-CP1, associated with KSRP and the NPM mRNA and was 

also able to form a complex with the HuR/KSRP binding element in the NPM 3′UTR (the 

P-1-1 probe) (Annex 1. Supplementary Fig.11b–g). In addition, similarly to GFP-RRM3 
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(Fig. 2.8c), we observed that the overexpression of HuR-CP2 promoted a significant 

decrease in NPM mRNA the steady-state level and that this effect is KSRP-mediated 

(Annex 1. Supplementary Fig.11h–i). Together, these results strongly indicate that the 

RRM3 motif of HuR plays a key role in mediating the formation of the HuR/KSRP in 

differentiating muscle cells. 

  

Figure 2.8 The HuR RRM3 motif is required for the formation of KSRP/HuR complex. (a) 

Schematic diagram depicting the primary structure of HuR protein shows the three RNA 
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binding domains (RRM1-3) and the HuR Nucleocytoplasmic Shuttling domain (HNS). Also 

shown are the different HuR isoforms conjugated to the GFP tag. (b–e) Exponentially growing 

C2C12 muscle cells were transfected with GFP, GFP-HuR, GFP-RRM1-RRM2, GFP-HNS-

RRM3, GFP-HNS or GFP-RRM3 plasmids. Total cell extracts (b and d) or total RNA (c and e) 

were prepared from these cells 24 hours post-transfection. (b) IP experiments on these cell 

extracts were performed using the KSRP antibody or IgG as a control. The input (10% of the 

total extract) and the immunoprecipitate were analyzed by western blot using antibodies 

against GFP. (c) RT-qPCR analysis on total RNA prepared from these cells was performed 

using specific primers for NPM, MyoD and GAPDH mRNAs. NPM and MyoD mRNA levels 

were standardized against GAPDH mRNA and plotted relative to the GFP control condition 

+/− the S.E.M. of three independent experiments. (d) IP experiments were performed using 

the GFP antibody on extracts from the C2C12 cells expressing GFP, GFP-HuR, GFP-RRM1-

RRM2 or GFP-RRM3 and analyzed by western blot using the GFP antibody. (e) RNA was 

isolated from the IP described in (d) and RT-qPCR were performed using primers specific for 

NPM and RPL32 mRNAs. NPM mRNA levels were standardized against RPL32 mRNA levels. 

For each IP sample, NPM mRNA levels were normalized as described in Figure 5 and plotted 

relative to the GFP IP +/− S.E.M. of three independent experiments. 

 

Since KSRP has been shown to promote mRNA decay by recruiting the 

ribonuclease PARN and components of the exosome such as EXOSC53,17 we 

investigated whether these enzymes could play a role in the HuR/KSRP-mediated 

destabilization of NPM mRNA. Our IP experiments showed that HuR associates with both 

PARN and EXOSC5 in an RNA independent manner (Fig. 2.9a and Annex 1. 

Supplementary Fig. 12). Interestingly, although both PARN and EXOSC5 interact with 

the NPM mRNA in C2C12 cells, this association is lost in HuR or KSRP depleted cells 

(Fig. 2.9b). To assess whether PARN and/or EXOSC5 play a role in the HuR/KSRP-

mediated effect on NPM expression, we expressed GFP-HuR or GFP-HuR-CP2 in 

C2C12 cells depleted or not of these two ribonucleases (Fig. 2.9c) and the expression 

level of the NPM mRNA was determined using RT-qPCR. Our data showed that while 

knocking down PARN (Fig. 2.9d) or EXOSC5 (Fig. 2.9e) in C2C12 cells increased the 

expression of the NPM mRNA, the absence of these ribonucleases prevented the HuR- 

or HuR-CP2-mediated NPM mRNA decay (Fig. 2.9f). The fact that the depletion of XRN1 

(a 5′-3′ exoribonuclease component of the decapping complex)27 did not have a major 

effect on NPM mRNA expression (Annex 1. Supplementary Fig. 13) suggests that only 

ribonucleases that are recruited by KSRP such as PARN and EXOSC5 take part in this 

destabilization activity. Interestingly, we also demonstrate that knocking down PARN and 

EXOSC5 totally prevented C2C12 cells from entering the differentiation process (Fig. 
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2.9g–i) and the depletion of NPM in these cells partially re-established their myogenic 

potential (Annex 1. Supplementary Fig. 14). Of note, the weak rescue of myogenesis in 

cells depleted of both EXOSC5 and NPM suggests that EXOSC5 targets other messages 

in muscle cells. Together, our data indicate that during early myogenesis the formation of 

the HuR/KSRP complex leads to the recruitment of ribonucleases such as PARN and 

EXOSC5 which in turn destabilize the NPM mRNA thus promoting muscle fiber formation. 

Figure 2.9 The HuR/KSRP-mediated decay activity requires PARN and EXOSC5 to 

destabilize NPM mRNA and promote muscle fiber formation. (a) IP experiments using the 
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anti-PARN antibody were performed on total cell extracts prepared from proliferating C2C12 

cells treated or not with RNase A. The precipitates were used for Western blotting analysis 

with anti-PARN and –HuR antibodies. The blots shown are representative of two independent 

experiments. (b) IP coupled to RT-qPCR experiments were performed using the PARN or the 

EXOSC5 antibodies on total extract (TE) from C2C12 cells treated with siHuR or siKSRP. The 

NPM mRNA in the immunoprecipitate was standardized and normalized as described in 

Figs.2.7i,j. The PARN- or EXOSC5- associated NPM mRNA levels in siHuR or siKSRP treated 

C2C12 cells were plotted relative to siCtr conditions +/− S.E.M. of three independent 

experiments *P<0.01 (t test). (c–f) GFP, -HuR and -CP2 proteins were expressed in C2C12 

cells treated or not with siRNA-PARN or -EXOSC5. 24h later protein extracts and total RNA 

were prepared. (c) Western blotting analysis was performed using antibodies against GFP and 

α-tubulin (loading control). (d–f) RT-qPCR analysis was performed using primers specific for 

GAPDH as well as PARN (d), EXOSC5 (e), NPM (f) mRNAs. The levels of PARN, EXOSC5 

and NPM mRNAs were normalized against GAPDH mRNA level and were plotted relatively to 

the siRNA Ctr-treated and GFP-transfected cells +/− the S.E.M. of three independent 

experiments *P<0.01 (t test). (g–j) Confluent C2C12 depleted of PARN or EXOSC5 were 

induced for differentiation for up to 4 days. (g) Phase contrast pictures showing the 

differentiation status of these cells at day (d) d0 (panels a–c), d2 (panels d–f), and d3 (panels 

g–i). Bars, 50μm. (h) These cells, on day 4 of muscle cell differentiation, were also fixed and 

used for IF with anti-Myoglobin antibody and DAPI staining. Images of a single representative 

field were shown. Bars, 10μm. (i) The fusion index was determined as described in Methods. 

(j) Total extracts from these cells were prepared and used for western blotting analysis with 

antibodies against My-HC, NPM and α-tubulin (loading control). 

 

9.1.4. Discussion 

In this work we delineate the molecular mechanisms by which muscle cells down 

regulate NPM expression and show that this event represents a key regulatory step 

required for their commitment to myogenesis. Though previous studies have indicated 

that lowering the expression of NPM is required for the differentiation of a variety of cells 

such as HL60 and K56219,20, the molecular mechanism and the players behind this 

reduction remained elusive. Here we show that the decrease in NPM expression involves 

the destabilization of its mRNA via a mechanism mediated by the RNA-binding protein 

HuR. This observation was unexpected since HuR has been previously shown to stabilize 

the NPM mRNA in intestinal cells undergoing stress18. In undifferentiated muscle cells 

the depletion of endogenous HuR results in the stabilization of the NPM mRNA and its 

increased expression, while HuR overexpression elicits the opposite effects. This mRNA 

destabilization activity of HuR involves its association, via the HuR-RRM3 motif, with 

KSRP and the ribonucleases PARN and EXOSC517. Together, our data support a model 

whereby in response to a myogenic signal HuR forms a complex with KSRP, PARN and 
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the exosome, which in turn is recruited to a U-rich element in the 3′UTR leading to the 

destabilization of the NPM mRNA and the promotion of the early steps of myogenesis. 

Although a NPM overexpression was previously linked to the inhibition of the 

differentiation of human promyelocytic leukemia HL60 cells and megakaryocytic K562 

cells19,20, our work provides the first demonstration that NPM is implicated in muscle fiber 

formation. NPM is highly expressed in a variety of cell lines and tissues and has been 

involved in many cellular processes such as cell proliferation and stress response28,29. In 

fact, manipulating the abundance of NPM has a dramatic effect on cell fate and on 

embryogenesis. Npm−/− mice do not complete their embryonic development and die 

between embryonic days E11.5 and E16.5 due to a severe anemia caused by a defect in 

primitive hematopoiesis30. On the other hand, a high expression level of NPM is involved 

in cell transformation and tumour progression29,31–33. NPM levels significantly decrease in 

response to a variety of stimuli, among them those known to trigger cell cycle arrest and 

cell differentiation19,20,29. These data and the fact that NPM and HuR are both essential 

for the development of numerous cell lines and tissues12,28,29,34–36, highlight the 

importance of delineating the mechanism(s) by which HuR down regulates NPM 

expression. 

Previously, other and we have demonstrated that HuR plays a prominent role 

during muscle cell differentiation by increasing the stability of promyogenic mRNAs at the 

later stages of this process5,7. Here we show that HuR is also involved in the early stages 

of myogenesis by degrading the NPM mRNA in a KSRP dependent manner. Since 

previous reports have indicated that during myogenesis HuR and KSRP affect the half-

lives of the same promyogenic transcripts, but in opposite ways, their collaboration to 

degrade a common target mRNA in undifferentiated muscle cells was unexpected. 

Indeed, it has been shown that KSRP plays a key role in maintaining low levels of p21 

and Myog mRNAs in undifferentiated muscle cells by promoting their rapid decay3. The 

fact that HuR does not associate with these mRNAs in these cells5 could explain why 

these transcripts became available to KSRP and the KSRP-associated decay machinery. 

However, during the step where muscle cells fuse to form myotubes, p38MAPK 

phosphorylates KSRP leading to the release of p21 and Myog mRNAs from this decay 

machinery3. These findings, together with the data outlined in this manuscript, confirm the 
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importance of HuR during muscle fiber formation and indicate that the functional 

consequences and the binding specificity of HuR to its target mRNA could change from 

one myogenic step to another depending on the nature of its protein ligand. 

It is not surprising that HuR exerts different/opposite functions on its target 

transcripts. Numerous reports have indicated that depending on extra- or intracellular 

signals and/or the trans- or the cis-binding partners, HuR either activates or represses 

the turnover or translation of its mRNA targets10,16,37,38. Indeed, the Steitz laboratory has 

shown that HuR mediates the decay of the viral small nuclear RNA (snRNA) Herpesvirus 

saimiri U RNA 1 (HSUR 1) in an ARE-dependent manner39,40. Recently, HuR has been 

associated with the destabilization of the p16 mRNA both in HeLa and in IDH4 cells38. 

HuR participates in the decay of this message by forming a complex with AUF1 and 

Argonaute, two well-known mRNA decay factors38,41–43. Our data uncover a novel 

mechanism by which HuR mediate the decay of its mRNA target leading to muscle fiber 

formation. This mRNA decay-promoting activity of HuR depends on its association with 

KSRP, a factor known to promote the decay of AU-rich containing mRNAs17,44. 

Interestingly, besides a difference in the way they form, the HuR/AUF1 and HuR/KSRP 

complexes also show a difference in their functional outcome. While in muscle cells 

HuR/KSRP assemble in an RNA-independent manner prior to their recruitment to the 

same U-rich element in the NPM 3′UTR, the formation of the HuR/AUF1 complex in HeLa 

cells is RNA-dependent and occurs via the binding of each one of these two proteins with 

a different element in the p16 3′UTR38. Likewise, unlike the HuR/AUF1 complex that 

promotes the proliferation of HeLa and IDH4 cells38, the HuR/KSRP complex triggers the 

differentiation of muscle cells, an event linked to a cell cycle withdrawal21. 

Besides the association with different protein ligands, we still do not know whether 

other processes such as posttranslational modifications are also involved in the functional 

switch of HuR during myogenesis. It has been shown that phosphorylation on various 

serine residues could impact the association of HuR with some of its target mRNAs such 

as p2145–47. While the implication of phosphorylation in HuR-mediated effects in muscle 

cells is still elusive, we recently showed that caspase-mediated cleavage plays a key role 

in modulating the promyogenic function of HuR4,8. Although our data indicated that HuR-

CP1 promotes the cytoplasmic accumulation of HuR during the myoblast-to-myotube 
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fusion4, the function of HuR-CP2 remained unclear. Here, we demonstrate that HuR-CP2 

associates with KSRP and is sufficient to downregulate the expression of NPM mRNA in 

muscle cells (Annex 1. Supplementary Fig. 11). Interestingly we also show that, unlike 

the non-cleavable isoform of HuR (HuRD226A), HuR-CP2 can re-establish the myogenic 

potential of C2C12 cells depleted of endogenous HuR (Fig. 2.2i–l). While additional 

experiments are needed to confirm the role of this cleavage product in the promyogenic 

function of HuR, these observations raise the possibility of its implication in maintaining a 

low expression of levels of NPM during myogenesis. While these and likely other 

modifications modulate HuR function in muscle cells, the data described above establish 

that HuR, through its ability to promote the decay of target mRNAs, acquires more 

flexibility to use different ways to impact important processes such as muscle fiber 

formation. Therefore, since a change in HuR function and associated partners has been 

linked to chronic and deadly diseases such as cancer and muscle wasting48–50, 

delineating the molecular mechanisms behind the HuR-mediated mRNA decay activity 

could identify novel targets that help design effective strategies to treat these patients. 

 

9.1.5. Material and Methods 

Plasmid construction 

The pYX-Asc plasmid containing the full-length mouse NPM cDNA (Accession 

Number: BC054755) was purchased from Open Biosystems (Catalogue Number: 

MMM1013-9497870). To generate the GFP-NPM plasmid, full-length mouse NPM was 

amplified by PCR using the pYX-Asc plasmid as template and the following primers: 

forward 5′GGC AAG CTT CGT CTG TTC TGT GGA ACA GGA-3′ and reverse 5′-CGG 

GATC CGG GAA AGT TCT CAC TTT GCA TT-3′. The pAcGFP1-C1 (Clontech) and the 

PCR products were digested by HindIII and BamHI restriction enzymes (NE Biolabs). To 

generate the pRL-SV40-NPM plasmid, the full-length 3′UTR of mouse NPM was amplified 

by PCR using the pYX-Asc plasmid as template and the following primers: forward 5′-

GCT CTA GAG AAA AGG GTT TAA ACA GTT TGA-3′ and reverse 5′-CCG GCG GCC 

GCA CTT TAT TAA AAT ACT GAG TTT ATT-3′. The pRL-SV40 vector (Promega) and 

the PCR products were digested by XbaI and NotI restriction enzymes (NE Biolabs). PCR 
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inserts were ligated into the plasmids using the T4 DNA ligase (NE Biolabs) according to 

the manufacturer’s instructions. pRL-SV40-NPMmut1 and mut2 plasmid was generated 

by Norclone Biotech Laboratories, Kingston, ON, Canada (as described in text). The GFP 

and GFP-HuR plasmids were generated and used as described in 51. 

 

Cell culture and transfection 

C2C12 muscle cells (ATCC, Manassas, VA, USA) were grown in media containing 

20% fetal bovine serum (FBS, Invitrogen) in DMEM (Dulbecco’s modified eagle medium 

from Invitrogen). In order to induce muscle cell differentiation, cells were switched to a 

media containing DMEM, 2% horse serum, penicillin/streptomycin antibiotics (Invitrogen), 

and 50mM HEPES, pH 7.4 (Invitrogen) when their confluency reached 100%5,6. 

For the generation of stable cell lines, C2C12 cells were transfected with GFP, 

GFP-HuR and GFP-NPM plasmids, and 24 hours post-transfection G418 (1 mg/ml; 

Sigma-Aldrich) was added to the media. The stable cell lines were selected with G418 for 

2 weeks and then sorted by flow cytometry (FACS) to select clones with equal expression 

levels. Transfections with siRNAs specific for HuR were performed using jetPEI (Polyplus 

Transfection) according to the manufacturer’s instructions. For DNA plasmid 

transfections, C2C12 cells at 70% confluency were transfected in 6-well plates with 1.5 

μg of plasmid DNA using Lipofectamine and Plus reagents (Invitrogen) according to the 

manufacturer’s instructions. Cells were subsequently incubated at 37°C for 24 hours 

before harvesting and analysis. 

 

siRNA 

siRNA oligonucleotides against HuR (5′-AAG CCU GUU CAG CAG CAU UGG-3′ 

5), NPM (5′-CAU CAA CAC CGA GAU CAA A dT dT -3′) (Dharmacon, USA), KSRP (5′-

GGA CAG UUU CAC GAC AAC G dT dT-3′ 3), and the siRNA Ctr (5′-AAG CCA AUU 

CAU CAG CAA UGG-3′) 5, were synthesized by Dharmacon, USA. siRNA PARN (5′-GGA 

UGU CAU GCA UAC GAU Utt- 3′), EXOSC5 (5′-UCU UCA AGG UGA UAC CUC Utt- 3′) 

and XRN1 (5′-GAG GUG UUG UUU CGA AUU Att- 3′) were acquired from Ambion USA. 
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Preparation of cell extracts and immunoblotting 

Total cell extracts were prepared52 and western blotting was performed using 

antibodies against HuR (3A2, 1:10,000)53, NPM (anti-B23 clone FC82291, Sigma-

Aldrich,1:30000), MyHC (Developmental studies Hybridoma5,1:1000), Myoglobin 

(DAKO,1:500), α–tubulin (Developmental studies Hybridoma Bank, 1:1000), GFP 

(Clontech, Mountain View, CA, USA, 1:1000), and KSRP (affinity-purified rabbit serum17, 

1:3000), anti-Myog (F5D, obtained from Developmental Studies Hybridoma Bank, 1:250) 

and caspase 3 cleavage product (Cell Signaling Technology, 1:1000). 

 

Immunofluorescence 

Immunofluorescence was performed to detect GFP expression as well as to 

visualize myotubes using antibodies against MyHC (1;1000) and Myoglobin (1:500). 

Staining with 4′,6-diamidino-2-phenylindole (DAPI) was employed to visualize nuclei. 

 

Fusion Index 

The fusion index5 indicating the efficiency of C2C12 differentiation was determined 

by calculating the number of nuclei in each microscopic field in relation to the number of 

nuclei in myotubes in the same field. 

 

Northern blot analysis and actinomycin D pulse-chase experiments 

The extraction of total RNA from C2C12 cells was performed using Trizol reagent 

(Invitrogen) according to the manufacturer’s instructions. Northern blot analysis23 was 

performed using probes specific for MyoD, HuR, 18S48, and NPM (Annex 1. 

Supplementary Table 2). These probe RNAs were generated using the PCR Purification 

Kit (GE Healthcare) and radiolabeled with α32P dCTP using Ready-to-Go DNA labelling 

beads (GE Healthcare) according to the manufacturer’s instructions. The stability of NPM 

mRNA was assessed by the addition of the transcriptional inhibitor actinomycin D (5 

μg/ml; Sigma-Aldrich)48 for the indicated periods of time. 
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RT-qPCR 

1μg of total RNA was reverse transcribed using the M-MuLV RT system. A 1/80 

dilution of cDNA was used to detect the mRNAs using SsoFast™ EvaGreen® Supermix 

(Bio-Rad). Expression of NPM, MyoD, p21, Myog and RLuc was standardized using 

GAPDH as a reference and relative levels of expression were quantified by calculating 

2−ΔΔCT, where ΔΔCT is the difference in CT (cycle number at which the amount of 

amplified target reaches a fixed threshold) between target and reference. 

 

Genomic DNA extracts and analysis with RT-qPCR 

Cell pellets are resuspended in the digestion buffer (100 mM NaCl; 10 mM Tris-

HCl, pH 8; 25 mM EDTA, pH 8; 0.5% SDS; 0.1 mg/ml proteinase K) and incubated at 

50°C overnight. gDNA is extracted with phenol chloroform (invitrogen) according to the 

manufacturer’s instructions. RT-qPCR experiment was performed as described above 

starting from 16 pg of extracted gDNA. 

 

Immunoprecipitation 

Cell extracts were prepared in the lysis buffer (50mM Tris, pH 8; 0.5% Triton X-

100; 150mM NaCl; complete protease inhibitor (Roche)). When indicated, cell extracts 

were digested for 30 min at 37°C with RNase A (100 μg/ml). Two μl of the anti-KSRP 

serum (affinity purified rabbit serum17) was incubated with 50μl of protein A-Sepharose 

slurry beads (washed and equilibrated in cell lysis buffer) for 1h at 4°C. Beads were 

washed three times with cell lysis buffer and incubate with 300μg of cell extracts overnight 

at 4°C. Beads were washed three times with cell lysis buffer and co-immunoprecipitated 

proteins were analyzed by western blotting. HuR, PARN and EXOSC5 

immunoprecipitation were performed3,5,54 using antibodies against HuR (3A2), PARN 

(Cell Signaling, USA), EXOSC5 (Abcam, USA) and IgG (Jackson Immunoresearch 

Laboratories, USA). 
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Preparation of mRNA (mRNP) complexes and analysis with RT-PCR 

Purified RNA from mRNP complexes5,54 was resuspended in 10 μl of water and 4 

μl was reverse transcribed using the M-MuLV RT system (NE Biolabs) according to the 

manufacturer’s protocol. Subsequently, 2 μl of cDNA was amplified by PCR or qPCR 

using NPM specific primers (Supplementary Table 2). When analysed by qPCR, a 1/20 

dilution of cDNA was used to detect the mRNAs using SybrGreen (SsoFast™ EvaGreen® 

Supermix). The mRNA levels associated with these mRNP complexes were then 

standardized against RPL32 mRNA levels (used as a reference) and compared to mRNA 

levels in the IgG control. In experiments transfected with Rluc reporter constructs, the 

Rluc mRNA associated with immunoprecipitated HuR was determined by RT-qPCR, 

standardized against RPL32 mRNA levels and then the steady-state levels for each 

treatment. These standardized Rluc mRNA levels were then compared to Rluc mRNA 

levels in the IgG IP. 

 

cDNA array analysis 

Microarray experiments were performed using mouse array, which contain probe 

sets of characterized and unknown mouse ESTs from 17,000 genes55. RNAs from siHuR- 

and siCtr-treated C2C12 cells extracts were prepared56, processed and hybridized on the 

cDNA arrays. The data were processed using the Array Pro software (Media Cybernetics, 

Inc.), then normalized by Z-score transformation55 and used to calculate differences in 

signal intensities. Significant values were tested using a two-tailed Z-test and a P of ≤0.01. 

The data were calculated from two independent experiments. 

 

Fluorescence in situ hybridization 

The fluorescence in situ hybridization experiments were performed57 using a DNA 

fragment of ~500 bp corresponding to the coding region of mouse NPM. The fragment 

was amplified by PCR using the following primers fused to either a T7 or T3 minimal 

promoter sequence: NPM forward, 5′-TAA TAC GAC TCA CTA TAG GGA CGG TTG 

AAG TGT GGT TCA G -3′, and NPM reverse, 5′-AAT TAA CCC TCA CTA AAG GAA CTT 
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GGC TTC CAC TTT GG -3′. The PCR product was used as the template for in vitro 

transcription of the NPM probe needed for fluorescence in situ hybridization. The 

antisense (T3) and sense (T7) probes were prepared using digoxigenin-RNA labeling mix 

(Roche Diagnostics). The RNA probes were quantified, denatured, and incubated with 

permeabilized cells57. After the hybridization, the cells were used for immunofluorescence 

to detect HuR57. 

 

Polysome fractionation 

4×107 myoblasts were grown and treated with siRNAs as described above. Briefly, 

the cytoplasmic extracts obtained from lysed myoblast cells were centrifuged at 130,000 

× g for 2 h on a sucrose gradient (10–50% w/v)58. RNA was extracted using Trizol LS 

(Invitrogen), and was then analyzed on an agarose gel. The levels of NPM and GAPDH 

mRNAs were determined using RT-qPCR. 

 

RNA electrophoretic mobility shift assays 

The NPM cRNA probes were produced by in vitro transcription59. The accession 

number in the NCBI database of the NPM mRNA sequence used to generate these 

probes is NM_008722. The NPM probes 5′UTR, 3′UTR, P1, and P2 were generated by 

PCR amplification using a forward primer fused to the T7 promoter (Annex 1. 

Supplementary Table 2) as well as pYX-Asc-NPM expression vector as the template. For 

smaller probes (P1-1 to P2-3, P1-1-mut1, P1-1-mut2, P1-1-mut1-2), oligonucleotide 

sense and anti-sense were directly annealed and used for in vitro transcription. The RNA 

binding assays23 were performed using 500 ng purified recombinant protein (GST or 

GST-HuR) incubated with 50 000 cpm of 32P-labelled cRNAs. Supershift experiments 

were also performed with 10 μg total C2C12 cell extract (TE) incubated with 50 000 cpm 

of 32P-labelled cRNAs. An anti-KSRP antibody was then added to the reaction to 

supershift the RNP/cRNA complex containing KSRP. 

 

Luciferase activity 
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The activity of Renilla luciferase was measured using a Renilla luciferase assay 

system (Promega) with a luminometer following the manufacturer’s instructions. 

 

In vitro pull-down experiments 

GST pull-down assay4 were performed using GST-HuR and recombinant His-

KSRP. The interaction of the His-KSRP with the pulled-down GST-HuR was analyzed by 

western blotting using the GST and KSRP antibodies. 
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9.2. CHAPTER II: Cooperativity between YB1 and HuR is necessary to regulate 

Myogenin mRNA stability during muscle fiber formation.  

 

9.2.1. Abstract 

The ubiquitously expressed protein HuR plays a key role in the posttranscriptional 

regulation of gene expression during myogenesis. HuR has been shown to upregulate 

the expression of pro-myogenic genes while suppressing the expression of anti-myogenic 

genes. However, the mechanisms and the complete network of trans-acting factors by 

which HuR manages this differential regulation is still elusive. By performing an 

immunoprecipitation-coupled to mass spectrometry experiment we identified 41 novel 

protein partners of HuR in muscle cells and provide evidence that one of these partners, 

the multifunctional DNA/RNA-binding protein YB1, forms a complex with HuR in an RNA 

independent manner. We also identify a list of shared mRNA binding targets between 

HuR and YB1 and demonstrate that the HuR/YB1 complex promotes myogenesis by 

regulating the expression of the Myog mRNA. We show that depletion of YB1, similarly 

to HuR, destabilizes the Myog mRNA, decreases Myog protein levels, and inhibits 

myogenesis.  HuR and YB1 stabilizes the Myog mRNA by associating with a G/U-rich 

element (G/URE) in the Myog mRNA 3’UTR.  This regulatory event requires an intact 

HuR/YB1 complex, as depletion of either one compromises the binding of the other to the 

Myog mRNA. Taken together, our study delineates a novel mechanism for HuR-mediated 

posttranscriptional regulation of myogenesis, one that requires its association to YB1, and 

provides new insights into the central role of posttranscriptional regulatory networks in 

modulating many vital cellular processes. 

 

9.2.2. Introduction 

Mammalian adult skeletal muscle tissue is composed of bundles of fibers derived 

from the fusion of several mononucleated precursor muscle cells (myoblasts)1,2. The 

integrity of muscle tissue is vital for an organism to ensure its basic functions, such as 

locomotor activity, postural behavior, and breathing. Therefore, it is not surprising that 

myogenesis (the process of muscle formation and regeneration) is tightly regulated and 
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highly conserved in all mammals1,2. Myogenesis is activated during embryogenesis, 

leading to the formation of skeletal muscle tissue, as well as in response to injury, to allow 

the regeneration of damaged muscle fibers1,3-9. The myogenic process involves the 

sequential activation of a specific set of genes encoding key proteins known as Myogenic 

Regulatory Factors (MRFs), which activate muscle cell differentiation through induction 

of a muscle-specific transcriptional program9-11. These MRFs consist of Myogenic 

differentiation antigen (MyoD), Myogenin (Myog), Myogenic factor 5 (Myf5), and 

Myogenic factor 6 (MRF4). It has been shown that high levels of these MRFs must be 

maintained throughout the differentiation process in order to ensure muscle development 

and integrity1,2,11-13. While it is well-accepted that transcriptional induction of MRF genes 

represents a critical regulatory step2,11-13, work from several groups including ours has 

established that transcription alone is not sufficient to maintain the high expression levels 

of MRFs during the lifespan of a muscle cell1,14-16. 

Over the past two decades, it has become clear that regulation of gene expression 

at the posttranscriptional level plays a critical role in modulating muscle fiber formation14-

17. This dynamic level of regulation involves many steps in the maturation of mRNA, 

including splicing, stability of the mRNA transcript, cellular movement, and translation into 

protein as well as posttranslational modifications of key players in these processes1,18-20. 

It is well-established that the processing and expression of mRNAs is mediated by the 

combined interactions of several RNA-binding factors1,4,14,16,21,22, been RNA-binding 

proteins (RBPs) one of the key posttranscriptional regulatory trans-acting factors that 

target mRNAs in various cells including muscle1,18-20. We and others have shown that the 

RBP HuR, a well characterized posttranscriptional regulator, play a key role in promoting 

myogenesis, by modulating muscle function and integrity1,4,14-16,22,23. Interestingly, the 

mechanisms by which HuR performs its promyogenic function are unique and sometimes 

opposing. Indeed, during the initial stages of myogenesis, HuR promotes the translation 

of the mRNA encoding the alarmin HMGB1 by negating the translational inhibitory effects 

of the microRNA miR-119223. Simultaneously, HuR also destabilizes the mRNA encoding 

the cell cycle modulator Nucleophosmin (NPM) through its interaction with the decay 

factor KSRP22. Later, during the pre-terminal stages of the differentiation process, HuR 

binds to and stabilizes the mRNAs encoding for the cyclin-dependent kinase inhibitor P21 
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as well as the MRFs MyoD and Myog3,15,24,25. Hence, the mechanisms by which HuR 

modulates myogenesis are both diverse and complex and, importantly, require its 

interaction with other RNA-binding factors. However, the characterization of the complete 

network of RBPs that interact with HuR during myogenesis and, furthermore, how their 

interplay dictates the expression of pro- and anti-myogenic mRNAs has yet to be fully 

explored. 

In order to gain a more complete understanding of the HuR-network of protein 

partners during myogenesis we used a combination of protein purification techniques and 

mass spectroscopy analysis to identify novel HuR protein ligands. We identified the 

multifunctional DNA/RNA-binding protein YB126,27 as a novel HuR binding partner during 

myogenesis. We demonstrate that depletion of YB1 resulted in decreased expression of 

Myog protein which, consequently, prevented the commitment of myoblast cells into the 

differentiation process. We show that similarly to HuR, YB1 associates to a G/URE in the 

Myog mRNA 3’untranslated region, regulating its stability. Importantly, the function of HuR 

and YB1 in the regulation of the Myog mRNA during myogenesis is dependent on the 

cooperative interplay between these two proteins. Our findings, therefore, clearly 

establish the cooperation between HuR and YB1 as a novel regulatory mechanism 

required for the formation of muscle fibers.    

 

9.2.3. Results 

9.2.3.1. YB1 is a novel HuR protein ligand required for muscle fiber 

formation. 

HuR has previously been shown to modulate the expression of pro-myogenic 

genes by collaborating or competing with other RNA binding factors during the early steps 

of muscle cell differentiation23,2812,293. To identify novel protein ligands that collaborate 

with HuR at the pre-terminal stage of myotube formation we immunoprecipitated (IP) HuR 

from C2C12 cell extracts collected at day 2 of the differentiation process (Fig. 3.1a) and 

performed mass spectrometry analysis of the HuR-bound proteins. We identified 41 

putative protein ligands of HuR in these cells (Annex 2. Supp. Table 1). Gene Ontology 

(GO) classification of these proteins based on molecular functions (Fig. 3.1b) and cellular 
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compartments (Annex 2. Supp. Fig. 1) revealed that HuR protein ligands are most 

commonly RNA binding proteins (RBP) localized in ribonucleoprotein complexes. To 

further understand the relationship between HuR and its putative protein ligands we used 

geneMANIA29 to generate a protein-protein interaction (PPI) network which includes the 

RBPs identified above (Fig. 3.1b right) as well as additional proteins that are predicted 

by geneMANIA to mediate the function of these RBPs (Fig. 3.1c, and Annex 2. Supp. 

Table 2). The co-localization analysis showed two clusters of proteins, with YB1 (Ybx1) 

and NCL (NcI) as center nodes. Since the molecular function of YB1 resembles that of 

HuR (Elavl1) our data therefore highlights YB1 as a potentially important protein partner 

of HuR during muscle fiber formation (Fig. 3.1c).  
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Figure 3.1. Gene ontology (GO) analysis of potential HuR protein partners in muscle cells. 

Immunoprecipitation experiments were performed on C2C12 cell lysates using a monoclonal HuR 

antibody (3A2) or IgG as a control. a) IP samples were analyzed by western blot using an anti-

HuR antibody. b) Gene Ontology (GO) analysis was conducted using DAVID v6.8® to classify 

HuR putative protein partners based on molecular functions. Left; top 10 GO-terms enriched as 

analyzed by DAVID v6.8®. Right; List of RBP identified by GO analysis. c) GeneMANIA 

interaction network of HuR putative protein ligand in muscle. Physical interaction analysis is 

displayed as pink lines, co-localization analysis as violet lines. Line thickness represents 

interaction strength. Stripe nodes represent the queried genes and non-stripe nodes represent 

mediated protein for interactions (predicted by GeneMANIA). Molecular functions are shown by 

color triangles inside each node. Proteins are identified by their gene name. A total of 36 proteins 

were analyzed. d) Immunoprecipitation (IP) experiments were performed on C2C12 cell lysates 

treated or not with RNase A using a monoclonal HuR antibody (3A2) or IgG as a control; Left; IP 

samples were analyzed by western blot using anti-YB1 or -HuR antibodies. Right; Agarose gel 

demonstrating the efficiency of RNA degradation in cell extracts digested for 30 min at 37°C with 

RNase A (100 µg/ml). 

 

It has been suggested that the pleiotropic functions of YB1 are the result of its 

ability to form distinct complexes with different protein partners, allowing it to carry out 

specific functions in a variety of regulatory events30-32. To investigate the role of YB1 in 

the HuR-mediated regulation of myogenesis we first validated our mass spectrometry 

results. We performed IP experiments on C2C12 cell extracts collected at day 2 of the 

differentiation process, treated with or without 100 μg/ml RNAse A, using anti-YB1 and 

anti-HuR antibodies. Our results demonstrated that YB1 and HuR associate during 

muscle differentiation and that their association occurs in an RNA-independent manner 

in muscle cells (Fig. 3.1d). Since the association of YB1 and HuR occurs during the pre-

terminal stage of muscle fiber formation, we assessed whether this interaction resulted 

from an increased expression of YB1 protein during muscle fiber formation. Western blot 

experiments using total cell extracts from differentiating myoblasts demonstrated that 

neither HuR nor YB1 expression is altered during the myoblast to myotube transition (Fig. 

3.2a). It is well established that HuR cytoplasmic accumulation during muscle cell 

differentiation directly correlates with its function in regulating the expression of its pro-

myogenic targets3,2. The fact that, similarly to HuR, YB1 is known to shuttle between the 

nucleus and the cytoplasm27,33,34 raises the possibility of a direct relation between YB1 

localization in muscle cells and its association to HuR. To investigate this possibility, we 
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visualized the cellular localization of HuR and YB1 during muscle fiber formation. Contrary 

to HuR, which is localized in the nucleus in myoblasts and translocate to the cytoplasm 

during differentiation (Fig. 3.2b panel 1, 5, 9), our immunofluorescence experiments 

revealed that YB1 is primary found in the cytoplasm of myoblasts and that there is no 

change in its localization during myogenesis (Fig. 3.2b panel 2, 6, 10).  Our data therefore 

indicate that HuR and YB1 interact with each other during the pre-terminal stage when 

HuR and YB1 are both localized to the cytoplasm of myotubes. 

We next assessed whether YB1, similarly to HuR, plays an important role in 

regulating the myogenic process. To address this question, we first knocked down YB1 

in myoblasts using an siRNA that specifically targets the Ybx1 gene (siYB1) (Fig. 3.2c). 

We demonstrated that knocking down YB1 in C2C12 cells significantly reduced the 

efficiency of muscle cell differentiation as determined by visualizing the morphology of 

C2C12 cells by phase contrast (Fig. 3.2d) and the expression of two known markers of 

muscle fiber formation, myoglobin and myosin heavy chain (MyHC), by 

immunofluorescence (IF) (Fig. 3.2e).  Interestingly, overexpression of HuR in C2C12 cells 

(Fig. 3.2g), which on its own enhances muscle fiber formation28,35, was not sufficient to 

rescue the myogenic capacity of siYB1 treated cells (Fig. 3.2f). These observations, 

therefore, demonstrate that HuR collaborates with YB1 to promote muscle fiber formation 

and suggest that their interaction affects the outcome of their regulatory actions on pro-

myogenic targets. 
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Figure 3.2. YB1 is a novel HuR protein ligand and its depletion prevents muscle cell 

differentiation. a-b) Exponentially growing C2C12 myoblasts (exp), 100 % confluent C2C12 

myoblasts (Day0) and C2C12 at different days of muscle fiber formation (Day1 to Day 4) were 

used to assess protein levels and cellular localization of YB1 and HuR. a) Western blot 

showing endogenous YB1 and HuR protein levels. Blots were incubated with antibodies 

against YB1, HuR and α-tubulin (loading control). b) IF pictures showing the cellular 

localization of YB1 and HuR. C2C12 cells were fixed and used for IF using anti-YB1 and -HuR 

antibodies, as well as DAPI staining. Images of a single representative field are shown. Bars 

100μm. c-e) Exponentially growing C2C12 myoblasts were transfected with a siCtl or siYB1 

and induced for differentiation. c) Western Blot demonstrating the efficiency of YB1 knockdown 
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over the different days of C2C12 muscle cell differentiation. Blots were probed with antibodies 

against YB1 and α-tubulin (loading control). d) Phase contrast pictures showing the 

differentiation status of these cells from day 0 to day 4 of the differentiation process. Bars 

500μm. Images of a single representative field are shown e) Myogenic capacity was assessed 

on C2C12 cells depleted (siYB1) or not (siCtl) of YB1 Left; IF pictures showing the 

differentiation status of siCtl and siYB1 treated cells at day 3 of the myogenic process using 

an anti-MyHC and anti-Myoglobin antibodies and stained with DAPI. Images of a single 

representative field are shown. Bars 100μm. Right, Fusion index indicating the efficiency of 

C2C12 differentiation. Data are presented +/- the s.e.m. of three independent experiments 

***P<0.0005 (t test). f-g) C2C12 cells expressing GFP or GFP-HuR were depleted (siYB1) or 

not (siCtl) of YB1 and induced for differentiation for 3 days. f) Cell extracts from these cells 

were used for western blot analysis with antibodies against HuR, Myog or α-tubulin (loading 

control). g) Phase contrast pictures showing the differentiation status of these cells from Day 

0 to Day 3. Bars 500μm. Images of a single representative field are shown. 

 

9.2.3.2. HuR and YB1 bind to Myog mRNA during muscle fiber formation. 

In order to investigate if HuR and YB1 cooperate together during myogenesis to 

affect the expression of common pro-myogenic mRNA targets, we performed RNA 

immunoprecipitation (RIP) experiments (using anti-HuR and anti-YB1 antibodies) coupled 

to RNA sequencing analysis (RIP-seq) on C2C12 cell extracts collected at day 2 of 

differentiation. We determined that in these cells HuR and YB1 associate with 1513 and 

1103 mRNA transcripts, respectively. Comparison of both RIP-seq datasets identify 409 

common mRNA targets for HuR and YB1 (Fig. 3.3a-b. Annex 2. Supp. Table 3). GO 

enrichment analysis based on biological processes revealed that of the 409 common 

targets, 4 of these, Myog, MyoD, Gata4 and Myc, encoded for proteins involved in skeletal 

muscle cell differentiation (Fig. 3.3c).  

Given that our RIP-Seq experiments demonstrated that HuR and YB1 bound most 

strongly to the Myog mRNA we decided, as a proof-of-principle, to investigate if HuR 

collaborates with YB1 to post transcriptionally regulate the Myog mRNA during muscle 

fiber formation. We began by performing RNA-IP experiments coupled with RT-qPCR to 

validate the binding of YB1 and HuR to the Myog mRNA. We showed that both HuR and 

YB1 strongly associate to Myog mRNA during the pre-terminal stage of muscle fiber 

formation (Fig. 3.3d-e, Annex 2. Supp. Fig. 2) when an elevated level of Myog is 

necessary to promote the fusion of myoblasts into myotubes11. We then assessed 

whether YB1 and HuR associate, in a cooperative manner, to the Myog mRNA. We 
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demonstrated that although the knockdown of HuR did not alter the cellular localization 

of YB1 in myotubes, it did inhibit, by more than 45%, YB1’s association to the Myog mRNA 

(Fig. 3.3f and Annex 2. Supp. Fig. 3). Likewise, the association of HuR to Myog mRNA 

also decreased by more than 60% due to the depletion of YB1, without affecting the 

cellular localization of HuR. (Fig. 3.3g and Annex 2. Supp. Fig. 3) Together these results 

suggest that one way by which HuR promotes myogenesis is by collaborating with YB1 

to modulate Myog expression. 

 

Figure 3.3. YB1 and HuR have common mRNA targets in muscle cells. YB1 and HuR 

mRNA targets in C2C12 cells were identified by performing RIP-seq experiments using anti-

HuR and anti-YB1 antibodies. a) Venn diagram of significantly enriched common HuR and 
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YB1 mRNA targets identified by RIP-seq b) Scatterplot comparing the log2 fold enrichments 

of common mRNA targets of YB1 and HuR in muscle cells. c) Gene Ontology (GO) analysis 

was conducted using DAVID v6.8® to classify common mRNA targets of YB1 and HuR based 

on Biological Processes. Left; top 10 GO-terms enriched as analyzed by DAVID v6.8®. Right; 

Comparison of log2 fold change values of mRNA transcripts involved in skeletal muscle cell 

differentiation as identify by DAVID v6.8®. d-e) Validation of Myog mRNA association to d) 

YB1 and e) HuR. RNA was isolated from the IP of YB1 and HuR (IgG was used as a negative 

control) and RT-qPCR was performed using primers specific for Myog and GAPDH mRNAs. 

Myog mRNA levels were standardized against GAPDH mRNA levels. The normalized Myog 

mRNA levels were then plotted relatively to the IgG IP condition +/- s.e.m. of 4 independent 

experiments. *P<0.05 (t test). f-g) IP experiments were performed using YB1 (f) or HuR (g) 

antibodies on cell lysates from C2C12 cells treated with siHuR (f) or siYB1 (g). RNA was 

isolated from the IP, and RT-qPCR analysis was performed using specific primers for Myog 

mRNA. For each IP sample, relative Myog mRNA levels were normalized to the corresponding 

IP IgG and to the corresponding total mRNA input sample. The relative Myog mRNA level from 

siHuR or siYB1 conditions were then plotted relative to the siCtl condition. Data are presented 

+/- the s.e.m. of 4 independent experiments *P<0.05. ***P<0.0005 (t test). 

 

9.2.3.3. YB1 stabilizes Myog mRNA via a G/U-rich element in the 3′-UTR. 

Next, we determined how YB1 regulates Myog expression during myogenesis. 

Total RNA was isolated from C2C12 cells depleted of endogenous YB1 and Myog steady-

state level was determined by RT-qPCR. We observed that the knockdown of YB1 

significantly decreased Myog protein levels (Fig. 3.4a). Myog mRNA levels were also 

considerably reduced (>3-fold) in the absence on YB1 (Fig. 3.4b). The decrease in mRNA 

levels were similar to those observed when HuR was knocked down in the cells (Fig. 

3.4b). Since the knockdown of YB1 decreases Myog mRNA levels, we sought to 

determine if this effect occurred because of a reduction in the transcription of Myog or 

due to the destabilization of its mRNA. Towards this end, we performed a nuclear run-on 

assay on C2C12 cells depleted of endogenous YB1. We did not observe any change in 

the transcription rate of Myog in the absence of YB1 (Fig. 3.4c). Next, to determine if the 

loss of Myog mRNA was due to destabilization of the transcript, we performed a pulse-

chase experiment using the RNA polymerase II inhibitor actinomycin D (ActD) and found 

that depleting either HuR or YB1 in C2C12 cells significantly decreased the half-life of the 

Myog mRNA (Fig. 3.4d). Furthermore, the knockdown of YB1 decreased the level 

of Myog mRNA by more than 2-fold in the presence or absence of GFP-HuR (Fig. 3.4e). 

Likewise, Myog protein levels on siYB1 treated cells were not restore to normal levels 

upon overexpression of the GFP-HuR protein (Fig. 3.4f). Based on this result, we 
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conclude that in C2C12 cells, YB1 and HuR collaborate to promote the stabilization of 

Myog mRNA which is necessary to ensure the formation of muscle fibers.  

 

Figure 3.4. YB1 regulates the stability of Myog mRNA. a-b) Exponentially growing C2C12 

depleted (siYB1) or not (siCtl) of YB1 were used to assess Myog mRNA and protein levels. a) 

WB demonstrating the efficiency of YB1 knockdown and Myog protein levels on C2C12 

extracts collected at day 2 of the differentiation process. Blots were probed with antibodies 

against Myog, YB1 and α-tubulin (loading control). b) Myog mRNA levels were assess by RT-

qPCR using specific primers for Myog and GAPDH mRNAs. Myog mRNA levels were 

standardized against GAPDH mRNA levels. The normalized Myog mRNA levels were plotted 

relatively to the siCtl condition. c) C2C12 cells depleted (siYB1) or not (siCtl) of YB1 were 

collected at 100% confluency and used for nuclear run-on analysis. Right; the band intensities 

of Myog and GAPDH mRNAs were determined using ImageJ Software. Left; The Myog mRNA 

levels were normalized over GAPDH. +/- s.e.m. of 2 independent experiments. d) The stability 

of the Myog mRNA in C2C12 cells depleted (siYB1) or not (siCtl) of YB1 and HuR (siHuR) was 

determined by ActD pulse-chase experiments. Cells were treated with Actinomycin D (ActD) 

for 0, 2, 4 or 6h and total RNA used for RT-qPCR analysis. The expression level of the Myog 

mRNA in each time point was determined relative to GAPDH mRNA levels and plotted relative 

to the abundance of each message at 0 hrs. of ActD treatment, which is considered as 1. Data 

is presented +/- the s.e.m. of 3 independent experiments.  

 

It is well established that both YB1 and HuR modulate the expression of target 

mRNAs by directly interacting with sequence motifs located in the 3’UTRs of their target 
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messages36-38. Previous experiments from our laboratory demonstrated that HuR binds 

to a GU-rich element (G/URE) in the 3’UTR of Myog mRNA24. Sequence analysis of the 

Myog mRNA showed that, in addition to the previously characterized HuR binding site 

(G/URE-2), two additional putative binding sites for HuR and/or YB1 (G/UREs 1 and 3) 

were present in the 3’UTR (Fig. 3.5a, Annex 2. Supp. Fig. 3). To determine whether YB1 

and/or HuR associated to these regions, we performed RNA electromobility shift assays 

(REMSAs) using recombinant GST, GST-HuR or GST-YB1 proteins and radiolabeled 

RNA probes corresponding to the three G/UREs found on the 3’UTR of the Myog mRNA. 

We observed that while GST-HuR forms a complex with the three regions, GST-YB1 

associated only to G/URE-2 (Fig. 3.5b). Together these results show that HuR and YB1 

directly associate to the G/URE-2 binding sites in the Myog mRNA 3’UTR. 

 

Figure 3.5. YB1 and HuR bind to a G/U rich element in the Myog mRNA 3’UTR. a) 

Schematic representation of the Myog mRNA sequence. Myog coding sequence is highlighted 

in yellow (Nucleotide 53-727). The initial nucleotide of the 3’UTR (nucleotide 728) is marked 

with a black circle. G/UREs present in the Myog 3’UTR are colored boxed; G/URE 1 is 

highlighted in green (nucleotide 1001-1030), G/URE 2 is highlighted in blue (nucleotide 1251-
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1290), and G/URE 3 is highlighted in red (nucleotide 1359-1479). b) G/URE 1, 2 and 3 were 

used to generate radiolabeled RNA probes for RNA electromobility shift assays (REMSA). 

Assays were performed by incubating purified GST, GST-YB1 or GST-HuR protein with the 

radiolabeled cRNA probes. Blots are representative of 2 independent experiments.  

 

Next we investigated the role of these binding sites on the HuR/YB1 mediated 

stabilization of the Myog mRNA in muscle cells. We generated Renilla luciferase (Rluc) 

reporter constructs expressing either wild-type (pRL-Myog-3′UTR), or a mutant 

Myog mRNA 3′UTR in which G/URE 1 (pRL-Myog-3′UTR-mut1), G/URE 2 (pRL-Myog-

3′UTR-mut2) or G/URE 3 (pRL-Myog-3′UTR-mut3) were deleted (Fig. 3.6a). C2C12 cells 

were transfected with these Rluc-reporters and the steady-state level of the Rluc mRNA 

determined by RT-qPCR analysis. We observed that the level of pRL-Myog-3′UTR-mut2 

mRNA, unlike the pRL-Myog-3′UTR-mut1 and pRL-Myog-3′UTR-mut3 mRNAs, were 2-

fold less than those observed with the wild-type pRL-Myog-3′UTR (Fig 3.6b).  

Luciferase activity assay (which is proportional to Rluc protein levels) showed that, 

similarly to the mRNA levels, the luciferase activity of the pRL-Myog-3′UTR-mut2 reporter 

(but not the other 2 mutants) was significantly suppressed when compared to the wild-

type pRL-Myog-3′UTR (Fig. 3.6c). RIP coupled to RT-qPCR experiments demonstrated 

that both HuR and YB1 bind to the Myog mRNA 3′UTR by associating with the G/URE-2 

element. Indeed, the association of YB1 and HuR to the pRL-Myog-3′UTR-mut2 mRNA, 

but not the other constructs, was significantly decreased by more than 2 folds due to the 

deletion of the G/URE 2 element (Fig. 3.6d-e). We then assessed the functional 

relevance of these YB1/HuR binding sites on the stability of the Myog mRNA by 

performing ActD pulse-chase experiments on C2C12 cells expressing the various Rluc-

reporters described above (Fig. 3.6a). We observed that only the half-life of the pRL-

Myog-3′UTR-mut2 mRNA was significantly reduced, while similarly to the wild-type pRL-

Myog-3′UTR, that of pRL-Myog-3′UTR-mut1, and pRL-Myog-3′UTR-mut3 remained 

stable (Fig. 3.6f). These results clearly demonstrate that the YB1/HuR mediated stability 

of the Myog mRNA is due to their cooperative binding to the G/URE 2 element in the 

Myog mRNA 3’UTR.  
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Figure 3.6. G/URE 2 is required for the YB1/HuR mediated stabilization of the Myog 

mRNA. a) Schematic representation of the Rluc reporter constructs containing the Myog 

mRNA 3’UTR with or without deletion of the G/URE 1, 2 or 3 (indicated by colored blocks).  b) 

Exponentially growing C2C12 cells were transfected with the reporter constructs described in 
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a. Total RNA was isolated from these cells and the expression levels of Rluc mRNA 

determined by RT-qPCR. Expression levels of the Rluc reporters was standardized 

against RPL32 mRNA level and plotted relative to the expression of the pRL-Myog-3′UTR 

reporter. c) Total cell extracts from C2C12 cells expressing the Rluc reporters were used to 

determine Luciferase activity. d-e) Lysates from cells expressing our Rluc reporters were used 

for RIP-coupled to RT-qPCR experiments using the anti-YB1, anti-HuR antibody (3A2). The 

amount of Rluc mRNA associated to d) YB1 or e) HuR was determined by RT-qPCR. f) The 

stability of the Rluc RNA reporters was determined by ActD pulse-chase experiments. Cells 

were treated with Actinomycin D (ActD) for 0, 2, 4 or 6h and total RNA used for RT-qPCR 

analysis. The expression level of the Rluc mRNA in each time point was determined relative 

to RPL32 mRNA levels and plotted relative to the abundance of each message at 0 hrs. of 

ActD treatment, which is considered as 1. Data is presented +/- the s.e.m. of 3 independent 

experiments. **P<0.005; ***P<0.0005. (T-test).   

 

Additionally, we generated GFP-conjugated Myog plasmids expressing full-length 

(GFP-Myog) or mutated isoforms of the Myog protein in which G/URE1, 2 and 3 were 

deleted (GFP-Myog-mut1, GFP-Myog-mut2, GFP-Myog-mut3) (Fig. 7A). These Myog 

isoforms were then expressed in C2C12 cells and GFP-Myog protein levels asses by WB 

and IF. We showed, by performing these experiments, that only the deletion of the G/URE 

2 element decreased, by more than 2 folds, GFP-Myog protein levels (Fig. 7B, C).  Taken 

together our data indicate that a HuR/YB1 complex regulates the stability of Myog mRNA 

during the pre-terminal stage of myogenesis by binding, in a cooperative manner, to a 

G/URE in the 3’UTR. In doing so our findings describe, for the first time, the importance 

of this complex in regulating the expression of Myog, consequently, promoting muscle 

cell differentiation.   

 



Page | 118  

 

 

Figure 3.7. G/URE 2 is required for the YB1/HuR mediated regulation of Myog 

expression. a) Schematic representation of the GFP constructs containing the full length 

Myog mRNA with or without deletion of the G/URE 1, 2 or 3 (indicated by colored blocks). b) 

Exponentially growing C2C12 cells were transfected with the reporter constructs described in 

a. Lysates from these cells were then analyzed by WB using antibodies against GFP and α-

tubulin (loading control) to assess GFP-Myog protein levels. c) IF demonstrating GFP levels 

in cells transfected as described in a.  Cells were fixed, stained with DAPI and used for 

fluorescent Imaging. Images of a single representative field are shown. Bars 100μm. 
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9.2.4. Discussion 

HuR-mediated regulation of myogenesis was one of the first examples of a link 

between a posttranscriptional regulator and muscle fiber formation15,24. Previous work 

from our lab demonstrated that HuR associates with elements in the mRNAs of several 

classic (MyoD, Myog, p21)24,35,39 and newly identified modulators of myogenesis 

(HMGB1, NPM)23,28. First described as a positive regulator of mRNA stability, we now 

know that HuR can have multiple and sometime opposite functions on it targeted 

transcripts, switching from a promoter of translation23,40,41 to a mRNA stabilizer24,37,42,43, 

to a promoter of mRNA decay21,28. Numerous reports have indicated that the versatility of 

HuR is mediated by collaboration or competition with other trans-acting factors15,28,35. 

Thus, identifying the HuR network of trans-acting factor is paramount to our 

understanding of its regulatory functions in physiological processes such as myogenesis. 

Herein, we have identified a novel protein-protein interaction network for HuR during 

myogenesis. Using the Myog mRNA as a model to investigate the HuR interaction with 

YB1 in muscle cells, we validated a novel posttranscriptional mechanism by which HuR 

regulates its pro-myogenic targets. Together our data supports a model whereby, during 

the transition step from myoblast to myotubes, the stabilization activity of HuR on the 

Myog mRNA requires its direct association with the RBP YB1. Once formed, the HuR/YB1 

complex is recruited to G/URE 2 in the 3′-UTR of Myog mRNA leading to its stabilization 

and the increased expression of Myog, resulting in the concomitant formation and 

maintenance of muscle fibers (Fig. 3.8).    
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Figure 3.8. Model depicting the molecular mechanism through which the HuR/YB1 complex 

regulate Myog mRNA stability to promote muscle fiber formation. 

 

The observation that depletion of either HuR or YB1 caused a reduced association 

of the other with Myog mRNA (Fig. 3.3f-g) indicates that the two proteins must first bind 

to each other before they can be efficiently recruited to the Myog transcript. This provides 

a potential mechanism behind our previous observation that HuR must translocate to the 

cytoplasm during myogenesis in order to associate to the Myog mRNA24. Since YB1 is 

found primarily in the cytoplasm (Fig. 3.2b), the translocation of HuR, from the nucleus 

to the cytoplasm, is necessary to allow for their interaction and subsequent stabilization 

of the Myog mRNA. Adding to this, the observation that YB1 and HuR share a common 

set of target transcripts (Fig. 3.3a) representing about ~2% of the transcriptome48-50, 

suggests that the effect of the HuR/YB1 complex in muscle fiber formation is the result, 

of not only the stabilization of Myog, but of the concerted regulation of a common set of 

genes. 

In our study we characterized the HuR network of protein partners in C2C12 

muscle cells during the pre-terminal stage of myogenesis. We identified 41 protein binding 

partners of HuR in differentiated muscle cells (Annex 2. Supp. Table 1). Our analysis 

showed that HuR had the greatest affinity for proteins with RNA/DNA binding activity (Fig. 
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3.1b). Given the importance of HuR in the regulation of RNA metabolism, it is not 

surprising that its interacting protein partners share similar functions and binding activity. 

The fact that ~15% of proteins identified in our study localized within ribonucleoprotein 

complexes (Fig. 3.1b, c and Annex 2. Supp. Fig. 1) provides further evidence that many 

physiological processes, such as myogenesis, are regulated by an interplay between 

RBPs rather than by the individualities of single regulators.  

HuR has been shown to modulate the turnover and the translation of mRNA 

encoding pro- and anti-myogenic factors. During the early stages of myogenesis 

promotes the expression of the alarmin HMGB1 by preventing miR-1192-mediated 

translation inhibition of its mRNA23. At the same time, HuR also collaborates with the 

mRNA decay factor KSRP to reduce the expression of the Nucleophosmin (NPM) protein 

by destabilizing its mRNA22. Here we show that another important function of HuR in the 

myogenic process is stabilizing the Myog mRNA through a collaboration with the RBP 

YB1. Our results further support the growing evidence that the functional diversity of HuR-

mediated regulation relies in the diversification of its trans-acting partners15,28,35 allowing 

a fine tuning of the transcriptional program during myogenesis. To understand the 

mechanisms behind this interplay, future studies will be needed to map not just the 

interactions between HuR and its trans-acting factors, but also the proximity of their 

binding sites on target messages. Adding to this complexity, post-translational 

modifications may also be involved in the functional switches of HuR during myogenesis. 

For example, recently, both HuR and YB1 have been shown to be polyADP-ribosylated 

(PARyated)51,52. PARylation has been shown to promote the recruitment of protein 

partners to PARylated proteins53-55. Thus, of interest would be to investigate whether 

PARylation is activated during muscle fiber formation and whether it plays a role in the 

formation of the HuR/YB1 complex.  

Together our study suggest that the complexity of post‐transcriptional regulation 

may rival that of transcriptional regulation in several, if not all, physiological processes 

and shows that establishing the network of RBPs that interact with HuR as well as the 

mechanism through which these HuR-mediated complexes mediate posttranscriptional 

events during myogenesis may open a venue for the development of novel therapeutics, 

targeting HuR specificity for its protein ligands to prevent muscle related pathologies.   
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9.2.5. Material and Methods 

 Plasmid construction 

To generate the GST-YB1 plasmid, mouse YB1 coding sequence was amplified 

by PCR and cloned into the pGEX-6P-1 plasmid (GE Healthcare). GFP-HuR was 

prepared by PCR using the GST-HuR26 plasmid as a template. The PCR fragments were 

then cloned into the pAcGFP1-C1 vector (BD Biosciences). GFP-Myog was prepared by 

PCR amplification of the mouse Myog coding sequence which was then cloned into the 

pGEX-6P-1 plasmid (GE Healthcare)24. To generate the pRL-Myog-3’UTR plasmid, the 

full-length 3′-UTR of mouse Myog was amplified by PCR and cloned into the pRL-SV40 

plasmid (Promega). pRL-Myog-3’UTR or GFP-Myog mutants containing a deleted 

G/URE 1, G/URE 2, or G/URE 3 region respectively were generated by Norclone Biotech 

Laboratories, Kingstone, ON, Canada. Full sequence details in Annex 2. Supp. Table 4. 

  

Cell culture and transfection 

C2C12 cells (ATCC, Manassas, VA, USA) were grown and maintained in 

Dulbecco's modified eagle medium (DMEM, Invitrogen) containing 20% fetal bovine 

serum (Invitrogen), and 1% penicillin/streptomycin antibiotics, following the 

manufacturer's instructions (Invitrogen). Differentiation was induced when the cells 

reached 100% confluency on plates previously coated with 0.1% gelatin (Day 0). To 

induce differentiation, growth media was replaced with differentiation media containing 

DMEM, 2% horse serum, and 1% penicillin/streptomycin antibiotics. The transfection of 

siRNA into C2C12 cells was performed as previously described24. Briefly, the transfection 

with siYB1, siHuR, or siCtl was performed when cells were 20-30% confluent. The 

transfection treatment was repeated 24 h later when cells were 50-60% confluent. 6-8 h 

after the second transfection, two wells (with the same siRNA treatment) were combined 

into one by trypsinizing the cells from one well and transferring them to the corresponding 

wells on the second plate. All siRNAs duplexes were used at a final concentration of 

60nM. For DNA plasmid transfections, C2C12 cells at 60-70% confluency, were 

transfected in six-well plates with 1.5 µg of plasmid DNA. jetPRIME® (Polyplus) 
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transfection reagent was used, for all transfections following the manufacturer's 

instructions. 

  

siRNA 

siRNA oligonucleotides against YB1 (5’- CGA AAG GUU UUG GGA ACA GU-3’), 

was obtained from Ambion-Life Technologies. siHuR (5’-AAG CCU GUU CAG CAG CAU 

UGG-3’)24, and siCtl (5’- AAG CCA AUU CAU CAG CAA UGG-3’)24, were obtained from 

Dharmacon. 

 

 Preparation of cell extracts and immunoblotting 

Cell extracts were prepared by incubating undifferentiated or differentiated C2C12 

cells on ice for 15 min with 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, 1,5 mM 

MgCl2, 1X protease inhibitor (Roche)). The lysed cells were then centrifuged at 12000 

rpm for 15 min at 4°C in order to collect the supernatant. The extracts were then run on 

an SDS-PAGE gel and transferred to nitrocellulose membranes (BioRad). Finally, the 

samples were analyzed by western blotting with antibodies against HuR (3A2 294, 

1:10000), YB1 (ab12148 abcam, 1:1000), Myog (F5D, Developmental studies Hybridoma 

Bank, 1:250), GFP (Cell Signaling, 1:1000) or α-tubulin (Developmental studies 

Hybridoma Bank, 1:1000) as loading control. 

 

 Immunofluorescence 

Immunofluorescence was performed as previously describe24. Briefly, cells were 

rinsed twice in PBS, fixed in 3% phosphate-buffered paraformaldehyde (Sigma), and 

permeabilized in PBS-goat serum with 0.5% Triton. After permeabilization, cells were 

incubated with primary antibodies against the RBPs HuR (1:1000) and YB1 (1:500) or 

against markers of muscle cell differentiation, Myosin Heavy Chain (MyHC) (1:1000) and 

Myoglobin (1:250), in 1% normal goat serum/PBS at room temperature for 1 hr. The cells 

were then incubated with goat anti-mouse or goat anti-rabbit secondary antibodies (Alexa 
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Fluor® 488, 594) and stained with DAPI (4′, 6-diamidino-2-phenylindole) to visualize the 

nucleus. A Zeiss Axiovision 3.1 microscope was used to observe the cells using a 40× oil 

objective, and an Axiocam HR (Zeiss) digital camera was used for immunofluorescence 

photography. 

  

Fusion index 

The fusion index indicating the efficiency of C2C12 differentiation was determined 

by calculating the number of nuclei in each microscopic field in relation to the number of 

nuclei in myotubes in the same field as previously described24. 

 

RNA extraction, and actinomycin D pulse-chase experiments 

mRNA stability was assessed by treating the cells with the RNA polymerase II 

inhibitor, actinomycin D (ActD) (5 μg/ml) for 0, 2, 4 and 6 hours. Total RNA was isolated 

at the indicated periods of time using Trizol reagent (Invitrogen) according to the 

manufacturer's instructions and analyzed by RT-qPCR.  

 

RT-qPCR 

1μg of total RNA was reverse transcribed using the M-MuLV RT system (New 

England BioLab). A 1:80 dilution of cDNA was then used to detect mRNA levels using 

SsoFast™ EvaGreen® Supermix (Bio-Rad). Expression was standardized using GAPDH 

or RPL32 as a reference, and relative levels of expression were quantified by calculating 

2−ΔΔC
T, where ΔΔCT is the difference in CT (cycle number at which the amount of amplified 

target reaches a fixed threshold) between target and reference. In the case of 

immunoprecipitated samples a 1:20 dilution was used. Primer sequences can be found 

in Annex 2. Supp.Table 4. 

  

Immunoprecipitation/RNA-IP 
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Fifteen µl of the anti-YB1, -HuR or IgG antibodies were incubated with 60µl of 

protein A-Sepharose slurry beads (washed and equilibrated in cell lysis buffer) for 4h at 

4°C. Beads were washed three times with cell lysis buffer and incubated with 500µg of 

cell extracts overnight at 4°C. Beads were then washed again three times with cell lysis 

buffer and co-immunoprecipitated proteins or RNA was then eluted and processed for 

analysis. When indicated, cell extracts were digested for 30 min at 37°C with RNase A 

(100 µg/ml). 

  

RNA electrophoretic mobility shift assays (REMSA) 

Myog cRNA probes G/URE-1 and G/URE-2 were generated using sense and 

antisense oligonucleotides complementary to these regions which were directly 

annealed, probe G/URE-3 was generated by PCR amplification using a forward primer 

fused to the T7 promoter as well as the pEMSV-Myog plasmid (kindly supplied by Dr. A. 

Lassar, at Harvard Medical School) as template. Probes were then used for in vitro 

transcription reactions using a T7 RNA polymerase (Promega). 500 ng of purified protein 

(glutathione S-transferase (GST), GST-YB1 or GST-HuR was incubated with 100,000 

cpm of 32PUTP-labeled cRNAs in a total volume of 20 μl EBMK buffer (25 mM HEPES, 

pH 7.6, 1.5 mM KCl, 5 mM MgCl2, 75 mM NaCl, 6% sucrose, and protease inhibitors) at 

room temperature for 15 min. Two microliters of a 50-mg/ml heparin sulfate stock solution 

were then added to the reaction mixture for an additional 15 min at room temperature to 

prevent nonspecific protein-RNA binding. Finally, samples were loaded on a non-

denaturing 4% polyacrylamide gel containing 0.05% NP-40 and run for 2 h at 180 V. Gels 

were then fix in 7% acetic acid/10% ethanol, dried and exposed overnight at -80°C. Primer 

sequences can be found in Annex 2. Supp.Table.4. 

  

Nuclear Run-On 

Nuclei were prepared from C2C12 cells 24 h after transfection with either siCtl or 

siYB1 as previously described57. C2C12 cell were then washed twice with cold PBS, 

centrifuged at 1500 rpm and suspended in NP-40 lysis buffer (10mM Tris-Cl (pH 7.4), 

10mM NaCl, 3mM MgCl2, 0.5% Nonidet P-40). Nuclei were pelleted at 1,000 rpm for 
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10min at 4oC, resuspended in nuclear freezing buffer (50mM Tris-Cl (pH 8.3), 40% 

glycerol, 5mM MgCl2, 0.1mM EDTA) and frozen at −85°C until analysis. Nuclear 

transcription assays were carried out in run-on buffer (25mM Tris-Cl pH 8.0, 12.5mM 

MgCl2, 750mM KCl, 1.25mM ATP, 1.25mM GTP, 1.25mM CTP), in the presence of 

150μCi of [α-32P] UTP (3000Ci/mmol) at 37°C for 15 min. Nuclear transcription activity was 

determined by measurement of [α-32P] UTP incorporation in RNA transcripts elongated 

in vitro. The cDNAs for Myog and GAPDH were blotted (~10μg of cDNA per blot) onto 

nitrocellulose membrane (BioRad). Afterwards, these membranes were dried at 80°C for 

2 h and subsequently hybridized with [α-32P] RNA isolated from nuclear transcription 

experiments for 24 h at 65°C. Membranes were washed in 2× SSC at 65°C for 1 h and 

then exposed to Kodak XAR-2 film at −80°C. 

 

 mRNA sequencing (RNA-seq)  

RNA was isolated from IP experiments performed on C2C12 total cell extract 

collected at day 2 of differentiation, using TRIzol reagent (Invitrogen). RNA samples were 

assessed for quantity and quality using a NanoDrop UV spectrophotometer (Thermo 

Fisher Scientific Inc), and a Bioanalyser (Agilent Technology Inc). The 3 RNA-seq 

libraries (IgG, YB1 and HuR) were sequenced on the Illumina NextSeq 500 platform at 

the Institute for Research in Immunology and Cancer (IRIC) Genomics Core Facility, 

University of Montreal, to produce over 37 million, 100 nucleotide paired-end reads per 

sample. The reads were then trimmed for sequencing adapters and aligned to the 

reference mouse genome version mm10 (GRCm38) using Tophat version 2.0.10. Gene 

quantification was performed on the mapped sequences using the htseq-count software 

version 0.6.1.  

  

Mass Spectrometry  

Proteins immunoprecipitated with HuR from extracts obtained on Day 2 of muscle 

cell differentiation using an antibody against HuR or IgG (used as a negative control) were 

analyzed by mass spectrometry at the centre de recherche du CHU de Québec. Proteins 
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that showed enrichment in the anti-HuR samples and no enrichment in the anti-IgG 

controls were considered for analysis. 

 

Gene Ontology Analysis 

GO analysis using DAVID 6.8 was performed on gene targets identified by mass 

spectrometry and RIP-seq. Gene targets were evaluated for their Biological Processes 

(BP), Molecular Function (MF), and Cellular Compartment (CC). The EASE Score, a 

modified Fisher Exact P-Value, was used for gene-enrichment analysis. 

 

Luciferase expression/activity  

Renilla luciferase mRNA steady state levels were determined by RT-qPCR using 

primers specific for Rluc. Primer sequences can be found in Annex 2. Supp.Table.4. 

Luciferase activity was furthermore measured using a Renilla luciferase assay system 

(Promega) following the manufacturer’s instructions as previously described4.  
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9.3. CHAPTER III: Loss of HuR in skeletal muscle promotes an oxidative fiber 

phenotype and prevents cancer-cachexia associated muscle atrophy. 

  

9.3.1. Abstract  

The master posttranscriptional regulator HuR promotes muscle fiber formation in 

cultured muscle cells. However, its impact on muscle physiology and function in vivo is 

still unclear. Here, we show that muscle-specific HuR knockout (muHuR-KO) mice have 

high exercise endurance that is associated with enhanced oxygen consumption and 

carbon dioxide production. muHuR-KO mice exhibit a significant increase in the 

proportion of oxidative type I fibers in several skeletal muscles. HuR mediates these 

effects by collaborating with the mRNA decay factor KSRP to destabilize the PGC-1α 

mRNA. The type I fiber-enriched phenotype of muHuR-KO mice protects against cancer 

cachexia-induced muscle loss. Therefore, our study uncovers that under normal 

conditions HuR modulates muscle fiber type specification by promoting the formation of 

glycolytic type II fibers. We also provide a proof-of-principle that HuR expression can be 

targeted therapeutically in skeletal muscles to combat cancer-induced muscle wasting. 

 

9.3.2. Introduction  

The importance of skeletal muscle is underscored by its requirement for 

locomotion, posture, and breathing and by the fact that loss of muscle function and 

integrity can lead to crippling and deadly consequences1,2. Many cancers trigger rapid 

muscle wasting, a condition also known as cachexia, that in turn leads to resistance to 

treatment, low quality of life and death3. 

Muscle fibers can be classified into two categories. Type I fibers are slow-

contracting and are specialized for oxidative energy metabolism, having high levels of 

mitochondria and oxidative enzymes, and low levels of glycolytic enzymes which are 

enriched in type II fibers. Type II fibers are fast-contracting and are subdivided into three 

types. Type IIB are specialized for glycolytic metabolism, having high levels of glycolytic 
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enzymes and low mitochondrial content. Type IIA are not metabolically specialized, 

having higher glycolytic enzyme levels than type I and higher mitochondrial content than 

type IIB. Type IIA and type I generate less force but are more resistant to fatigue in 

comparison with IIB fibers. Type IIX are intermediate between type IIA and type IIB in 

metabolic and contractile properties1,4. Each one of these fiber types expresses a unique 

isoform of the myosin heavy chain (MyHC) (Type I, IIA, IIX, and IIB respectively)1,4. Each 

individual muscle is composed of a mixture of various fiber types4. This heterogeneity in 

fiber type enables different muscle groups to achieve a variety of functions and 

movements4. Owing to their distinctive physiological and metabolic characteristics, fiber 

types are also differentially sensitive to specific pathophysiologic assaults. In pre-clinical 

mouse models of muscle-loss diseases, such as Duchenne Muscular Dystrophy (DMD) 

and cancer cachexia, Type II fibers are more prone to wasting when compared to Type I 

fibers1,4,5. Therefore, factors regulating fiber type in muscle could represent ideal drug 

targets for treating cachexia and other muscle wasting diseases. 

It is well-established that factors such as the transcription factor peroxisome-

proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) and the deacetylase 

Sirtuin 1 (Sirt1), modulate the fiber-type composition of skeletal muscles. Sirt1 enhances 

PGC-1α activity and together they promote the formation of oxidative (Type I) fibers1,4. In 

response to a stimulus such as voluntary exercise, the activation of Sirt1 leads to the 

deacetylation of PGC-1α, this in turn, upregulates the expression of NRFs (nuclear 

respiratory factors) and Tfam (mitochondria transcription factor A), which are key players 

in mitochondrial biogenesis and oxidative metabolism in muscles1,4,6,7. On the other hand, 

transcription factors such as Sineoculis homeobox homolog 1 (Six1) and nuclear factor 

of activated T-cells, cytoplasmic4 (NFATc4) modulate the expression of target genes 

involved in the formation of glycolytic type II or IIX fibers1,4. In addition to the specific 

genes activated by these factors, their impact on fiber-type specification also depends on 

their level of expression in response to various stimuli1,4. Therefore, the molecular 

mechanisms controlling the expression levels of these factors play a crucial role in muscle 

fiber-type specification under different conditions. 
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Although the expression of these and other factors is modulated 

transcriptionally1,4, some observations have established that post-transcriptional 

regulatory mechanisms also affect their levels in response to exercise. A decrease in the 

half-life of PGC-1α and TFAM messenger RNAs (mRNAs) by ~40–60% in slow-twitch 

oxidative muscles correlates with an increase in the expression levels of RNA-binding 

proteins (RBPs) such as HuR and the mRNA decay factor KSRP8. While a role for HuR 

and KSRP in the regulation of these and other mRNAs during exercise is still elusive, the 

involvement of HuR and KSRP in the formation of muscle fibers in cell culture is well-

established9–13. During the early stages of myogenesis, HuR both promotes the 

translation of the HMGB1 mRNA11 and collaborates with KSRP to reduce the expression 

of nucleophosmin (NPM) protein by destabilizing the NPM mRNA12. At later steps of 

myogenesis, however, HuR stabilizes the mRNAs encoding promoters of muscle fiber 

formation such as MyoD, Myog, and p21, only when muscle cells begin their fusion to 

form fibers (myotubes)10. 

To investigate the in vivo relevance of HuR in muscle tissues, in this study we use 

the Cre-LoxP system to generate a HuR muscle-specific knockout mouse 

(MyoDCre+;Elav1fl/fl). We show that the loss of HuR leads to the enrichment of type I fibers 

resulting in the increased oxidative metabolic capacity of the skeletal muscle. This 

indicates that one of the main roles of HuR in skeletal muscles is to promote the formation 

and maintenance of glycolytic type II fibers. HuR mediates these effects by destabilizing 

the PGC-1α mRNA in a KSRP-dependent manner. We also provide data demonstrating 

that depleting the expression of HuR in muscles protects mice against cancer-induced 

muscle atrophy. 

 

9.3.3. Results 

9.3.3.1. HuR depletion in muscle improves endurance and oxidative 

capacity. 

The total knockout of the HuR gene (also known as Elavl1) is embryonic lethal 

(embryos die between E10.5-E14.5)14. We therefore generated an Elavl1 muscle-specific 

knockout (muHuR-KO) mouse to investigate the in vivo role of HuR in muscle formation 
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and muscle physiology. Mice carrying the Elavl1fl/fl allele14 and mice expressing Cre 

recombinase under the control of the MyoD promoter15 were bred to obtain the HuR 

muscle-specific knockout (Fig. 4.1a). The knockout of HuR is initiated in muscle 

progenitor cells during embryogenesis, since Cre under the MyoD promoter is activated 

in the branchial arches and limb buds as early as day E10.515. 

muHuR-KO mice are viable and do not exhibit any major change in their total body 

weight (Fig. 4.1b, c). Knockout of HuR was confirmed by genotyping with PCR primers 

and by western blot (WB) analysis in several hindlimb skeletal muscles, including the 

quadricep, gastrocnemius, tibialis anterior (TA), soleus, peroneus, and extensor digitorum 

longus (EDL) (Fig. 4.1d–f). The fact that muHuR-KO mice are healthy with no obvious 

defect suggests that, in vivo, the role of HuR in the formation, development and function 

of skeletal muscles is either redundant with other RBPs (see discussion) or that HuR-

mediated regulation is more relevant in post-natal muscle development during adaptation 

to various muscle-related functions and needs.  
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Figure 4.1. Generation of HuR muscle-specific knockout mice using the Cre-lox P 

system. a) Diagram depicting the tissue-specific knockout strategy. Elavl1-flox mice (Lox P 

sites ►) were breed with mice expressing Cre recombinase under the control of the MyoD 

promoter (MyoD CRE+) to generate muscle-specific HuR KO mice. b) Photographs of 2-

month-old muHuR-KO and control male mice. Scale bars = 1 cm. c) Total body weights of 8–

10-weeks-old muHuR-KO and control mice (n = 8). The results are presented as 

mean ± S.E.M, *p < 0.05 unpaired t-test. d) PCR amplification of the targeted region of the 

Elavl1 gene in gastrocnemius muscle samples from control (CTL), heterozygote (HET), and 

muHuR-KO (KO) mice. Shown is a representative of agarose gel of the genotyping of all the 

mice used in this study (n = 30). e) Representative western blot analysis, from four 

independent experiments of HuR expression in skeletal and cardiac muscle tissue from control 

CTL, HET, and KO mice using antibodies against HuR or α-tubulin. f) Representative western 

blot analysis of soleus, extensor digitorum longus (EDL), peroneus, tibialis anterior (TA), 

gastrocnemius, and quadriceps muscles from control and muHuR-KO mice using antibodies 

against HuR or α-tubulin. This blot is a representative of four independent experiments. 

To investigate the above-mentioned possibilities, we assessed muscle-related 

functions in muHuR-KO compared to control mice. To do this, we used invasive and non-

invasive in vivo tests: in situ analysis of muscle contractility, which measures force 

generation and fatigability16,17, the treadmill exhaustion test, which estimates exercise 

capacity and endurance, and the limb grip strength assays, which determines muscle 

strength18. In situ analysis showed that although TAs of muHuR-KO mice exhibited a 

higher contraction force than those of control animals, they did not demonstrate any 

notable differences in the fatigability test (Fig. 4.2a). Additionally, a treadmill exhaustion 

test indicated that the time to exhaustion and the running distance covered by muHuR-

KO mice was significantly longer than their control counterparts (Fig. 4.2b, c). In this test, 

muHuR-KO mice performed 20% more work than the control mice (Fig. 4.2d). Of note, 

this increase in endurance was accompanied by a slight decrease in muscle strength of 

the muHuR-KO mice (Fig. 4.2e and Annex 3. Supplementary Fig.1). We also confirmed 

increased exercise endurance in the muHuR-KO mice using the accelerating Rota-rod 

and the Inverted-grid platform (Fig. 4.2f, g). 
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Figure 4.2. HuR muscle-specific KO mice have enhanced exercise endurance. a) Left 

panel: schematic describing the method used to determine, in situ, force measurement, and 

fatigability of control and muHuR-KO mice. Middle panel: contractile function of the TA muscle 

was assessed in situ at various stimulation frequencies (Control: n = 8, muHuR-KO: n = 6). 

Right panel: fatigability of TA muscle was assessed in situ over 60 stimulation sessions with a 

resting period of 2 min between stimuli. Fatigability was normalized to TA muscle weight 

shown in (Annex 3. Supplementary Fig.1a) (Control: n = 8, muHuR-KO: n = 6). b–g) Physical 

performance was evaluated in age-matched control and muHuR-KO mice by performing a 

treadmill exhaustion test. Three parameters were measured with this test: b) Time to 

exhaustion (left panel; survival plot showing the percentage of mice running at indicated time 
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points. Right panel; mean duration of the run). c) Running distance (left panel; survival plot 

showing the percentage of mice running at indicated distances. Right panel; mean distance 

ran) and d) Work performed during test. b) Control: n = 7, muHuR-KO: n = 10, c) control: n = 9, 

muHuR-KO: n = 10, d) control: n = 9, muHuR-KO: n = 10. e) Grip strength was evaluated on 

control and muHuR-KO mice using a digital force gauge. Mice were allowed to grip using their 

four limbs (forelimb and hindlimbs) and peak force was measured in triplicate during two 

sessions (Control: n = 6, muHuR-KO: n = 5). f) Endurance performance was assessed using a 

Rota-rod system. For each animal, the duration on the rod was measured twice with a resting 

period of 4 days in between. The latency to fall represents an average of the two sessions of 

evaluation (Control: n = 6, muHuR-KO: n = 5). g) Fatigability was evaluated by performing an 

inverted-grid test, the latency to fall represents an average of two sessions of evaluation 

normalized to total body weight (Control: n = 6, muHuR-KO: n = 5). Statistical analysis for in 

situ data shown in a) was performed using two-way ANOVA. The results are presented as 

mean ± S.E.M, *p < 0.05 unpaired t-test b–g. 

Enhanced endurance is generally associated with an increased oxidative capacity 

of skeletal muscle fibers1,4,19. Therefore, we used the Columbus Instrument’s 

Comprehensive Animal Monitoring System (CLAMS)® (Fig. 4.3a) to determine the rate 

of oxygen consumption (VO2) and carbon dioxide production (VCO2), two indicators 

widely used to measure the oxidative capacity of rodents and humans20. While we did not 

observe any change in the voluntary movement of these animals (Annex 3. 

Supplementary Fig. 2a), muHuR-KO mice showed a higher rate of VO2 consumption and 

VCO2 production than their control littermates (Fig. 4.3b, c). The muHuR-KO animals 

exhibited a slight increase in the respiratory exchange ratio (RER), that is most evident 

during the peak of voluntary movement (Fig. 4.3d), suggesting that, at least under non-

exercise conditions, the depletion of HuR favors the usage of carbohydrate as a source 

of energy in skeletal muscles21. On the other hand, several key components of the 

electron transport chain (ETC) complexes such as CIII and CIV, as well as the ATP 

synthase CV, well-established indicators of mitochondrial oxidative respiration22, show a 

significant increase in their expression level in muHuR-KO muscles (Fig. 4.3e). The fact 

that the absence of HuR did not have any effect on heat production levels (Annex 3. 

Supplementary Fig. 2b), suggested that the oxidative phenotype observed in muHuR-KO 

mice is not associated with metabolic uncoupling23. Therefore, overall, our results indicate 

that the specific disruption of the HuR gene in muscle improves exercise endurance and 

oxygen consumption. 



Page | 141  

 

 

Figure 4.3. muHuR-KO mice show an increased oxidative capacity. a) Schematic 

illustrating the Comprehensive Animal Monitoring System (CLAMS; Columbus Instruments, 
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Columbus, OH) that was used to complete a 3-day indirect calorimetry study in age-matched 

mice under a 12 h light–12 h dark cycle. b) Oxygen consumption (V̇O2) and c) carbon dioxide 

production (V̇CO2) were measured over the 3 days following a 24 h acclimation period. d) 

Respiratory exchange ratio (RER) was calculated as the ration of V̇CO2/V̇O2. The graphs on 

the left depicts the average values at each time point while that on the right shows the average 

values over the 72 h period. b–d) Data obtained was analyzed using the CLAMS examination 

tool (CLAX; Columbus Instruments) version 2.1.0. (Control: n = 7, muHuR-KO: n = 9). The 

results are presented as mean ± S.E.M, *p < 0.05 unpaired t-test. e) Left panel: western blot 

analysis of levels of OXPHOS complexes in the mitochondria of control and muHuR-KO mice. 

Right panel: quantifications of the levels of the complexes are presented as the mean ± S.E.M, 

*p < 0.05 unpaired t-test (control: n = 8, muHuR-KO: n = 7).  

 

9.3.3.2. Loss of HuR in muscle promotes type I oxidative fibers. 

Improved endurance is, in general, associated with a noticeable increase in the 

proportion of type I fibers24. Hence, we examined the fiber-type composition of several 

muscles isolated from control and muHuR-KO mice by performing metachromatic 

ATPase staining with specific antibodies against Myosin Heavy Chain (MyHC) I, IIA, and 

IIB. The soleus of muHuR-KO mice showed a ~17% enrichment of Type I fibers when 

compared to control animals, while Type IIA fibers decreased by ~16% (Fig. 4.4a–c and 

Annex 3. Supplementary Table 1). In keeping with this, the soleus of muHuR-KO mice 

showed an increase in the steady-state levels of mRNAs encoding some promoters of 

type I-fibers such as Tnnl1 and MyHC I, and a decrease in promoters of type II-fibers 

such as Tnnt3 and MyHC IIB (Fig. 4.4d). The same effects on the proportion of fiber type 

I and on the expression modulators of fiber-type specification were also observed in both 

the peroneus and EDL of the muHuR-KO mice (Annex 3. Supplementary Figs. 3 and 4 

and Supplementary Table 1). We also carried out a muscle fiber size analysis by 

measuring cross-sectional area and found that the distribution pattern of fiber size in the 

soleus was not affected by HuR loss (Fig. 4.4e–g). Thus, the observed change in fiber-

type composition is not associated with a defect in muscle fiber generation or growth. 

Altogether these findings demonstrate the involvement of HuR in the regulation of muscle 

fiber-type composition in vivo, where the presence of HuR favors the formation of type II, 

while its depletion promotes the formation of type I. 
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Figure 4.4. Depletion of HuR in skeletal muscle increases the proportion of type I fibers. 

a) Representative photomicrographs of soleus muscles serial sections from control and 

muHuR-KO mice taken after immunostaining with anti-Myosin Heavy Chain (MyHC) 

antibodies type I, type IIA, and type IIB. Scale bars: 100 μm. Photomicrographs are 
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representative of sections prepared from seven different mice. b) Quantification of muscle 

fibers type I, type IIA, and type IIB was ascertained manually. Fibers type IIX were calculated 

by counting the unstained fibers. Results are graphed as a percentage of the total number of 

fibers per muscle. c) Total number of fibers per muscle is shown for the muscles analyzed in 

b. n = 7 mice for b, c. d mRNA expression of known markers of fiber-type specificity, MyHC I, 

Tnnt2, and MyHC IIA (n = 6 mice), TnnI1 (n = 8 mice), MyHC IIB (Control n = 5, muHuR-KO 

n = 6 mice), MyHC IIX (Control n = 8, muHuR-KO n = 12 mice), TnnI2 (Control n = 9, muHuR-

KO n = 13 mice), and Tnnt3 (Control n = 8, muHuR-KO n = 9 mice) was assessed by RT-qPCR. 

mRNA levels were standardized against GAPDH and plotted relative to the expression in 

control mice. e) Representative photomicrographs of soleus muscles sections from control 

and muHuR-KO mice taken after H&E staining. Scale bars: 100 μm (n = 8 mice). f) Left panel: 

mean CSA of soleus muscles fibers from control and muHuR-KO mice were analyzed from 

sections stained with H&E. Right panel: frequency histogram showing the distribution of 

muscle fiber CSA in the soleus muscles from control and muHuR-KO mice. (control: n = 10, 

muHuR-KO: n = 8). Results are presented as mean ± S.E.M, *p < 0.05, **p < 0.01, ***p < 0.001 

unpaired t-test. 

 

9.3.3.3. HuR depletion in muscle activates PGC-1a and its associated 

pathway. 

To delineate the molecular mechanisms through which HuR modulates fiber-type 

specification in mice, we performed a high-throughput mRNA sequencing (RNA-seq) 

analysis. Total RNA was isolated from soleus muscles of muHuR-KO and control 

littermates and was used to prepare and sequence four mRNA libraries25. The clear 

separation of the two genotypes was evident in the heatmap showing the 17,534 genes 

detected through RNA-seq analysis in both control and muHuR-KO mice (Annex 3. 

Supplementary Fig. 5a). RNAseq-data was further examined using a DESeq2 package 

for differential expression analysis. A volcano plot of the acquired data shows the general 

profile of gene expression and highlights the genes that are up (right side) or 

downregulated (left side) in muHuR-KO muscles when compared to control counterparts 

(Fig. 4.5a). Each dot represents a single gene while the horizontal and vertical dashed 

lines indicate the statistically significance threshold (log2FC > 0.5 or < −0.5, p = 0.05). 

From the 1914 genes affected in the soleus muscle of HuR knockout mice (1.5-fold 

change or more), 86% were increased, while only 14% were decreased (Annex 3. 

Supplementary Data 1). Of note, the steady level of well-known HuR mRNA targets in 

muscle fibers, such as MyoD, Nucleophosmin (NPM) and HMGB1, were as expected, 

decreased (MyoD), increased (NPM) or remained unaffected (HMGB1) (Fig. 4.5b)9–12. 
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The fact that the majority of the affected transcripts in the absence of HuR are increased, 

raises the possibility that, in vivo, HuR has an overall destabilizing activity on its mRNA 

targets in skeletal muscle. 

Next, to identify the pathways affected by the loss of HuR, we performed a core 

analysis using the Ingenuity Pathway Analysis software (IPA: Ingenuity Systems®). Two 

of the top five canonical pathways identified by IPA were associated with the activity of 

the transcription factor, Peroxisome proliferator-activated receptor alpha (PPARα) 

(Fig. 4.5c and Annex 3. Supplementary Fig. 5b). PPARα plays a critical role in energy 

production and lipid and carbohydrate metabolism and also regulates the expression of 

genes involved in peroxisomal and mitochondrial β-oxidation4. A reduction in the 

expression levels or a complete deletion of the PPARα gene are associated with an 

increased endurance capacity of animals. On the other hand, PPARβ/δ collaborate with 

PGC-1α to promote oxidative phenotype and increase endurance capacity of skeletal 

muscles4. 

To validate our IPA analysis, total RNA from soleus, peroneus and EDL muscles 

of both control and muHuR-KO mice was prepared and used to determine the transcript 

levels of genes involved in the PPARα signaling pathway or fiber-type specification such 

as PGC-1α, PGC-1β, Tfam, PPARα, Six1 (Sineoculis homeobox homolog 1), NCOA6 

(Nuclear receptor coactivator 6), Tpm1 (Tropomyosin 1), and MyoD1,4. Consistent with 

the RNAseq data and the observed type I fiber enrichment phenotype, we observed a 

two-fold increase in the steady-state level of both PGC-1α mRNA and protein in the 

soleus of muHuR-KO mice when compared to control littermates (Fig. 4.5d, e). However, 

although maintained, the increase in PGC-1α expression level was less drastic in the 

peroneus and EDL of muHuR-KO mice (Annex 3. Supplementary Fig. 6). HuR loss, on 

the other hand, had a very little effect on the steady-state level of PGC-1β and Tfam 

mRNAs, two factors associated with the oxidative phenotype (Fig. 4.5d and Annex 3. 

Supplementary Fig. 6). In addition, loss of HuR not only decreased, as expected9,12, the 

steady-state level of MyoD mRNA, but also the levels of mRNAs encoding other factors 

involved in the glycolytic phenotype such as PPARα, Six1 and Tpm1 (Fig. 4.5d and 

Annex 3. Supplementary Fig. 6)4. 
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It is well-established that the induction of an oxidative phenotype in muscles is, in 

general, associated with an increase in fatty acid oxidation and mitochondria biogenesis 

and function1,4. While muHuR-KO muscle did not exhibit any change in the expression 

levels of genes involved in fatty acid transport and oxidation, such as Acadv1, CD36, 

FAS, LDL, UCP2, and UCP31,4, it did show an increase in the level of NRF1 (nuclear 

respiratory factor 1) mRNA (Annex 3. Supplementary Fig. 7b), a known promoter of 

mitochondrial oxidative respiration in various tissues including muscle4. However, the 

ratio between mitochondrial (mtDNA) and nuclear (nDNA) DNA was unchanged in both 

muHuR-KO muscles and their control counterparts (Annex 3. Supplementary Fig. 7c), 

indicating that while the depletion of HuR gene in muscles does not affect mitochondrial 

biogenesis, it could be associated with an enhancement of mitochondrial activity. 

Altogether, these results show that by regulating the expression levels of key genes such 

as PGC-1α, HuR controls energy metabolism and fiber-type specification of skeletal 

muscles. 
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Figure 4.5. Increased PGC-1α expression in muHuR-KO muscle. a) Volcano plot showing 

the log2 fold-difference in mRNA expression in the soleus muscle of control and muHuR-KO 

mice as assessed by the DESeq2 analysis of the RNA-seq data. Negative values indicate 
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decrease in gene expression while positive values refer to upregulation of gene expression. 

Dash lanes indicate threshold for statistical significance (p = 0.05 for log2FC > 0.5, < 0.5). The 

location of known HuR mRNA targets, including NPM, HMGB1, and MyoD are shown. b) 

Comparison of log2 fold change score of the previously identified HuR mRNA targets NPM, 

HMGB1, and MyoD is shown. c) Bar graph indicating the signaling pathways affected by the 

knockout of HuR in soleus muscle as analyzed by Ingenuity Pathway Analysis software 

(IPA®). The x-axis represents the identified pathways. The y-axis (left) shows the −log10 of 

the p-value. The ratio (y-axis, right) represented by the orange points is calculated as follows: 

numbers of genes in each pathway that meet cut-off criteria, divided by total numbers of genes 

that are involved in that pathway. The horizontal orange line indicates the threshold above 

which there is statistical significance. d) Total RNA was isolated from soleus muscles of control 

and muHuR-KO mice and relative expression level of genes associated with PPAR signaling 

and/or fiber-type specification (PGC-1α, PGC-1β, Tfam, PPARα, Six1, NCOA6, Tpm1, MyoD) 

was assessed by RT-qPCR. Relative mRNA levels were standardized against GAPDH and 

plotted relatively to the expression in control mice (n = 5 mice all the genes except for PGC-

1α, were control n = 8 and muHuR-KO n = 6). E) Western blot (top panel) and relative 

quantification (bottom panel) of PGC-1α protein levels in soleus muscle from control and 

muHuR-KO mice using antibodies against PGC-1α, HuR, or α-tubulin (n = 3). The results are 

presented as mean ± S.E.M, *p < 0.05 unpaired t-test. 

 

9.3.3.4. HuR collaborates with KSRP to destabilize PGC-1α mRNA in 

muscle cells. 

PGC-1α is one of the major promoters of type I oxidative phenotype in skeletal 

muscle4. As a first step in determining the way by which HuR regulates PGC-1α 

expression, we investigated whether HuR binds to the PGC-1α mRNA in muscle cells. 

Consistent with previous observations26, we were unsuccessful in immunoprecipitating 

HuR from skeletal muscle extracts. Therefore, we used the well-established C2C12 

myoblasts, to assess, as we did before9,11,12,27, the association between HuR and PGC-

1α mRNA. Similar to what was observed in the soleus, small- interfering ribonucleic acid 

(siRNA)-mediated HuR depletion in C2C12 myoblasts11,12 significantly increased PGC-

1α mRNA and protein levels (Fig. 4.6a, b). Immunoprecipitation of HuR from these 

myoblasts coupled with reverse transcription quantitative PCR (RT-qPCR) analysis 

revealed that HuR forms a complex with the PGC-1α mRNA (Fig. 4.6c). 

Next, we determined the post-transcriptional level through which HuR regulates 

PGC-1α mRNA expression. To test mRNA translation, we performed polysome 

fractionation experiments on C2C12 myoblasts depleted or not of HuR, using siRNA 

control (siCtl) or against HuR (siHuR), and followed the recruitment of PGC-1α mRNA to 
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heavy polysomes, a well-established assay used to identify actively translated 

messages12. We observed no difference in the levels of PGC-1α mRNA in heavy 

polysomes in the presence or absence of HuR (Annex 3. Supplementary Fig. 8). 

Actinomycin D pulse-chase experiment12,28 was used to determine if HuR regulates the 

stability of the PGC-1α mRNA in these cells. Knocking down HuR in myoblasts increased 

the half-life of PGC-1α mRNA from 6 to > 10 h (Fig. 4.6d). As expected12, however, loss 

of HuR destabilized known mRNA targets of HuR such as MyoD (Fig. 4.6e) and Myog 

(Annex 3. Supplementary Fig. 9). On the other hand, C2C12 myoblasts overexpressing 

GFP-HuR exhibited a significant decrease in the expression levels of PGC-1α protein and 

mRNA, as well as a ~40% reduction in the half-life of PGC-1α transcript (Fig. 4.6f–i). We 

also observed that the depletion of HuR does not affect the stability of other mRNAs 

involved in fiber-type specification such as Tnnl1, Tnnl2, Six1, NFATc1, and NCOA6 

(Annex 3. Supplementary Fig. 9). Collectively, these results strongly suggest that HuR 

antagonizes the type I fiber phenotype in muscle cells by destabilizing PGC-1α mRNA, 

leading to a decreased expression of PGC-1α protein. 
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Figure 4.6. HuR destabilizes the PGC-1α mRNA in muscle cells. a) Western blot (top 

panel) and relative quantification (bottom panel) of PGC-1α protein levels in myoblasts treated 
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with or without siHuR using antibodies against PGC-1α, HuR, or α-tubulin (n = 3). b) Total RNA 

was isolated from myoblasts treated as in a and PGC-1α expression was assessed by RT-

qPCR. PGC-1α mRNA level were standardized against GAPDH and plotted relatively to siCtl 

(n = 9). c Top panel: western blot showing the immunoprecipitation (IP) of HuR using an anti-

HuR antibody (3A2) or IgG as control. (Bottom panel) RT-qPCR were used to determine the 

association of the PGC-1α mRNA to HuR. Normalized PGC-1α mRNA levels were plotted 

relatively to the IgG control (n = 4). d, e) The stability of the PGC-1α (d) and MyoD mRNAs (e) 

was determined in myoblasts depleted (siHuR) or not (siCtl) of HuR and treated with 

Actinomycin D (ActD) for 0, 1.5, 3, 4.5, or 6 h (h). mRNA levels were then standardized against 

RPL32 mRNA levels and plotted relative to the abundance of mRNA at time 0 of ActD 

treatment (which is represented as 1) (n = 3). The line of best fit was determined by linear 

regression using the data points for siCtl and siHuR. Error bars represent ± S.E.M. f) Western 

blot (left panel) and relative quantification (right panel) of PGC-1α protein levels in myoblasts 

expressing GFP or GFP-HuR using antibodies against PGC-1α, GFP or α-tubulin (n = 3). g) 

Total RNA was isolated from myoblasts overexpressing or not HuR (GFP-HuR) and relative 

PGC-1α expression was assessed by RT-qPCR. PGC-1α mRNA level were standardized 

against GAPDH and plotted relatively to siCtl (n = 4). h, i) Myoblasts expressing GFP or GFP-

HuR were used to assess the stability of the PGC-1α (h) and MyoD (i) was determined as 

described in panels d, e (n = 3). For d, e, h, i the line of best fit was determined by linear 

regression using the data points for siCtl and siHuR. Error bars represent ± S.E.M. The results 

in b, c, f, g are presented as mean ± S.E.M, *p < 0.05, **p < 0.05, ***p < 0.005 unpaired t-test. 

 

Next, we examined the possibility that KSRP could be involved in the HuR-

mediated destabilization of the PGC-1α mRNA. Immunoprecipitation experiment coupled 

with RT-qPCR analysis showed that KSRP, similarly to HuR, associates with the PGC-

1α mRNA in myoblasts (Fig. 4.7a). Furthermore, knockdown of KSRP in these cells12 

significantly increased both the steady-state level and the half-life of PGC-1α mRNA 

(Fig. 4.7b, c). We previously demonstrated that HuR and KSRP form a tight complex in 

C2C12 myoblasts and that the binding of HuR or KSRP to the NPM mRNA requires an 

intact HuR/KSRP complex12. Using similar experimental approaches, we observed that 

this is also the case for the binding of PGC-1α mRNA to either one of these RBPs 

(Fig. 4.7d, e). Therefore, one way by which HuR promotes the glycolytic phenotype in 

muscle cells and tissues is by destabilizing the PGC-1α mRNA in a KSRP-dependent 

manner. 
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Figure 4.7. KSRP collaborates with HuR to destabilize the PGC-1α mRNA in muscle 

cells. a) Left panel: western blot demonstrating the immunoprecipitation (IP) of KSRP using 

an anti-KSRP antibody or IgG as a negative control. Right panel: RT-qPCR experiments were 

performed to determine the association of PGC-1α mRNA to immunoprecipitated KSRP. 

Normalized PGC-1α mRNA levels were plotted relatively to the IgG negative control (n = 3). b) 

Total RNA was isolated from C2C12 myoblasts treated with or without siKSRP and relative 

PGC-1α expression was assessed by RT-qPCR. PGC-1α mRNA level were standardized 

against GAPDH and plotted relatively to the siCtl condition (n = 4). C) The stability of the PGC-

1α mRNA was determined in muscle cells depleted or not of KSRP and treated with 

Actinomycin D (ActD) for 0, 1.5, 3, 4.5, or 6 h. mRNA levels were then standardized against 

RPL32 mRNA levels and plotted relative to the abundance of mRNA at time 0 of ActD 

treatment (which is represented as 1) (n = 3). The line of best fit was determined by linear 

regression using the data points for siCtl and siKSRP. Error bars represent ± S.E.M. d, e) IP 

coupled to RT-qPCR experiments was performed using anti-KSRP (d) or anti-HuR (e) 

antibodies on total extract from C2C12 myoblasts treated with siHuR (d), or siKSRP (e). PGC-

1α mRNA levels in the samples immunoprecipitated with anti-KSRP or anti-HuR were 

normalized to the corresponding IgG sample. The results are presented as mean ± S.E.M, 

**p < 0.01 unpaired t-test. d (n = 3), e (n = 4 for IPIgG siCtl, IPIgG siKSRP, and IPHuR siKSRP; 

n = 3 for IPHuR siCtl). 
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9.3.3.5. muHuR-KO mice are resistant to cancer-induced muscle wasting. 

Several reports have suggested that at late stages, numerous cancers 

preferentially target type II glycolytic fibers to trigger rapid muscle loss, a deadly condition 

also known as cachexia-induced muscle wasting29. Furthermore, the upregulation of 

PGC-1α expression has been associated with not only the promotion of type I oxidative 

fibers but also with the prevention of muscle atrophy induced by several conditions30,31. 

Therefore, we tested the possibility that the muHuR-KO mice could be protected from 

disease-induced muscle wasting. 

To achieve this, we injected in control and muHuR-KO mice the Lewis Lung 

Carcinoma (LLC) cells, a cancer-cell model that is widely used to trigger muscle wasting 

in C57BL/6 mice32,33. Although, both control and muHuR-KO mice-bearing LLC tumors 

(LLC-Control and LLC-muHuR-KO) show no change in total body weight during the four 

weeks of tumor growth (Annex 3. Supplementary 10a), upon sacrifice the carcass weight 

minus tumor weight of the muHuR-KO mice demonstrated a significant protection from 

LLC-induced weight loss when compared to their control counterparts (Fig. 4.8a). Of 

note, control and muHuR-KO mice-bearing LLC tumors show no difference in tumor 

growth or tumor burden and exhibit comparable levels of systemic inflammatory 

response, as evidenced by the enlargement of the spleen, as well as by the loss of 

hindlimb fat pad (Annex 3. Supplementary Fig. 10b-e). Importantly, the atrophy of several 

hindlimb muscles, including the gastrocnemius, TA, soleus and peroneus, is significantly 

lower in LLC-muHuR-KO mice when compared to LLC-control mice (Fig. 4.8b). In 

addition, the expression levels of atrogin-1/MAFbx and MuRF-1 mRNAs, two muscle-

specific ubiquitin ligases that play an essential role in promoting cancer-induced muscle 

loss34, is strongly induced (6-fold) in the muscle of LLC-control but not in LLC-muHuR-

KO mice (Fig. 4.8c). Moreover, the high expression levels of PGC-1α observed in 

muHuR-KO muscle was also maintained in the presence of LLC tumors (Fig. 4.8d). The 

expression levels of MyHC I was significantly reduced in control mice-bearing LLC 

tumors, while the high expression levels of MyHC I observed in the absence of HuR was 

maintained in muscles from LLC-muHuR-KO mice (Fig. 4.8e). Furthermore, the cross-

sectional area (CSA) analysis of muscle fibers in LLC-control mice is decreased when 
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compared to those of the LLC-muHuR-KO mice (Fig. 4.8f). Collectively, these results 

demonstrate that loss of HuR specifically in skeletal muscle protects mice from cancer-

induced muscle wasting. 

 

Figure 4.8 HuR ablation in skeletal muscle ameliorates cancer-induced muscle wasting. 

Muscle atrophy was evaluated in Ctl and muHuR-KO mice using the LLC model of cachexia. 
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a) Catabolic wasting was assessed post-mortem on tumor-bearing LLC-Ctl and -muHuR-KO 

mice by measuring total body weight minus tumor weight. The results are presented as 

mean ± S.E.M *p < 0.05 unpaired t-test, (LLC-Control n = 4, LLC-muHuR-KO n = 5). b) Muscle 

atrophy was assessed by determining the relative loss of muscle mass in gastrocnemius, TA, 

soleus, and peroneus muscles from LLC-Control and LLC-muHuR-KO mice. Percentage (%) 

of muscle loss in both groups is shown relative to non-tumor PBS injected mice from each 

cohort (LLC-Control n = 4 and LLC-HuR-KO n = 6). c–e) Total RNA was isolated from the 

gastrocnemius muscle of control and muHuR-KO mice bearing or not LLC tumors. Relative 

mRNA expression levels of Atrogin1 and MuRF1 (c), PGC-1α (d), MyHC I, MyHC IIA, MyHC 

IIB, and MyHC IIX (e) was assessed by RT-qPCR and mRNA expression levels was 

determined relative to GAPDH transcript. Expression levels are shown as the fold of induction 

relative to control-PBS treated mice. (d, n = 4), (c, e, n = 5). f Left panel: representative 

photomicrographs of gastrocnemius muscles sections from control and muHuR-KO mice 

taken after H&E staining. Scale bars = 100 μm. Right panel: frequency histogram showing the 

distribution of muscle fiber CSA in the gastrocnemius muscles from control and muHuR-KO 

mice bearing or not LLC tumors (n = 4 mice per group). A total of 500 fiber per muscle were 

used for the CSA analysis. The results are presented as mean ± S.E.M, *p < 0.05, **p < 0.005, 

***p < 0.0005 unpaired t-test. 

 

9.3.4. Discussion  

In this work, we demonstrate that, in vivo, the RBP HuR plays an important role in 

muscle physiology as well as in deciding muscle fate under disease conditions. muHuR-

KO mice show a significant increase in exercise endurance, a phenotype that is explained 

in part by an enrichment of type I fibers. This enrichment most likely arises from an 

increase in PGC-1α levels, a key regulator of energy metabolism and a promoter of type 

I muscle fiber formation4. These observations establish that, under normal conditions, 

HuR plays a crucial role in the formation and probably maintenance of type II fibers, and 

antagonizes the formation of type I fibers, by reducing the expression of PGC-1α. 

Mechanistically, HuR mediates this effect by forming a complex with the mRNA decay 

factor KSRP12, leading to the destabilization of the PGC-1α mRNA. Additionally, HuR also 

participates in the debilitating outcome of cancer cachexia on muscle integrity since the 

muHuR-KO mice are protected from cancer-induced muscle wasting. Overall, our 

findings demonstrate that an important function of HuR in adult skeletal muscle is to favor 

the formation of type II fibers and provide a proof-of-principle that interfering with the 

function of HuR can prevent cancer-induced muscle loss. 



Page | 156  

 

Based on the fact that HuR is required for muscle fiber formation in cell 

culture9,11,12, we anticipated that muHuR-KO mice would show strong muscle defects with 

debilitating consequences. The absence of an obvious and severe phenotype in these 

mice was, therefore, surprising and unexpected. Interestingly, previous studies have 

reported similar discrepancy between the ex-vivo (cell culture) and the in vivo impact on 

the myogenic process of important pro-myogenic factors, such as MyoD and Myf5. While 

the overexpression of MyoD or Myf5 triggers myogenesis in several cell types, leading to 

their conversion to muscle fibers35, the knockout of either one of these genes in mice did 

not affect muscle development, leading to normal and healthy animals36,37. However, the 

double knockout of both MyoD and Myf5 genes generated mice without functional 

muscles that die soon after birth38. Hence, it was concluded that MyoD and Myf5 proteins 

have an overlapping role in muscle development and formation during embryogenesis. It 

is, therefore, possible that this could also be the case for HuR, and functional 

redundancies with other RBPs could exist to ensure proper muscle fiber formation and 

function. Indeed, it is well-established that RBPs such as KSRP, Zfp36l1, Zfp36l2, and 

YB1 (Y-Box-binding protein 1) modulate muscle fiber formation in vitro13,39,40. This work 

and previous observations12 indicate that HuR collaborates with KSRP to execute some 

of its function in muscle cells. In addition, similarly to HuR, YB1 promotes muscle fiber 

formation in vitro, by stabilizing target mRNAs39. Hence, it will be of high interest to 

investigate whether HuR could have functional redundancy with RBPs such as YB1 or 

others both in vitro and in vivo. 

muHuR-KO mice exhibit a significant increase in their exercise endurance 

capacity, oxygen consumption, and CO2 release. These observations together with high 

level of oxidative type I fibers in various muscles of muHuR-KO mice, was a clear 

indication that the depletion of HuR in skeletal muscles is associated with an oxidative 

phenotype. However, unexpectedly the respiratory exchange ratio (RER) (VCO2/VO2), 

which is normally used as an indicator of substrate utilization (carbohydrate or fat) by 

mitochondria for energy production41, was also increased in the muHuR-KO mice. These 

results suggest that under conditions of voluntary movement, muHuR-KO mice have an 

improved rate of carbohydrate oxidation when compared to control littermates. It is well-

established, however, that high RER during exercise is associated with reduced 
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endurance in rodents42 and is a predictor for obesity in human populations43. Therefore, 

the fact that muHuR-KO have a higher RER may seem contradictory to their enhanced 

exercise endurance. However, this discrepancy could be explained in part by the fact that 

our calorimetry studies were performed in the absence of imposed exercise conditions. 

During exercise, substrate utilization for energy production rapidly switches from 

carbohydrate to fat42. Therefore, based on the high endurance level of muHuR-KO mice, 

we predict that during their engagement into continued physical exercise the RER 

response will show an increase at the early stages that will be followed by a rapid 

decrease. This pattern will be consistent with a shift in substrate usage for energy 

metabolism from carbohydrate to fat as the exercise activity continues and intensifies41. 

Performing such experiments will test this possibility and will shed more light on the role 

of HuR in muscle function. 

Our RNA-seq data indicate that the largest group of genes affected by the 

depletion of HuR in muscle are those involved in primary metabolic processes such as 

the PPARα signaling pathway44. Interestingly, many of the genes (such as sarcoplasmic 

reticulum Ca2 + -ATPases (SLN), Ras-related glycolysis inhibitor, and calcium channel 

regulator (Rrad), insulin receptor substrate 2 (irs2), and peptide transporter 2 (PEPT2) 

(Annex 3. Supplementary Data 1) are associated with metabolic imbalance and weight-

related diseases45,46,47. These results raise the possibility that in vivo HuR could be 

involved in metabolic plasticity, impacting muscle function and fate. Future studies will be 

needed to address the potential involvement of HuR in the onset of metabolic disorders 

or weight-related diseases. 

Our data clearly establish that the enrichment of oxidative type I fibers in muHuR-

KO mice is driven, at least in part, by the increased expression of PGC-1α. This 

observation also indicates that in skeletal muscles HuR promotes a glycolytic type II fibers 

and that this effect could be mediated by its ability to down-regulate PGC-1α expression 

by destabilizing PGC-1α mRNA in a KSRP-dependent manner. This conclusion is 

supported by two facts, (1) our observation that in myoblasts HuR associates with KSRP 

and that similar to HuR knockdown, the depletion of KSRP stabilizes PGC-1α mRNA, (2) 

an intact HuR/KSRP complex is required for the association of either of these RBPs with 
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PGC-1α mRNA. Although, the mRNA destabilizing activity of HuR has been previously 

reported in several cell lines, including muscle cells48,12,49; this effect of HuR was 

considered a rare event that is either specific to some cell types or is linked to particular 

growth conditions. The fact that the depletion of HuR in the soleus leads to the 

upregulation of > 85% of the ~1900 affected mRNAs provide a strong indication that in 

skeletal muscle HuR mainly acts as an mRNA destabilizer rather than a stabilizer. It is 

likely however, that the impact of HuR on the fate of its mRNA targets in vivo is tissue 

specific. Indeed, the knockout of HuR specifically in the pyramidal neurons of the 

hippocampus leads to a significant reduction in the expression levels of the PGC-1α 

transcript50, indicating that in the brain HuR likely acts as a stabilizer for this mRNA. One 

explanation of this functional dichotomy of HuR is that in different cell types and tissues, 

HuR associates with various protein ligands and undergoes unique post-translational 

modifications such as phosphorylation and methylation9,12,51,52. However, we still do not 

know whether any of these regulatory mechanisms affect HuR function in vivo nor their 

impact on HuR functional switch from stabilizing to destabilizing the same target mRNA. 

In addition to the impact of the oxidative phenotype on muscle function and 

exercise endurance, type I fibers are resistant to atrophy during various disease 

conditions such as, DMD, denervation, disuse, and cancer cachexia24,53–55. In keeping 

with this, we show that the muHuR-KO mice are protected against cancer (LLC)-induced 

muscle wasting. Interestingly, despite being composed largely of type I fibers, we 

observed significant wasting in the soleus muscle of wild-type mice, which was prevented 

in muscles lacking HuR. In fact, the resistance of oxidative muscle fibers to cachectic 

stimuli is presently under debate, since some reports indicate that type I-rich muscles 

such as the soleus are resistant to cancer-induced muscle wasting, while others have 

shown the opposite outcome56,57. However, while oxidative fibers may or may not be 

inherently resistant, numerous studies have demonstrated the therapeutic benefit of 

promoting oxidative metabolic adaptations24,29,53,54,58. Since HuR plays a key role in 

muscle fiber formation in vitro9,10,12,59,60 and its expression pattern dramatically changes 

during muscle regeneration in vivo9, we speculate that HuR could also impact the 

commitment of satellite cells to myogenesis under cachectic conditions. Indeed, the onset 

of cachexia-induced muscle wasting is associated with an impairment of the regenerative 
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capacity of satellite cells61. Hence, it is possible that under normal conditions HuR 

promotes satellite cells commitment to the myogenic process, while that under cachectic 

conditions HuR undergoes a functional switch to become a promoter of muscle loss. 

Experimentally addressing this possibility would provide more insight into on how HuR 

could promote both muscle formation and function, as well as the deleterious outcome of 

cachexia. While more work is needed to understand the mechanisms underlying the 

atrophic resistance of muHuR-KO mice, our results clearly establish that interfering with 

HuR function in muscle is protective against muscle atrophy in the LLC model of cancer 

cachexia. 

Our results highlight the possibility that HuR can be considered as a viable target 

in future strategies to design novel approaches to combat cancer-induced muscle 

atrophy. This is of particular interest given the recent development of small molecules 

that can inhibit HuR function62–64. However, given the systemic importance of HuR, future 

studies using HuR inhibitors to treat muscle atrophy will need to investigate potential side 

effects, as well as mechanisms for specific delivery to muscle tissue. Some of these 

issues may be circumvented, however, by targeting HuR functions specifically in 

muscular tissue. As described above, one apparent unique feature of HuR in muscle is a 

role in destabilizing target transcripts, which is at least in some cases mediated by 

interactions with co-factors, such as KSRP. Thus, targeting HuR interaction with protein 

ligands, such as KSRP, may prove to be a more viable strategy than a direct inhibition of 

HuR itself. 

Overall, our findings are consistent with a model whereby HuR regulates the 

expression of key modulator of fiber-type specification, thus inhibiting the formation of 

type I muscle fibers. Taken together, our data suggest HuR is a potential pharmacological 

target to modulate skeletal muscle metabolism, which could have implications in muscle 

physiology and diseases such as cancer-induced cachexia. 

 
9.3.5.-Material and Methods 

Animals 
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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. Mice were housed in a controlled environment and provided 

commercial laboratory food (Harlan #2018; 18% protein rodent diet; Madison, WI). 

Housing of the mice was set on a 12h light–12h dark cycle. Mice were maintained in 

sterile cages with corn‐cob bedding and had free access to food and water. For our study 

we used 3 non-pathogenic mouse strains on a C57BL/6 background; mice expressing 

cre-recombinase under the MyoD promoter (MyoDCre)15, mice in which the exon 2 of the 

Elavl1 gene is floxed (Elavl1fl/fl)14, and the HuR muscle specific knockout mice 

(MyoDCre+;Elavl1fl/fl, muHuR-KO) generated by our laboratory at McGill University using 

the Cre-LoxP system. The breeding strategy to maintain the muscle specific HuR 

knockout colony consisted in back-crossing Elavl1fl/fl mice with MyoDCre+;Elavl1fl/fl mice. 

Littermates not expressing Cre recombinase (MyoDCre-/-Elavl1fl/fl) were used as control 

animals in this study.  

 

Genotyping 

Mouse genomic DNA was isolated in vivo from tail biopsies or ex-vivo from muscle 

tissue as previously describe65. Tail biopsies were incubated for 20min in 300μl of 0.5M 

NaOH at 95°C. 25 μl of 1M Tris-HCl, pH 8 were then added and 2ul of the resulting sample 

used as template DNA for PCR amplification of a fragment of the CRE recombinase gene 

and a fragment containing the LoxP sites. For isolation of genomic DNA from skeletal 

muscle, tissue was incubated with DNA extraction buffer (100Mm NaCl, 25Mm EDTA pH 

8, 10mM Tris-Cl pH 8, 0.5% SDS, 1mg/ml Proteinase K) overnight at 56°C. DNA was then 

isolated by phenol-chloroform extraction and mice were genotyped by assessing PCR 

amplification of the Elavl1 gene (exon 2 region). PCR products where visualized by 

Ethidium Bromide staining on 2% Agarose gel. Primer sequences are provided in Annex 

3. Supplementary Table 2.  

 

Lewis Lung Carcinoma (LLC) animal model of cachexia 
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Subcutaneous LLC tumors were established in the right hindlimb region of male 

muHuR-KO mice or control littermates (8-9 weeks old) by subcutaneously injecting 

1 × 106 LLC cells. During the observation phase (30-day post injection), mice were 

monitored for tumor size and body weight every other day. The tumor volume was 

calculated using the formula: (L × W2)/2, where L is the longest tumor diameter and W the 

perpendicular axis diameter. At the end of experiment, mice were sacrificed by cervical 

dislocation and muscles were carefully dissected, weighed and frozen in liquid nitrogen 

or in isopentane precooled in liquid nitrogen. The weight of the spleen (an indicator of an 

active immune response) and hindlimb fat pad was also determined.  muHuR-KO mice or 

control littermates injected with PBS were used as control. 

 

Energy balance measurement 

Indirect calorimetry study was performed in male, age-matched (8-10 week) 

muHuR-KO and control mice. Housing was under 12h light–12h dark cycle, with free 

access to food and water. The Oxygen consumption (V̇O2), carbon dioxide production 

(V̇CO2), and ambulatory activity were measured using a Comprehensive Animal 

Monitoring System (CLAMS; Columbus Instruments, Columbus, OH) over 72h, following 

a 24h acclimation period. Measurements proceeded under a constant airflow rate of 

1,000ml/min. The system allowed for eight individually housed mice to be monitored 

simultaneously. Oxygen consumption (V̇O2) and carbon dioxide production (V̇CO2) were 

recorded every 10 min. Respiratory exchange ratio (RER) was calculated as VO2/V̇CO2. 

Ambulatory activity was estimated by the number of infrared beam breaks along the x-

axis of the metabolic cage. Heat production on per animal basis was calculated from the 

following equation: ((3.82 + 1.23 × RER) × VO2). Data was analyzed using CLAMS 

examination tool (CLAX; Columbus Instruments) version 2.1.0. Each animal was 

considered one experimental unit. 

 

Treadmill exhaustion test 

Male, age-matched (8-10 week) muHuR-KO mice or control littermates were exercised 

on a Columbus 1050-RM Exer-3/6 Treadmill. The system allowed for six individual mice 
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to be exercised simultaneously. Before the exhaustion test, mice where subject to an 

acclimation process for three consecutive days with the following program: Day 1. Static 

treadmill band 15min. Day 2. Walking on the treadmill for 15min (5m/min). Day 3. Running 

for 10 min (10m/min). Electric stimulus of 1hz was employed to force mice to run. 

Exhaustion test was conducted on 2 separate days (2 day resting period in-between) with 

the following program: 5m/min for 1 min, 7m/min for 1 min, 8m/min for 5 min, followed by an 

increase of 1m/min every minute until a maximum velocity of 21m/min. Exhaustion was 

consider after 5 second permanence on the electric grid on a 1hz, 0.15mA, 163V electric 

stimulus. Maximum exercise capacity was estimated from each run-to-exhaustion trial 

using three parameters: the duration of the run (min), the distance ran (m), and the work 

performed (J). Work was calculated as W= body weight (kg) × running speed (m/min) × 

running time (min) × grade × 9.8 (J/kg × m). Values from the two sessions were averaged 

to provide exercise capacity. Each animal was considered one experimental unit. 

 

Rota-rod 

Male, age-matched (20 weeks), muHuR-KO and control mice were tested on a rota-rod 

apparatus (Ugo Basile, 47600). Animals received 1 day of training prior to testing with the 

following program: 5 minutes on acceleration rotarod at 5 revolutions per minute (rpm). 

Exercise days consisted of a program of the following: 2min at 5rpm followed by an 

acceleration period from 5 rpm to 20 rpm in 2min. Tests were considered finished when 

mice fell off the apparatus. Exercising sessions (two in all) were completed over the period 

of a week with 4 days of resting in between the sessions. The latency to fall from the rod 

was recorded for each trial and values from both sessions were averaged to provide the 

rotarod latency statistic. If the mouse remained on the rod for more than 30 minutes, mice 

were removed from the machine and the test was considered as completed.  

 

Inverted grid test 

Fatigability of limbs was tested using the inverted-grid hanging test. Male, age-

matched (20 weeks), muHuR-KO and control animals were placed on a mesh grid 

(10 cm×10 cm) mounted 60cm above a padded surface. The grid was then inverted, and 
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mouse was suspended upside down. Latency to fall from the grid was recorded; the 

maximum time allowed per trial was 6 minutes. Each mouse was tested in 2 different 

session consisting of 3 consecutive days each, with 4 days of resting in between 

sessions. Both sessions were averaged to provide the latency to fall and normalized to 

total body weight. 

 

Grip Test 

Muscle strength of male muHuR-KO and control mice (20 weeks) was evaluated 

using a DFE II Series Digital Force Gauge (Ametek DFE II 2-LBF 10-N) with an attached 

metal grid (10 cm×10 cm). Mice were allowed to grasp the metal grid with either 2 limbs 

(forelimbs) or 4 limbs (forelimbs and hindlimbs) and gently pulled along the axis of the 

grid by the tip of the tail. Maximal strength (Newtons) with which mice pulled the grid was 

measured in two sessions, each one consisting in triplicate trials over 3 consecutive days. 

4 days of resting were allowed in-between sessions.  

 

In situ assessment of muscle contractile function 

To determine contractile function, mice were anesthetized with an intraperitoneal 

injection of a ketamine-xylazine cocktail (ketamine: 130 mg/kg; xylazine: 20 mg/kg). 

Anesthesia was maintained with 0.05 ml supplementary doses as needed. The distal 

tendon of the left TA muscle was isolated and attached in turn with surgical 4.0 silk to the 

lever arm of a 305C-LR servomotor (Aurora Scientific Instruments), as done previously, 

with minor modifications1-3. The Dynamic Muscle Control (DMC) and Analysis Software 

Suite (Aurora Scientific Instruments) was used for collection and data analysis. The 

partially exposed muscle surface of the TA was kept moist with PBS (pH 7.4) for the 

isometric contractile stimulation protocol and was directly stimulated with an electrode 

placed on the belly of the muscle. In situ measurement of the TA with direct stimulation 

was chosen over sciatic nerve stimulation, thereby removing potential negative effects 

such as a central contribution and, because blood delivery is intact, eliminating potential 

problems of isolated muscles4. Optimal muscle length and voltage was progressively 

adjusted to produce maximal tension and length was measured with a microcaliper. The 
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pulse duration was set to 0.2 ms for all tetanic contractions. Force-frequency relationships 

curves were determined at muscle optimal length at 10, 30, 50, 70, 100, 120 and 150 Hz, 

with 1 min intervals between stimulations to avoid fatigue. After tetanic-force 

measurement, the TA muscle was rested for 2 min and then subjected to 60 tetanic 

contraction.  The fatigue resistance protocol was 60 tetanic contraction (75hz 

stimulation/200-ms duration) every 2 seconds for a total of 2 min. At the end of each 

experiment, mice were sacrificed by cervical dislocation and muscles were carefully 

dissected, weighed and frozen in liquid nitrogen or in isopentane precooled in liquid 

nitrogen. In situ muscle force was normalized to tissue cross-sectional area (expressed 

as newtons/cm2).  Muscle cross-sectional area was estimated by diving muscle mass by 

the product of the muscle length and muscle density (1.056 g/cm3).  During experiments, 

the investigators were blinded to mice genotype. Statistical analyses for data related to 

muscle specific strength were performed using a two-way ANOVA with corrections for 

multiple comparisons by controlling for the false discovery rate using the two-stage 

method of Benjamini and Krieger and Yekutieli (with q < 0.1 and P < 0.05).  

 

Muscle freezing and sectioning 

Gastrocnemius, soleus, EDL and peroneus muscles were carefully dissected, 

mounted on 7% tragacanth gum and snap frozen in liquid-nitrogen-cooled isopentane for 

10-20sec. Samples were stored at −80°C before cryosectioning. Sections (10μm) were 

kept at room temperature for 30 min before processing. 

 

Cross-sectional analysis 

Muscle sections were routinely stained with haematoxylin and eosin (H&E) 295. 

Wide‐field images were taken with a 20X objective lens on an inverted Zeiss Axioskop 

microscope with an Axiocam MRc color camera in the McGill University Life Sciences 

Complex Advanced BioImaging Facility. Cross-sectional analysis (CSA) of myofibers in 

muHuR-KO and control mice was determined on muscle sections. Fibers were circled 

manually, and area determination was calculated using the Image J software (NIH).  A 
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minimum of five hundred fibers per muscle was used for the calculation of the cross-

sectional area. 

 

Immunostaining 

Serial muscle cryosections were incubated with the following monoclonal 

antibodies from the Developmental Studies Hybridoma Bank: BA-D5 (MyHC-I, 1:500), 

SC-71 (MyHC-IIA, 1:500), and BF-F3 (MyHC-IIB, 1:500)68. The immunohistochemical 

staining was performed using a goat anti-mouse secondary antibody conjugated to 

peroxidase-labeled complex (Dako, Glostrup, Denmark). After rinsing in PBS buffer 

section were incubated for 30 min at room temperature with a freshly prepared solution 

of 10mg of 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO) in 15ml 

of a 0.05M Tris buffer at pH 7.6, containing 1.5ml of 0.3% H2O2. Sections were then 

analyzed using a 20× objective lens on an inverted Zeiss Axioskop microscope. 

 

Cell culture  

Murine Lewis Lung carcinoma cells (LLC) were obtained from the ATCC and grown 

in DMEM with 10% FBS and 1% streptomycin–penicillin (Invitrogen). C2C12 myoblasts 

(ATCC, Manassas, VA, USA) were grown and maintained in Dulbecco's modified eagle 

medium (DMEM, Invitrogen) containing 20% FBS, and 1% penicillin/streptomycin 

antibiotics (Invitrogen). All cells were grown in a humidified incubator at 37°C, 5% CO2. 

 

Transfection 

The transfection of siRNA into C2C12 cells was performed as previously 

described12. Briefly, the transfection with siHuR, siKSRP or siCtl was performed when 

cells were 20–30% confluent. The transfection treatment was repeated 24 h later when 

cells were 50–60% confluent. All siRNAs duplexes were used at a final concentration of 

120 nM. The GFP and GFP-HuR plasmids were generated and used as described in ref. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6744452/#CR12
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9. jetPRIME® (Polyplus) transfection regent was used for all transfections following the 

manufacturer’s instructions. siRNA oligonucleotides against siHuR, siKSRP as well as 

the control siRNA Ctl, was obtained from Dharmacon. siRNA sequences are provided in 

Annex 3. Supplementary Table 2. 

 

Preparation of muscle/cell extracts and immunoblotting  

Muscle extracts were prepared by homogenization of 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. The lysed muscle/cells were then centrifuged at 0.1 times 

gravity (xg) 12000rpm for 15min at 4°C in order to collect the supernatant.  Western blot 

experiments were performed as previously described in ref. 12. Western blots were 

probed with antibodies against HuR (3A2, 1:10000), PGC-1α (abcam, 1:1000), KSRP 

(abcam, 1:5000), Oxphos Antibody Cocktail (containing 5 mouse antibodies against the 

CI subunit NDUFB8, CII-30kDa, CIII-Core protein 2, CIV subunit I and CV alpha 

subunit (abcam, 1:1000) or α-tubulin as loading control (Developmental studies 

Hybridoma Bank, 1:1000). 

 

RT-qPCR 

Total RNA was isolated using TRIzol reagent (Invitrogen). 1μg of total RNA was 

reverse transcribed using the M-MuLV RT system according to the manufacturer’s 

instructions (New England BioLab). A 1/80 dilution of cDNA was then used to assess 

mRNAs expression using SsoFast™ EvaGreen® Supermix (Bio-Rad). Expression level 

of genes of interest were standardized using GAPDH or RPL32 as reference, and relative 

levels of expression were quantified by calculating 2−ΔΔC
T, where ΔΔCT is the difference 

in CT (cycle number at which the amount of amplified target reaches a fixed threshold) 

between target and reference genes. Primer sequences can be found in Annex 3. 

Supplementary Table 2. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6744452/#CR9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6744452/#MOESM1
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Actinomycin D pulse-chase experiments 

The stability of the mRNAs of interest was assessed by the addition of the RNA 

polymerase II inhibitor, actinomycin D (ActD) (5μg/ml) to GFP, GFP-HuR, siHuR, siKSRP 

and siCtl treated cells over a 6h period. Total RNA was isolated at the indicated time 

points, using TRIzol reagent (Invitrogen), and analyzed by RT-qPCR. The expression 

level of the different mRNAs at each time point was determined relative to RPL32 mRNA 

levels and plotted relative to the abundance of each message at 0h of ActD treatment 

that is considered as 1. 

 

Polysome fractionation 

Polysome fractionation was performed as previously described12. Briefly, the 

cytoplasmic extracts obtained from myoblasts treated with or without siHuR, collected at 

100% confluency, were centrifuged at 130,000 × g for 2h on a sucrose gradient (15–50% 

w/v). Absorbance at wavelength 254nm was measured in order to determine the profile of 

polysome distribution. 20 fractions were collected and divided in two groups: non-

polysome (NP, fractions 1–6) and polysome (P, fractions 7–20). RNA was then extracted 

from each group using TRIzol LS (Invitrogen) according to the manufacturer instructions. 

RNA integrity was monitored on agarose gel and was then analyzed by RT-qPCR using 

specific primers for PGC-1α and GAPDH mRNAs. PGC-1α mRNA level was 

standardized against GAPDH mRNA in each group and plotted as a Polysome to Non-

Polysome ratio. 

 

Immunoprecipitation/RNA-IP 

Immunoprecipitation/RNA-IP experiments were performed as previously 

described12. Briefly, 15µl of the anti-HuR, anti-KSRP or IgG antibodies were incubated 

with 60µl of protein A-Sepharose slurry beads (washed and equilibrated in cell lysis 

buffer) for 4h at 4°C. Beads were washed three times with cell lysis buffer and incubated 

with 500µg of cell extracts overnight at 4°C. Beads were then washed again three times 
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with cell lysis buffer and co-immunoprecipitated RNA was then eluted and processed for 

RT-qPCR analysis.  

 

mRNA sequencing (RNA-seq)  

Total RNA from soleus muscle from 2 muHuR-KO and 2 control mice was isolated 

using TRIzol reagent (Invitrogen). RNA samples were assessed for quantity and quality 

using a NanoDrop UV spectrophotometer (Thermo Fisher Scientific Inc), and a 

Bioanalyser (Agilent Technology Inc). The 4 RNA-seq libraries were sequenced on the 

Illumina NextSeq 500 platform at the Institute for Research in Immunology and Cancer 

(IRIC) Genomics Core Facility, University of Montreal, to produce over 60 million, 100 

nucleotide paired-end reads per sample. The reads were then trimmed for sequencing 

adapters and aligned to the reference mouse genome version mm10 (GRCm38) using 

Tophat version 2.0.10. Gene quantification was performed on the mapped sequences 

using the htseq-count software version 0.6.1. We performed a differential expression 

analysis using DESeq2 package, log transformation was used to normalize raw read 

counts and to calculate normalized expression counts. Biological replicates were 

combined, and the data set visualized on a heatmap using the Morpheus software 

(version 4.7). (Data can be accessed in GEO database, GSE134241).  

 

Ingenuity Pathway Analysis (IPA)   

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis 

The RNA-seq dataset generated by DESeq analysis was subjected to a subsequent 

analysis using the “Ingenuity Pathways Analysis” Software 5.0 (IPA, Ingenuity Systems) 

to define the main biologic processes associated with the gene expression changes in 

the muHuR-KO mice. This analysis was performed using detectably-expressed (read 

number >0) genes across all samples. 

 

Mitochondria number 

Mitochondrial number was estimated by determining the mitochondrial to nuclear 

DNA ratio as previously described69. Briefly, genomic DNA from skeletal muscle tissue 

was incubated with DNA extraction buffer (100Mm NaCl, 25Mm EDTA pH 8, 10mM Tris-
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Cl pH 8, 0.5% SDS, 1mg/ml Proteinase K) overnight at 56°C. DNA was then isolated by 

phenol-chloroform extraction. DNA was quantified and diluted to a final concentration of 

10 ng/µl to be used for qPCR amplification. A comparison of ND1 (NADH dehydrogenase 

1, mitochondrial gene) expression relative to HK2 (Hexokinase 2, nuclear gene) DNA 

expression was used to estimate mtDNA copy number to nDNA copy number ratio.   

 

Statistical analyses 

All values are reported as mean ± standard error of the mean (S.E.M). Significant 

differences between two group means were discerned by unpaired t-tests for normally 

distributed variables. Normality was determined using the D'Agostino–Pearson test where 

appropriate. Statistical analyses for in situ consisted in Two-way ANOVA with corrections 

for multiple comparisons by controlling for the false discovery rate using the two-stage 

method of Benjamini and Krieger and Yekutieli66. p values of <0.05 were considered 

significant. 
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10. General Discussion  

The goal of this thesis was to further our understanding of the molecular 

mechanisms governing HuR-mediated post-transcriptional regulatory events in skeletal 

muscle. To this end, we have uncovered a novel HuR protein-protein interaction (PPI) 

network of RBPs involved in myogenesis and, furthermore, have defined mechanistically 

how these interactions govern the function of HuR in the myogenic process. In addition, 

we have also discovered the physiological importance of HuR in mediating the function 

of skeletal muscle in vivo.  In Chapter I we show that HuR mediates the early stages of 

muscle fiber formation, when myoblasts are in a proliferative phase, by destabilizing the 

NPM mRNA. The HuR-mediated decay of the NPM mRNA relies on its interaction with 

the RBP KSRP. The association of HuR with KSRP, which occurs in an RNA independent 

manner, switches the function of HuR from a mediator of mRNA stability to a promoter of 

mRNA decay. The molecular mechanism leading to NPM mRNA degradation involve the 

recruitment of the exonucleases PARN and components of the exosome (EXOSC5). In 

Chapter II we show that during the pre-terminal stage of myogenesis, when myoblast 

begin to fuse into muscle fibers, HuR collaborates with yet another protein partner, the 

RBP YB1, to stabilize the Myog mRNA, a pivotal driver of myoblast differentiation. In order 

for YB1 and HuR association to occur, HuR must translocate from the nucleus to the 

cytoplasm. Upon its association to YB1, the HuR/YB1 complex collaboratively associated 

to a specific G/URE in 3’UTR of the Myog mRNA leading to its stabilization, increased 

expression and, subsequently, to the promotion of muscle cell differentiation. These 

findings clearly define the mechanisms through which HuR regulates, in vitro, the 

differentiation of muscle cells.  

It is not surprising that HuR exerts different/opposite effects on its target transcripts 

during myogenesis. Our work confirms what numerous reports have suggested, that a 

collaboration or competition between trans-acting factors is an integral part of the HuR-

mediated posttranscriptional regulation of gene expression7,197,238-242,265,268,276,289,290. In 

addition, it clearly establishes that, through its association to different trans-acting 

partners, HuR manages to differentially regulate the expression of several mRNAs at 

different posttranscriptional levels in precise spatial and temporal patterns. Although the 



Page | 177  

 

mechanism(s) through which HuR differentially interacts with protein partners remains 

unknown, cumulative evidence from our laboratory and others indicate that post-

translation modification(s) play a crucial role in determining which proteins partners HuR 

interacts with during the different stages of the myogenic process.  

Posttranslational modifications have been previously shown to directly influence 

the subcellular localization of HuR as well as its RNA-binding activity. Phosphorylation of 

HuR by the p38 mitogen-activated protein kinase (MAPK), for example, increases its 

cytoplasmic accumulation resulting in the increased binding to the p21 mRNA which, 

consequently, augments p21 protein expression, triggering cell cycle arrest296. In 

contrast, phosphorylation of HuR by checkpoint kinase 2 (CHK2) at S88, S100, and T118 

does not affect HuR’s subcellular localization but instead alters HuR’s binding to its mRNA 

target SIRT1, triggering SIRT1 mRNA decay297. The phosphorylation of HuR by Cyclin-

Dependent Kinase 1 (CDK1) at S202, located in the hinge region was also shown to retain 

HuR in the nucleus298. Similarly, methylation at R217 located in the HNS region of HuR, 

by the methyltransferase CARM1, leads to cytoplasmic localization of HuR, and increased 

HuR-dependent stabilization of the tumor necrosis alpha (TNFa) mRNA299. Although 

these results indicate that posttranslational modification affect HuR subcellular 

localization and/or RNA binding activity, it does not directly link this modification to their 

impact on HuR binding to its protein partners296. Our unpublished data, suggest that HuR 

association to key protein partners during myogenesis is not regulated by either 

phosphorylation or methylation but rather by a novel posttranslational modifications of 

HuR, Poly(ADP)-ribosylation (PARylation), a reaction through which PARPs (Poly(ADP-

ribose) polymerase) transfer the ADP-ribose moiety to acceptor amino acids in their 

substrates300,301. It is therefore possible that the PARylation of HuR dictates its specificity 

for binding to protein partners, such as KSRP or YB1, during the myogenic process.  

In Chapter III, we investigated the in vivo role of HuR in the formation, development 

and function of skeletal muscle. By breeding mice carrying the Elavl1fl/fl allele302 with mice 

expressing Cre recombinase under the control of the MyoD promoter303, we generated 

Elavl1 muscle-specific knockout (muHuR-KO) mice. muHuR-KO mice were viable and 

showed no visible defect in muscle integrity and formation but exhibit an enhanced 

exercise endurance which is linked to an increase in the number of oxidative type I fibers 
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in several skeletal muscles238. While the viability of muHuR-KO mice may appear to be 

counterintuitive to the findings described in Chapter I and Chapter II, this is not as 

surprising as we may presume. Viability of muHuR-KO mice is reminiscent of findings 

observed in mice bearing loss-of-function mutations in the MyoD or Myf5 genes. Although 

knocking out either one of these genes did not affect the viability of mice, nor development 

of muscle, the double knockout of both MyoD and Myf5 genes generated mice without 

functional muscles that die soon after birth304. These results indicate that MyoD and Myf5 

proteins have an overlapping role in muscle development and formation during 

embryogenesis. As mentioned in Chapter II, HuR and YB1 associate to ~ 400 common 

mRNA targets in muscle cells. It is, therefore, possible that compensatory mechanism 

may exist, in vivo, to overcome the loss of HuR on the development/formation of skeletal 

muscle. Functional redundancy with RBPs, such as YB1, could account for the mild 

phenotype observed in muHuR-KO mice. However, further studies are necessary to 

elucidate such possibilities and their impact in vivo.  

The data presented in Chapter III clearly demonstrate that HuR plays a prominent 

role in mediating the formation and metabolism of type II fibers in skeletal muscle and 

prove that HuR mediates these effects, in part, by collaborating with KSRP to destabilize 

the PGC-1α mRNA. Given that altered metabolism has been linked with numerous 

skeletal muscle pathologies/disorders such as sarcopenia, cachexia-induced muscle 

wasting and DMD, major clinical interest exists in understanding/uncovering the 

mechanisms involved in the diversification in physiological character and metabolic 

activity of fiber types and, furthermore, their repercussions in health and disease. muHuR-

KO mice show a significant increase in exercise endurance, a phenotype that is explained 

in part by an enrichment of type I fibers. While this enrichment of oxidative fibers is 

strongly linked to the increase in PGC-1α levels70 71, it is likely that additional players are 

involved. Our RNA-seq data indicate that genes involved in the PPARα signaling pathway 

are the most affected by the depletion of HuR in muscle238 (Annex 3. Supplemental Fig. 

5 and Supplementary Data 1). Several of these genes, such as sarcoplasmic reticulum 

Ca2 + -ATPases (SLN), Ras-related glycolysis inhibitor, and calcium channel regulator 

(Rrad), insulin receptor substrate 2 (irs2), and peptide transporter 2 (PEPT2) are 

associated with metabolic imbalance and weight-related diseases305-308.  
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Moreover, it was recently demonstrated, using a skeletal muscle specific HuR 

knockout mouse obtained by crossing Elavl1fl/fl mice with mice expressing Cre under the 

control of the myosin light chain 1f (Mlc1f) promoter (activated as early as E12.5), that 

HuR influences skeletal muscle metabolic flexibility. These mice showed mild obesity, 

impaired glucose tolerance and impaired fat oxidation when compared to control 

littermates309 . These results further support our hypothesis that in vivo HuR could be 

involved in metabolic plasticity, and importantly denote that the timely expression of HuR 

strongly influences its impact on muscle function and physiology. Furthermore, 

preliminary evidence from our laboratory further supports this notion as knocking out HuR 

in muscle at earlier stages of embryonic development (using the Cre-LoxP system under 

the control of the Myf5 promoter significantly reduced both the total number and size of 

muscle fibers. These mice, additionally, exhibited a significant delay in the regenerative 

capacity of tibialis anterior (TA) muscle treated with cardiotoxin (CTX), a potent inductor 

of muscle injury/regeneration (data not shown). These results suggest that the effect of 

knocking out HuR on the development and/or function of skeletal muscle is dictated by 

the timing of activation of the muscle specific promoters (MyoD, Myf5, Mlc1f) used to 

express CRE-recombinase during embryogenesis. 

Our data also show that changes in oxidative capacity and fiber type composition, 

towards oxidative fibers, leads to a protection against cancer induce muscle wasting in a 

pre-clinical murine LLC-model of cachexia. Tumor-bearing muHuR-KO mice showed a 

much smaller decrease in muscle fiber diameter and a reduce induction of the ubiquitin 

ligases atrogin-1 and MuRF-1 when compared to control mice. These results are 

consistent with numerous studies demonstrating the therapeutic benefit of promoting 

oxidative metabolic adaptations in skeletal muscle31,61,79,310,311 and provide a proof-of-

principle that modulating HuR levels can be targeted to prevent cancer-induced muscle 

loss. Given the systemic importance of HuR, a direct inhibition of HuR by small molecules 

such as CMLD-2312, DHTS313 and MS-444314, may prove to be challenging due to 

potential side effects, as well as their mechanisms for specific delivery to muscle tissue.  

Some of these issues may be circumvented, however, by limiting HuR interaction with 

specific protein partners which we have shown is determinant in its mRNA binding 

selectivity. Additionally, it could be possible to regulate HuR-mediated gene expression 
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by targeting nuclear/cytoplasmatic rations during myogenesis hence preventing it 

interaction with specific RBPs and miRNAs. However, future studies will be needed to 

address this possibility. 

 

11. Conclusion 

In conclusion, the work contained in this thesis establishes a novel way through 

which muscle cells, via the HuR-mediated regulatory network, control gene expression 

and fine tune protein production. Our results indicate that networks of transacting factors, 

which include the RNA binding protein HuR, are involved in mediating key physiological 

processes such as myogenesis. While the full extent of the HuR-mediated post-

transcriptional regulatory network is yet to be delineated, it is clear that our findings helped 

uncover the complex nature through which HuR regulates the myogenic process. 

I have provided evidence that the multifunctional nature of HuR results from its 

ability to interact with different trans-acting factors and that these HuR-mediated 

interactions are spatio/temporal regulated. I have proven that the molecular mechanisms 

behind HuR’s destabilizing function on NPM and PGC-1α mRNAs in skeletal muscle 

fibers involves its collaboration with KSRP. During the course of this work, I have also 

identified 40 putative protein-partners (Annex 2. Supp. Table 1) of HuR that might be 

involved in the HuR-mediated regulation of myogenesis, and I have established that one 

of this protein partners, the RBP YB1, directly associates to HuR during the late stages 

of myogenesis to stabilize the Myog mRNA. I also provided a list of 409 common mRNA 

targets for YB1 and HuR in muscle cells (Fig. 3.3a-b) indicating that in addition to 

regulating the expression of Myog, the HuR/YB1 complex mediates the expression of 

several other promyogenic targets. This dynamic remodelling of RNPs that HuR is 

associated with throughout the myogenic process ensures that a broad range of tight and 

rapid post-transcriptional responses can be used to control the expression of anti- and 

pro-myogenic proteins in skeletal muscle.  

Due to its ubiquitous expression and pleiotropic functions, it is possible that a HuR-

mediated regulatory network is implicated in a variety of processes, and cellular systems. 
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While some of HuR functions are bound to be muscle specific, such as the stabilization 

of MyoD and Myog mRNAs, it would be interesting to assess, whether other of its 

functions are more general as in the case of the downregulation of NPM. Does HuR play 

a role in the regulation of NPM in other types of cellular differentiation where 

downregulation of NPM has been shown to be necessary? Similarly, Does the HuR-

mediated stabilization of PGC-1α exist in other metabolically active tissues, such as brain, 

liver or heart? What is its repercussion at a physiological level? Future studies will be 

necessary to examine the commonality of these regulatory networks in other processes 

or cellular systems.  

In addition, our work has opened up the possibility of new therapeutic venues for 

the treatment of muscle related diseases. It is well stablished that in the presence of 

inflammatory cytokines, HuR activity changes from a promoter of muscle fiber formation 

to a promoter of muscle wasting due to its increased affinity for mRNA encoding 

mediators of muscle loss such as iNOS236 and STAT3239. Inflammatory signals have ben 

shown to mediate posttranslational modification such as ubiquitination, phosphorylation, 

polyubiquitination, methylation, and acetylation315. Hence it is possible that HuR 

dichotomy results from posttranslational modification that influence HuR selectivity for its 

physiological protein partners hence affecting its selectivity for RNA targets. This change 

in selectivity could also result from aberrant protein-protein interactions with novel trans- 

acting factor which drive HuR’s function during inflammation. If this is the case… Can 

such interaction be targeted pharmacologically? Given that proteins often interface with 

their binding partners using distinct surfaces, structure-guided design can be a viable 

approach for targeting such associations. However, one major challenge will be to unravel 

the high level of complexity of PPI networks, especially when considering their 

multifactorial nature, where a fine modulation of one component may cause great 

consequences on another. The viability of muHuR-KO mice, described in Chapter III, is 

a clear example of such complexity. While it seams evident that some compensatory 

response is partially balancing the effect of HuR depletion in skeletal muscle, we still don’t 

know who is responsible for this compensation. What is their relative contribution in the 

wildtype situation? And how does this factor/factors compensate for HuR depletion?  
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13.1. Annex 1. Supplemental material for CHAPTER I  

Annex 1. Supplementary Figure 1. The overexpression of HuR negatively regulates 

NPM expression in myoblasts. Exponentially growing C2C12 myoblasts were transfected with 

GFP or GFP-HuR plasmids. (a) RNA extracts or total cell extracts from these cells were prepared 

24 hrs posttransfection. (a) Northern blotting was performed using radiolabeled probes against 

NPM, MyoD mRNAs and 18S (loading control). The band intensities of NPM, MyoD mRNAs and 

18S were determined using ImageQuant Software and the NPM and MyoD mRNA levels were 

normalized to 18S levels. (b) Western blotting was performed using antibodies against NPM, GFP 

and α-tubulin (loading control). ImageQuant Software was used to determine the NPM levels that 

were normalized to α-tubulin levels. For all histograms, average values of the GFP-HuR condition 

was plotted relatively to the GFP condition +/- the standard error of the mean (S.E.M.) of three 

independent experiments *P<0.01, **P<0.001 (t test). 

 

 

Annex 1. Supplementary Figure 2. Muscle fiber formation is promoted by NPM down 

regulation. The knockdown of HuR or NPM was performed in C2C12 cells and differentiation was 

induced 48 hours posttransfection of siHuR or siNPM. (a) Total cell lysates were prepared 48 

hours posttransfection of siRNAs and HuR and NPM protein levels were analyzed by Western 

blotting using antibodies against NPM, HuR and α- tubulin (loading control). (b) Phase contrast 
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images of C2C12 cells depleted or not of HuR or NPM. Bars, 50µm. C2C12 cells depleted or not 

of HuR or NPM were fixed on d3 and used for an immunofluorescence (IF) experiments using the 

anti-My-HC antibody as well as DAPI staining. Images of a single representative field were shown. 

Bars, 10μm. (d) The fusion index and (e) width of fibers +/- S.E.M. (from 3 independent 

experiments) seen in siNPM-treated cells was determined and represented on the graph as a 

percentage relative to siCtr-treated myofibers +/- S.E.M. *P<0.01 (t test). (f) Western blot analysis 

of My-HC, myoglobin and α-tubulin (loading control) protein levels. (g) Quantification of My-HC 

and myoglobin protein levels relative to α-tubulin. The protein levels for each protein under each 

siRNA treatment was plotted relative to the siRNA control condition +/- the S.E.M, *P<0.01 (t test). 

lots shown in (a) and (f) and images shown in (b) and (c) are representative of three independent 

experiments. 
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Annex 1. Supplementary Figure 3. Overexpression of NPM inhibits the formation of 

muscle fibers. (a) Stable C2C12 cell lines expressing GFP, GFP-HuR or GFP-NPM were 

generated as described in Material and Methods. The expression level of these proteins was 

determined by western blotting using antibodies against GFP and α-tubulin (loading control). (b-

e) C2C12 cells stably expressing GFP, GFP-HuR or GFP-NPM were induced for differentiation 

for three days. (b) Phase contrast pictures showing the differentiation status at d0, d2 and d3. 

Bars, 50µm. (c) IF experiments were performed using the anti-My-HC antibody as well as GFP 

and DAPI staining. Images of a single representative field were shown. Bars, 10 μm. (d) The 

fusion index +/- S.E.M. of three independent experiments was determined as described in 

Methods, **P<0.001 (t test). (e) Total cell extracts were prepared from these cells and used for 

Western blotting analysis using antibodies against My-HC, myoglobin and α-tubulin (loading 

control). Blots shown in (a) and (e) and images shown in (b) and (c) are representative of three 

independent experiments.  
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Annex 1. Supplementary Figure 4: Unlike MyoD, NPM transcription does not change 

during the myogenic process. Exponentially growing C2C12 cells (Exp) as well as cells on day 0 

and day 2 of the differentiation process were collected and used for nuclear run-on analysis. 

Nuclei were isolated from these cells and nascent RNA transcripts were radiolabeled and 

hybridized with nitrocellulose filters onto which NPM, MyoD and GAPDH PCR products had been 

slotted. The band intensities of NPM, MyoD and GAPDH mRNAs were determined using 

ImageQuant Software and the NPM and MyoD mRNA levels were normalized over GAPDH. 
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Annex 1. Supplementary Figure 5: Actinomycin D treatment does not induce apoptosis 

in C2C12 muscle cells. C2C12 cells were treated with ActD for the indicated period of time or with 

Staurosporine (STS) for 6h (included as a positive control for apoptosis). (a) The cells were fixed 

and stained with DAPI to detect apoptotic nuclei. Images of a single representative field are 

shown. Bars, 10μm. (b) Graph illustrating the percentage of cells with apoptotic nuclei in (a) from 

n=1 experiment. (c) The cleavage of caspase 3 (indicative of apoptosis) was assessed by western 

blot analysis with an antibody specific for the cleavage product of caspase-3. β-actin protein levels 

were included as a loading control. 

 

 

 



Page | 206  

 

 

Annex 1. Supplementary Figure 6: Characterization of HuR binding site in the NPM 

3’UTR. (a) Schematic representation of the probes covering the NPM 3’UTR (P1, P2, P2-1 to P2-

3) used to generate radiolabeled RNA probes for RNA electromobility shift assays are indicated 

(black). (b) Gel-shift binding assay was performed by incubating 500 ng of purified GST or GST-

HuR protein with the radiolabeled cRNA P2-1, P2- 2 and P2-3 probes. This gel is representative 

of three independent experiments. (c) The structure of NPM 3’UTR was predicted with mfold 

software. The sequences highlighted as E1 and E2 were identified to be single-strand AU-rich 

sequences. 
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Annex 1. Supplementary Figure 7: Modulating the expression of HuR affects the 

luciferase activity of the Rluc-NPM-3’UTR reporter transfected in C2C12 cells. (a-b) Total cell 

extracts from C2C12 cells expressing Renilla luciferase reporters as described in Figure 5d and 

depleted or not of HuR were prepared and used for (a) western blotting analysis with anti-HuR or 

-α-tubulin (loading control) antibodies or (b) luciferase activity measurement. (c) C2C12 cells 

expressing the Renilla luciferase reporters as described in Figures 5e and overexpressing GFP 

or GFP-HuR were used for (c) western blotting analysis with anti-GFP or -α-tubulin (loading 

control) antibodies or (d) luciferase activity measurement. The histograms shown in b and d are 

representative of three independent experiments +/- S.E.M. *P<0.01 (t test). 
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Annex 1. Supplementary Figure 8: The depletion of KSRP or HuR prevents myogenesis. 

The differentiation of C2C12 myoblasts was induced 48 hours after the transfection with a control 

(ctr), HuR or KSRP siRNA. (a) Phase contrast pictures of muscle cells treated as described above 

at day 0 (d0) (panels a-c) or day 3 (d3) (panels d-f) of the differentiation process. Bars, 50µm. (b) 

Total cell extracts were prepared on d3 of differentiation. Western blotting was performed using 

antibodies against My-HC, myoglobin, HuR, KSRP and α- tubulin (loading control). Blots and 

images are representative of three independent experiments. 

 

 

 

 

 

Annex 1. Supplementary Figure 9: The R-Luc-NPM-3'mut2 transcript interacts with 

KSRP in C2C12 cells. IP experiments were performed on C2C12 cells expressing renilla 

luciferase reporters (Rluc and Rluc-NPM-3’- mut2) using the KSRP antibody or IgG antibodies. 

KSRP association with the reporter RNAs were determined as described in Figure 5c and is 

shown in the graph +/- S.E.M of two independent experiments. 

 

 

 

 

 

 

 

 

 

 



Page | 209  

 

 

Annex 1. Supplementary Figure 10: The association of HuR with the p21 or Myog 

mRNAs is increased in KSRP depleted muscle cells. IP experiments were performed using the 

HuR (3A2) antibody on total extract (TE) from C2C12 cells treated with siCtr or siKSRP. RNA was 

isolated from the immunoprecipitate, and RT-qPCR analysis was performed using specific 

primers for NPM and RPL32 mRNAs as described in Figure 2.7j are shown in the graph +/- S.E.M 

of two independent experiments. 

 

 

 

 

 

 

Annex 1. Supplementary Figure 11: HuR-CP2 is sufficient and required for the 

HuR/KSRP-mediated destabilization of the NPM mRNA. (a) Schematic diagram of HuR and the 

two cleavage products HuR-CP1 and HuR-CP2. (b-f) Total extracts prepared from C2C12 cells 

expressing GFP, GFP-HuR, GFP-CP1, GFP-CP2 or the non-cleavable isoform, GFP- D226A, 

were used for IP experiments with anti-KSRP (b-d) or -GFP (e-f) antibodies. (b-c) Western blot 

analysis was performed with anti-KSRP (to show KSRP immunoprecipitation) (b) or anti-GFP (to 

assess the KSRP/HuR isoforms association) (c). The input in (c) represent 10% of the total 

extract. (e) Western blot with anti-GFP antibody was performed to show the IP of HuR isoforms. 

(d, f) RNA was isolated from the KSRP- (d) or the GFP- (f) IP and NPM mRNA levels was 

assessed by RT-qPCR. For the histograms shown all the conditions were plotted relatively to the 

GFP Ctr condition +/- the S.E.M. of three independent experiments. (g) Gel-shift binding assay 

was performed using 500 ng of purified GST, GST-CP1, -CP2 or -D226A proteins with the 

radiolabeled cRNA P1-1 probe. This blot is representative of two independent experiments. (h-i) 

C2C12 cells expressing GFP, GFP-HuR or GFP-CP2 were depleted (siKSRP) or not (siCtr) of 

KSRP. (h) Total cell extracts from these cells was used for western blotting analysis with 

antibodies against KSRP, GFP, NPM or α-tubulin. (i) RT-qPCR analysis was performed to assess 
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NPM mRNA levels that were standardized against GAPDH mRNA and plotted relatively to the 

siRNA Ctr-treated and GFP-transfected cells +/- the S.E.M. of three independent experiments.  
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Annex 1. Supplementary Figure 12: PARN and EXOSC5 associate with HuR. (a-b) 

Proliferating C2C12 cells were harvested and used to prepare total cell extracts. These extracts 

were then subjected to an IP experiment with an anti-HuR (a) or EXOSC5 (b) antibody. The 

precipitates were then analysed by western blot using respectively either an anti-PARN (a) or an 

anti-HuR antibody (b). The gels shown are representative of two independent experiments. 

 

         

 

 

 

 

 

 

 

 

 

 

Annex 1. Supplementary Figure 13: XRN1 depletion doesn't affect NPM levels. 

Exponentially growing C2C12 cells were treated with siRNA Ctr or siRNA against XRN1. (a) Total 

cell or (b) RNA extracts from these cells were prepared 48 hours after transfection. Western 

blotting analysis was performed using antibodies to detect XRN1 and α-tubulin (loading control). 

RT-qPCR analysis was performed using specific primers for NPM and GAPDH mRNAs. NPM 

mRNA levels were standardized against GAPDH mRNA. Relative NPM mRNA levels are shown 

+/- the S.E.M. of two independent experiments. 
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Annex 1. Supplementary Figure 14: PARN and EXOSC5 promote muscle differentiation 

by downregulating the expression of the NPM mRNA. The knockdown of PARN, EXOSC5 or 

NPM was performed in C2C12 cells and differentiation was induced 48 hours posttransfection of 

siPARN, siEXOSC5 or siNPM. C2C12 cells were fixed at day 3 of the differentiation process. (a) 

Immunofluorescence (IF) experiment using the anti-Myoglobin antibody as well as DAPI staining. 

Images of a single representative field are shown. Bars, 10μm. (b) The fusion index indicating the 

efficiency of C2C12 differentiation was determined as described in Material and Methods (section 

9.1.5) and shown +/- the S.E.M. of two independent experiments. 
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Annex 1. Supplementary Table 1: mRNAs upregulated or downregulated in HuR-

depleted myoblasts. Exponentially growing C2C12 myoblasts were transfected with HuR or 

Control (Ctr) siRNAs. RNA was prepared 48h after transfection. A cDNA array analysis was 

performed as described in the Material and Methods (section 9.1.5). A default external 

background setting was used in conjunction with a gene-based background signal threshold to 

determine gene signal significance. The mRNAs listed in this table represent the downregulated 

and upregulated mRNAs with z ratios (siRNA HuR/siRNA Ctr) below -2 or over 2, respectively, in 

two independent experiments. 
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Annex 1. Supplementary Table 2: Primers used for the RT- PCR and –qPCR 

experiments.  

Experiment 
Gene / 

Sequence 
Probes 

Northern 
Blot 

NPM 
Forward: 5’-AAA AAG CGC CAG TGA AGA AA-3’ 

Reverse: 5’-CTT CCT CCA CTG CCA GAG A-3’ 

  
NPM 

Forward: 5’-CCG AGA TCA AAG GGT CAA GA-3’ 

  Reverse: 5’-TCT TGA ATA GCC TCC TGG TCA-3’ 

  
RPL32 

Forward: 5’-TTC TTC CTC GGC GCT GCC TAC GA -3’ 

  Reverse: 5’-AAC CTT CTC CGC ACC CTG TTG TCA-3’ 

  

MyoD 

Forward: 5’-CGA CAC CGC CTA CTA CAG TG-3’ 

PCR and 
qPCR 

Reverse: 5’-TTC TGT GTC GCT TAG GGA TG-3’ 

  
GAPDH 

Forward: 5’-AAG GTC ATC CCA GAG CTG AA-3’ 

  Reverse: 5’-AGG AGA CAA CCT GGT CCT CA-3’ 

  
P21 

Forward: 5’-GTA CTT CCT CTG CCC TGC TG -3’ 

  Reverse: 5’-TTC AGG GTT TTC TCT TGC AG-3’ 

  
Myogenin 

Forward: 5’- CGA CAC CGC CTA CTA CAG TC -3’ 

  Reverse: 5’- TTC TGT GTC GCT TAG GGA TG -3’ 

  
Rluc 

Forward: 5’-TTG AAT CAT GGG ATG AAT GG-3’ 

  Reverse: 5’-TGT TGG ACG ACG AAC TTC AC-3’ 

  
NPM 

Forward: 5'- GGC GCA CGC GCA AAA GC-3' 

  Reverse: 5’- TCC AGA CAT GCC TAA GAG TT-3' 

Run-on 
assay MyoD 

Forward: 5'- AGG GGC CAG GAC GCC C -3' 

  Reverse: 5’- TTG CGC TTG CAC GCC TTG-3' 

  
GAPDH 

Forward: 5'- AGA GAC GGC CGC ATC TTC-3' 

  Reverse: 5’- CAG GAT GCA TTG CTG ACA A-3' 

  3’UTR 
Forward: 5’-TAA TAC GAC TCA CTA TAG GGA AGG GTT TAA ACA 
GTT TGA AAT A-3’ 

   Reverse: 5’-ACT TTA TTA AAA TAC TGA GTT TAT T-3’ 

  5’UTR Forward: 5’-GAA TTG TAA TAC GAC TCA CTA TAG GG-3’ 

    Reverse: 5’-GAG GTG GAG GCG CGC ACT TC-3’ 

  P1 
Forward: 5’-TAA TAC GAC TCA CTA TAG GGA AGG GTT TAA ACA 
GTT TGA AAT A-3’  

    Reverse: 5’-CAT TTT AGA CAA CAC ATT CTT G 3’ 

  P2 
Forward: 5’-TAA TAC GAC TCA CTA TAG GGC CTG TTT AGT TTT 
CAA GGA TG-3’ 

    Reverse: 5’-ACT TTA TTA AAA TAC TGA GTT TAT T-3’ 

  P1-1 
Forward: 5’-TAA TAC GAC TCA CTA TAG GGG AAA AGG GTT TAA 
ACA GTT TGA AAT ATT CTG TCT TCA TTT CTG TAA TAG TTA-3’ 

Gel-Shifft 
 

Reverse: 5’-TAA CTA TTA CAG AAA TGA AGA CAG AAT ATT TCA 
AAC TGT TTA AAC CCT TTT CCC CTA TAG TGA GTC GTA TTA-3’ 
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  P1-2 
Forward: 5’-TAA TAC GAC TCA CTA TAG GGA TAT CTG GCT GTC 
CTT TTT ATA ATG CAA AGT GAG AAC TTT CCC TAC-3’ 

    
Reverse: 5’-GTA GGG AAA GTT CTC ACT TTG CAT TAT AAA AAG 
GAC AGC CAG ATA TCC CTA TAG TGA GTC GTA TTA-3’ 

  P1-3 
Forward: 5’-TAA TAC GAC TCA CTA TAG GGT ACT GTG TTT GAT 
AAA TGT TGT CCA GGT TCA CTT GCC AAG AAT GTG TTG TCT 
AAA ATG-3’ 

 Gel-Shifft  
Reverse: 5’-CAT TTT AGA CAA CAC ATT CTT GGC AAG TGA ACC 
TGG ACA ACA TTT ATC AAA CAC AGT ACC CTA TAG TGA GTC 
GTA TTA-3’ 

  P2-1 
Forward: 5’- TAA TAC GAC TCA CTA TAG GGC CTG TTT AGT TTT 
CAA GGA TGG AAC TCC ACC CTT TAC TTG GTT TTA AGT-3’ 

  
  

Reverse: 5’- ACT TAA AAC CAA GTA AAG GGT GGA GTT CCA TCC 
TTG AAA ACT AAA CAG GCC CTA TAG TGA GTC GTA TTA -3’ 

  P2-2 
Forward: 5’- TAA TAC GAC TCA CTA TAG GGA GTA TGT ATG GAA 
TGT TAT GAT AGG ACA TAG TAA TAG TGG TCA GAT GTG GAA A 
-3’ 

   
Reverse: 5’- TTT CCA CAT CTG ACC ACT ATT ACT ATG TCC TAT 
CAT AAC ATT CCA TAC ATA CTC CCT ATA GTG AGT CGT ATT A -
3’ 

  P2-3 
Forward: 5’- TAA TAC GAC TCA CTA TAG GGA AAT GGT AGG GAG 
ACA AAT ATA CAT GTG AAA TAA ACT CAG TAT TTT AAT AAA GT-
3’ 

    

Reverse: 5’- ACT TTA TTA AAA TAC TGA GTT TAT TTC ACA TGT 
ATA TTT GTC TCC CTA CCA TTT CCC TAT AGT GAG TCG TAT 
TA-3’ 
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13.2. Annex 2. Supplemental material for CHAPTER II  

Annex 2. Supplementary Figure 1. Gene Ontology (GO) analysis was conducted using 

DAVID v6.8® to classify HuR putative protein partners based on Cellular Compartments. A total 

of 41 candidates were analyzed. 

 

 

Annex 2. Supplementary Figure 2. Gene Ontology (GO) analysis was conducted using 

DAVID v6.8® to classify putative mRNA common targets of HuR and YB1 based on Biological 

Processes. A total of 409 candidates were analyzed. 
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Annex 2. Supplementary Figure 3. RNA was isolated from the IP of YB1 (IgG was used 

as a negative control) and RT-qPCR was performed using primers specific for Myog and GAPDH 

mRNAs. Myog mRNA levels were standardized against GAPDH mRNA levels. The normalized 

Myog mRNA levels were then plotted relatively to the IgG IP condition +/- s.e.m. of 3 independent 

experiments.   

 

 

Annex 2. Supplementary Figure 4. IF experiments were performed on C2C12 cell 

treated with siRNAs against HuR (siHuR) or YB1 (siYB1) using a HuR or YB1 antibody as well as 

DAPI. Images of a single representative field are shown. Bars 100μm. 
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Annex 2. Supplementary Figure 5. Nucleotide sequence of the Myog mRNA. Nucleotide 

1 is the 5'-terminal nucleotide of the mRNA. Myog coding sequence is highlighted in yellow 

(Nucleotide 53-727). The initial nucleotide of the 3’UTR (nucleotide 728) is marked with a black 

circle. G/UREs present in the Myog 3’UTR are colored boxed; G/URE 1 is highlighted in green 

(nucleotide 1001-1030), G/URE 2 is highlighted in blue (nucleotide 1251-1290), and G/URE 3 is 

highlighted in red (nucleotide 1359-1479). NCBI Reference Sequence: NM_031189.2. Mus 

musculus Myog (Myog), mRNA. 

 

Annex 2. Supplementary Table 1. List of HuR protein ligands in C2C12 cells identified 

by performing IP experiments using an anti-HuR antibody followed by Mass-Spectroscopy 

analysis. Proteins are placed in alphabetical order.  

 

ID Protein 
 

Description  

Q8CJG0 AGO2 Argonaute RISC catalytic subunit 2(Ago2) 

P07724 ALB Albumin (Alb) 

P01027 C3 Complement component 3(C3) 

Q9QWK4 CD5L CD5 antigen-like (Cd5l) 

Q06890 CLU Clusterin(Clu) 
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O70133 DHX9 DEAH (Asp-Glu-Ala-His) box polypeptide 9(Dhx9) 

Q6A0A9 FAM120A Family with sequence similarity 120, member A(Fam120a) 

Q8C3F2 FAM120C Family with sequence similarity 120, member C(Fam120c) 

E9PV24 FGA Fibrinogen alpha chain (Fga) 

Q8K0E8 FGB Fibrinogen beta chain (Fgb) 

Q61584 FXR1 
Fragile X mental retardation gene 1, autosomal homolog 
(Fxr1) 

P70333 HNRNPH2 Heterogeneous nuclear ribonucleoprotein H2(Hnrnph2) 

Q8VHM5 HNRNPR Heterogeneous nuclear ribonucleoprotein R(Hnrnpr) 

P51660 HSD17B4 Hydroxysteroid (17-beta) dehydrogenase 4(Hsd17b4) 

Q9CPN8 IGF2BP3 Insulin-like growth factor 2 mrna binding protein 3(Igf2bp3) 

P01786 Ighvhs107.a3.106 Ig heavy chain V region VHS107.a3.106(Ighvhs107.a3.106) 

A0A140LIF8 Irgm2 Immunity-related gtpase family M member 2(Irgm2) 

P01843 LOC433053 Ig lambda1 chain c region (LOC433053) 

Q5SUF2 LUC7L3 LUC7-like 3 (S. Cerevisiae) (Luc7l3) 

Q8K310 MATR3 Matrin 3(Matr3) 

P23249 MOV10 Moloney leukemia virus 10(Mov10) 

Q5SX39 MYH4 Myosin, heavy polypeptide 4, skeletal muscle (Myh4) 

P09405 NCL Nucleolin(Ncl) 

Q61838 PZP Pregnancy zone protein(Pzp) 

O09167 RPL21 Ribosomal protein L21(Rpl21) 

P62751 RPL23A Ribosomal protein L23A(Rpl23a) 

Q8BP67 RPL24 Ribosomal protein L24(Rpl24) 

P61358 RPL27 Ribosomal protein L27(Rpl27) 

P14115 RPL27A Ribosomal protein L27A(Rpl27a) 

P41105 RPL28 Ribosomal protein L28(Rpl28) 

P83882 RPL36A Ribosomal protein L36A(Rpl36a) 

Q9D8E6 RPL4 Ribosomal protein L4(Rpl4) 

P62267 Rps23 Ribosomal protein S23(Rps23) 

Q99LF4 RTCB RNA 2',3'-cyclic phosphate and 5'-OH ligase (Rtcb) 

Q8BTI8 SRRM2 Serine/arginine repetitive matrix 2(Srrm2) 

P84104 SRSF3 Serine/arginine-rich splicing factor 3(Srsf3) 

Q8BL97 SRSF7 Serine/arginine-rich splicing factor 7(Srsf7) 

Q7TMK9 SYNCRIP 
Synaptotagmin binding, cytoplasmic RNA interacting protein 
(Syncrip) 

Q9EPU0 UPF1 
UPF1 regulator of nonsense transcripts homolog 
(yeast)(Upf1) 

P29788 VTN Vitronectin (Vtn) 

P62960 YBX1 Y box protein 1(Ybx1) 
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Annex 2. Supplementary Table 2. List of proteins used in the geneMANIA analysis to 

investigate the HuR protein-protein interaction network (PPI) in muscle cells.  

 

 
Protein 

 
Gene 

 
Description 

 
ACC  

AGO2 Ago2 Argonaute RISC catalytic subunit 2 MGI:2446632 

DHX9 Dhx9 DEAH (Asp-Glu-Ala-His) box polypeptide 9 MGI:108177 

FAM120A Fam120a Family with sequence similarity 120, member C MGI:2446163 

FXR1 Fxr1 
Fragile X mental retardation gene 1, autosomal 
homolog 

MGI:104860 

HNRNPH2 Hnrnph2 Heterogeneous nuclear ribonucleoprotein H2 MGI:1201779 

HuR Elavl1 ELAV-like protein 1, Human antigen R MGI:1100851 

IGF2BP3 Igf2bp3 Insulin-like growth factor 2 mrna binding protein 3 MGI:1890359 

MATR3 Matr3 Matrin 3 MGI:1298379 

MOV10 Mov10 Moloney leukemia virus 10 MGI:97054 

NCL Ncl Nucleolin MGI:97286 

RPL23A Rpl23a Ribosomal protein L23A MGI:3040672 

SRSF3 Srsf3 Serine/arginine-rich splicing factor 3 MGI:98285 

SRSF7 Srsf7 Serine/arginine-rich splicing factor 7 MGI:1926232 

SYNCRIP Syncrip 
Synaptotagmin binding, cytoplasmic RNA interacting 
protein 

MGI:1891690 

UPF1 Upf1 UPF1 regulator of nonsense transcripts homolog MGI:107995 

YBOX1 Ybx1 Y box protein 1 MGI:99146 

AGO1 Ago1 Argonaute RISC catalytic subunit 1 MGI:2446630 

ARPC4 Arpc4 Actin related protein 2/3 complex, subunit 4 MGI:1915339 

DDX28 Ddx28 DEAD box helicase 28 MGI:1919236 

DDX4 Ddx4 DEAD box helicase 4 MGI:102670 

EIF4E Eif4e Eukaryotic translation initiation factor 4E MGI:95305 

HNRNPA0 Hnrnpa0 Heterogeneous nuclear ribonucleoprotein A0 MGI:1924384 

HNRNPA3 Hnrnpa3 Heterogeneous nuclear ribonucleoprotein A3 MGI:1917171 

Hnrnpdl hnrnpd1 Heterogeneous nuclear ribonucleoprotein D-like  MGI:1355299 

HNRNPF Hnrnpf Heterogeneous nuclear ribonucleoprotein F MGI:2138741 

Ilf3 llf3 Interleukin enhancer binding factor 3  MGI: 1339973 

MRPL23 Mrpl23 Mitochondrial ribosomal protein L23 MGI:1196612 

Nhp2l1 nhp2l1 
NHP2 non-histone chromosome protein 2-like 1 (S. 
Cerevisiae)  

MGI:893586 

NUP43 Nup43 Nucleoporin 43 MGI:1917162 

OGFOD1 Ogfod1 
2-oxoglutarate and iron-dependent oxygenase 
domain containing 1 

MGI:2442978 

PDIA5 Pdia5 Protein disulfide isomerase associated 5 MGI:1919849 

Rpl11 rol11 Ribosomal protein L11  MGI:1914275 
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SMG1 Smg1 
SMG1 homolog, phosphatidylinositol 3-kinase-
related kinase 

MGI:1919742 

SPG11 Spg11 SPG11, spatacsin vesicle trafficking associated MGI:2444989 

TRA2B Tra2b Transformer 2 beta MGI:106016 

YARS2 Yars2 Tyrosyl-trna synthetase 2 (mitochondrial) MGI:1917370 

 

Annex 2. Supplementary Table 3. List of YB1 and HuR common mRNA targets in C2C12 

cells identified by performing IP experiments using anti-HuR and anti-YB1 antibodies followed by 

RNA-seq analysis. Proteins that showed a 2-fold enrichment in the anti-HuR and anti-YB1 with 

respect to the anti-IgG controls were considered for analysis. mRNAs are placed in 

alphabetical order. 

 

42433 

42618 

1110006O24Rik 

1110059M19Rik 

1700008I05Rik 

1700012B09Rik 

1700013G24Rik 

1700019L03Rik 

1700034F02Rik 

1700055N04Rik 

1700086L19Rik 

1700088E04Rik 

1810041L15Rik 

1810055G02Rik 

2210409D07Rik 

2310008H04Rik 

2310034O05Rik 

2410018L13Rik 

2610034B18Rik 

2610318N02Rik 

2810408A11Rik 

2810433D01Rik 

4833427G06Rik 

4930427A07Rik 

4930500J02Rik 

4930592A05Rik 

4933412E12Rik 

5031414D18Rik 

A330009N23Rik 

AA414768 

Actb 

Agmat 

AI467606 

Aif1l 

Aim1l 

Aim2 

Akr1b3 

Apol9b 

Arhgef39 

Arl14epl 

Asf1b 

Atp1a3 

Atp6v0e 

AU018091 

Aurkb 

Bard1 

Bcl3 

Bean1 

Bend6 

Best1 

Bgn 

Birc5 

Bsn 

Btbd11 

C1ql1 

C1qtnf3 

C920009B18Rik 

Cacna1b 

Cage1 

Calr 

Calr4 

Camk2n2 

Capn12 

Car13 

Car5b 

Casp8 

Ccdc116 

Ccdc24 

Ccdc73 

Ccdc83 

Ccdc92 

Ccl17 

Ccl2 

Ccnb1 

Ccne1 

Cd27 

Cd44 

Cd63 

Cd80 

Cdc25b 

Cdca3 

Cdca7l 

Cdca8 

Cdh1 

Cdkn1a 

Cdkn3 

Cenpi 

Cenpl 

Cenpw 

Cep128 

Cep164 

Cfl1 

Chaf1b 

Chn1 

Chn2 

Chrna1 

Chst11 

Chsy1 

Ckap2l 

Cks1b 

Cldn2 

Cmtm3 

Cnn3 

Cnr1 

Cntd1 

Cntrob 

Cpa4 

Cpne2 

Creb3l1 

Cxcl13 

Cxcl5 

Cxcr4 

D030025P21Rik 

Dclk1 

Dctd 

Defb41 

Depdc1a 

Depdc1b 

Dhcr7 

Dlg4 

Dlgap1 

Dlgap2 

Dlgap5 

Dlx2 

Dlx3 

Dmbx1 

Dnaic1 

Dnase1l3 

Dynap 

Dynll1 

Dynlrb1 

Dzip1 

E2f1 

E2f8 

Ect2 

Eme1 

Eno2 

Epb4.1l3 

Evl 

Ezr 
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F2rl2 

Fads2 

Faim 

Fam110c 

Fam129c 

Fam189a1 

Fam194a 

Fam211b 

Fam71b 

Fam71f1 

Fam83d 

Fancd2 

Fanci 

Fbxl13 

Fgfbp1 

Foxc2 

Foxq1 

Frk 

Fstl3 

Fzd2 

Gata4 

Gatm 

Gja3 

Gjd2 

Gjd4 

Glipr2 

Glis3 

Gm10471 

Gm10494 

Gm10653 

Gm12191 

Gm13139 

Gm14005 

Gm14635 

Gm15706 

Gm16197 

Gm17455 

Gm2694 

Gm4371 

Gm4636 

Gm6634 

Gm773 

Gm8234 

Gm8615 

Gm9776 

Gp1bb 

Gp5 

Gpr126 

Gpr3 

Gpr37 

Gpr63 

Gprc5a 

H2afy2 

Hebp2 

Hephl1 

Hmga2-ps1 

Hmox1 

Hmx2 

Hoxc13 

Hs1bp3 

Hsd11b2 

Htr1d 

Hyi 

Igf2 

Igf2bp2 

Igsf11 

Il12a 

Il12rb1 

Il13ra2 

Il18 

Il1rn 

Isx 

Katnal2 

Kctd13 

Kctd7 

Kif14 

Kif20a 

Kif23 

Kif24 

Kifc5b 

Klk1b22 

Knstrn 

Kremen2 

Krt7 

Lef1 

Letmd1 

Lif 

Limk1 

Lpar1 

Lpar2 

Lpcat4 

Lrp11 

Lrp8 

Lrrc73 

M1ap 

Mab21l3 

Macc1 

Mad1l1 

Mad2l1 

Map3k19 

Marcksl1 

Mcpt8 

Meis2 

Mfap3l 

Mgam 

Mgarp 

Mis18bp1 

Mmd 

Mmp10 

Mmp12 

Morn4 

Mov10l1 

Msh5 

Mt1 

Mustn1 

Mxd1 

Myc 

Mycl1 

Myh3 

Myl12b 

Myo1h 

Myo7b 

Myod1 

Myog 

Nanos3 

Nap1l2 

Nefl 

Nek2 

Ngfrap1 

Nhlrc4 

Nme5 

Nmnat2 

Npas3 

Nppb 

Nptx1 

Nsdhl 

Nudt17 

Nxf3 

Olfml2b 

Onecut2 

Orai2 

Ormdl2 

Otx1 

P4ha3 

Pabpc1l 

Palb2 

Parpbp 

Pcdhb21 

Pced1b 

Pcgf2 

Pclo 

Pcyox1l 

Pcyt1b 

Pdk3 

Pdpn 

Peg10 

Peg12 

Pet2 

Phex 

Phlda1 

Pigf 

Pnma1 

Polr3g 

Pqlc3 

Prc1 

Prim2 

Prr11 

Psat1 

Ptchd1 

Ptgds 

Qrfp 

Rab31 

Rad51ap1 

Rad54b 

Rad54l 

Ranbp1 

Rapgefl1 

Rgs10 

Rhov 

Rhox10 

Rnase1 

Rpl27 

Rps15a-ps6 

Runx3 

S100a11 

S100a3 

Sc4mol 

Scml4 

Scn10a 

Scrn1 

Sdc1 

Sdsl 

Sema4b 

Serpinb1a 

Serpinb9b 

Sesn2 

Sfxn3 

Sgol1 

Sh2d7 

Shcbp1 

Sla 

Sla2 

Slc23a3 

Slc25a14 

Slc44a4 
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Slc6a17 

Slc6a19 

Slc7a5 

Slurp1 

Smim6 

Soat1 

Spag5 

Spc25 

Specc1 

Speer4a 

Spg21 

Spink4 

Spn 

Spock1 

Spp1 

St3gal4 

St8sia1 

St8sia2 

Stac2 

Stambpl1 

Stil 

Sult2b1 

Susd3 

Syn1 

Synpr 

Syt13 

Syt8 

Tcf7 

Tes 

Tgfb1i1 

Tgif1 

Tigd3 

Tmem121 

Tmem151a 

Tmem158 

Tmem184a 

Tmem194b 

Tmem200a 

Tmprss2 

Tnfrsf22 

Tnfrsf25 

Tnnt2 

Tor1a 

Tpgs2 

Tpx2 

Tram1l1 

Try5 

Tspan31 

Tspan6 

Ttll1 

Tuba1a 

Tyms 

Ubald2 

Ube2c 

Ube2l6 

Ucp2 

Uhrf1 

Unc5c 

Upp1 

Usp29 

Vash2 

Zfp239 

Zfp41 

Zic1 

Annex 2. Supplementary Table 4. Primer sequence used for plasmid construction as 

well as gel shift and qPCR experiments. 

 

Experiment 
Gene / 
Probe 

 
Sequence  

 
Plasmid 

GST-YB1 
Forward 5’-CGC GGA TCC ATG AGC AGC GAG GCC GAG ACC-3’ 

Reverse 5’-CCG CTC GAG TTA CTC AGC CCC GCC CTG CTC -3’. 

GST-HuR 
Forward 5′-GGC AGA TCT AAT GGT TAT GAA GAC CAC A-3′ 

Reverse 5′-GGC GAA TTC TTA TTT GTG GGA CTT GTT GGT T-3′. 

GFP-HuR 
Forward 5’-TTC TTC CTC GGC GCT GCC TAC GA -3’ 

Reverse 5’-AAC CTT CTC CGC ACC CTG TTG TCA-3’ 

qPCR 

Myog 
Forward: 5’-CCG AGA TCA AAG GGT CAA GA-3’, 

Reverse: 5’-TCT TGA ATA GCC TCC TGG TCA-3’ 

GAPDH 
Forward: 5’-AAG GTC ATC CCA GAG CTC AA -3’, 

Reverse: 5’-AGG AGA CAA CCT GGT CCT CA -3’ 

Luciferase 
Forward: 5’-TTG AAT CAT GGG ATG AAT GG-3’, 

Reverse: 5’-TGT TGG ACG ACG AAC TTC AC -3’ 

RPL32 
Forward 5’-TTC TTC CTC GGC GCT GCC TAC GA -3’ 

Reverse 5’-AAC CTT CTC CGC ACC CTG TGG TCA -3’ 

Gel-Shift 

G/URE-1 
Sense: 5’- CAAACTCAGGAGCTTCTTTTTTGTTTATCATAAT-3’ 

Anti-sense: 5’- ATTATGATAAACAAAAAAGAAGCTCCTGAGTTTG -3’ 

G/URE-2 

Sense: 5’- TGTGTATTGTTTATTGTTTTGTGTGTTGTTTGTAAA -3’ 

Anti-sense: 5’- TGTGTATTGTTTATTGTTTTGTGTGTTGTTTGTAAA -
3’ 

G/URE-3 
Forward: 5’- GGG TGA CTT CTT TTG TTA AC -3’ 

Reverse: 5’- TTA CAA AAG AAA AAA AAT TG -3’ 
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13.3. Annex 3. Supplemental material for CHAPTER III 

Annex 3. Supplementary Figure 1. HuR muscle specific KO mice exhibit a decrease 

in muscle contraction strength. a Fatigability in Fig. 2a was normalized to TA muscle weight 

(Left panel) and length (Right panel). b Grip strength was evaluated on age-matched control 

and muHuR- KO mice using a digital force gauge. Peak force (N) was measured from forelimbs 

in 2 sessions. Each session consisted of triplicate measurements taken during 3 consecutive 

days. 4 days of resting were allowed in between sessions. The results are presented as 

mean ± S.E.M, unpaired t-test. (a, control n=8 and muHuR-KO n=6), (b, control n=6 and 

muHuR-KO n=5).  

 

Muscle contraction force experiment 

 

              a                                        b 

                                                      

                                             c 
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Annex 3. Supplementary Figure 2 muHuR-KO mice display no significant difference in 

heat production (Energy expenditure) or ambulatory activity when compared to control littermates. 

a-b A Comprehensive Animal Monitoring System (CLAMS; Columbus Instruments, Columbus, 

OH) was used for a 3-day indirect calorimetry study in age-matched mice under a 12h light–12h 

dark cycle. (b) Heat production was calculated using the following equation: ((3.82 + 1.23 × RER) 

× VO2). (a) (Left panel) Ambulatory activity was estimated by the number of infrared beam breaks 

along the x-axis of the metabolic cage. (Right panel) Mean values of beam activation events 

during 72h in control and muHuR-KO mice. (b) (Left panel) Graph depicting the average values 

at each time point. (Right panel) Mean values of heat production during 72h in control and 

muHuR-KO mice. Data was analyzed using CLAMS examination tool (CLAX; Columbus 

Instruments) version 2.1.0 (a and b right panels, Control: n=7, muHuR-KO: n=9). The results are 

presented as mean ± S.E.M, *p < 0.05 unpaired t-test.  

 

 

a                                                                            

 

 

           

 

b                                                                             

 

              

a b 
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Annex 3.  Supplementary Figure 3 Depletion of HuR in skeletal muscle increases the 

proportion of type I fibers in peroneus muscle. a Representative photomicrograph of serial 

sections of peroneus muscle from control and muHuR-KO mice taken after immunostaining with 

anti-Myosin Heavy Chain (MyHC) antibodies type I, type IIA and type IIB. scale bars: 100μm. b-

c Quantification of muscle fibers type I, type IIA, and type IIB, was ascertained manually. Fibers 

type IIX were calculated by counting the unstained fibers. Results are graphed as the 

percentage (%) of the total number of fibers per muscle (b) and absolute total number of fibers 

per muscle (c) (n=4 mice). d mRNA expression of known markers of fiber type specificity (TnnI1, 

TnnI2, Tnnt2, Tnnt3, MyHC I, MyHC IIA, MyHC IIB, MyHC IIX) was assessed by RT-qPCR. 

mRNA levels were standardized against GAPDH and plotted relative to the expression in control 

mice (muHuR-KO n=6 expect for MyHCI where n=7), (Control n=8, except for MyHCI where 

n=6).  
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Annex 3. Supplementary Figure 4 Depletion of HuR in skeletal muscle increases the 

proportion of type I fibers in EDL muscle. a Representative photomicrograph of serial sections 

from of EDL muscle from control and muHuR-KO mice taken after immunostaining with anti-

Myosin Heavy Chain (MyHC) antibodies type I, type IIA and type IIB. Scale bars: 100μm. b-c 

Quantification of muscle fibers type I, type IIA, and type IIB, was ascertained manually. Fibers 

type IIX were calculated by counting the unstained fibers. Results are graphed as percentage 

(%) of the total number of fibers per muscle (b) and total number of fibers per muscle (c) (n=4 

mice). d mRNA expression of known markers of fiber type specificity (TnnI1, TnnI2, Tnnt1, 

Tnnt3, MyHC I, MyHC IIA, MyHC IIB, MyHC IIX) was assessed by RT-qPCR. mRNA levels 

were standardized against GAPDH and plotted relative to the expression in control mice. 

(muHuR-KO n=6 expect for MyHCI n=5, Tnnl1 and Tnnt2 n=7), (Control n=7, except for MyHCI 

where n=8).  
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Annex 3. Supplementary Figure 5 Heat Map and IPA analysis of RNAseq data. a Heat 

map analysis of RNA-seq data depicting the changes of gene expression in muHuR-KO mice 

soleus muscles. All transcripts with normalized read counts >0 across all samples were selected 

for in silico analysis and used as input into the website Morpheus to generate a heat map 

according to the instruction. b Differential expression in signaling pathways as analyzed by 

IPA®. Percentage of genes down-regulated (green), up-regulated (red) or not represented in 

our data set (white) are shown in the left Y-axis. The total number of genes found within each 

pathway are shown above each bar graph. The right Y-axis, represented by the orange points, 

shows the −log p value for each pathway. Raw data for RNAseq are provided in Annex 3. 

Supplementary Table 2. 
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Annex 3. Supplementary Figure 6. HuR differentially affects the expression of mRNAs 

associated to metabolism in peroneus and EDL muscles. a-b Total RNA was isolated from 

peroneus (a) or EDL muscles (b) of control and muHuR-KO mice and relative expression level 

of genes associated to PPAR signaling and/or fiber type specification (PGC-1α, PGC-1β, Tfam, 

PPARα, Six1, Tpm1, NCOA6, MyoD) was assessed by RT-qPCR. Relative mRNA levels were 

standardized against GAPDH and plotted relatively to the expression in control mice (muHuR- 

KO n=6, (Control n=4, except for PGC-1α where n=5). The results are presented as 

mean ± S.E.M, *p < 0.05, **p < 0.005 unpaired t-test.  
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Annex 3. Supplementary Figure 7 Effect of HuR depletion in lipid metabolism and 

oxidative phosphorylation. a-b Total RNA was isolated from soleus muscles from control and 

muHuR- KO mice and relative expression of genes involved in (a) fatty acid transporters and 

oxidation [Acadv1 (control n=9, muHuR-KO n=12), CD36 (control n=8, muHuR-KO n=13), 

FAS (control n=9, muHuR-KO n=13), LDL (control n=9, muHuR-KO n=12), UCP-2 and UCP-3 

(control n=11, muHuR-KO n=13] and (b) mitochondrial biogenesis [NRF-1, NRF-2 (control 

n=9, muHuR-KO n=13)] was assessed by RT-qPCR in soleus muscles of Ctl and muHuR-KO 

mice. mRNA levels were standardized against GAPDH and plotted relatively to control 

animals. c DNA extracted from gastrocnemius muscle was used to determine the 

mtDNA/nDNA ratio. Expression levels were standardized against Hexokinase 2 (HK2) and 

plotted relatively to control animals (control n=4, muHuR-KO n=5). The results are presented 

as mean ± S.E.M, *p < 0.05 unpaired t-test.  
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Annex 3. Supplementary Figure 8 HuR does not regulate the translation of PGC-1α 

mRNA. Cytoplasmic extracts obtained from C2C12 myoblasts treated with or without siHuR 

were prepared and fractionated on sucrose gradients (15–50% w/v). a Fractions were divided 

into two groups: non-polysome (NP, fractions 1–6) and polysome (P, fractions 7–20). b The level 

of PGC-1α and GAPDH mRNAs in the Polysome and Non-Polysome were quantified by RT– 

qPCR using the ΔΔCt method and plotted as a Polysome to Non-Polysome ratio (n=4). The 

results are presented as mean ± S.E.M, *p < 0.05 unpaired t-test.  
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Annex 3. Supplementary Figure 9 HuR differentially affects the stability of mRNAs 

associated to fiber type specification. a-f C2C12 myoblasts treated with or without siHuR were 

used to assess the stability of Myogenin (a), Tnnl1 (b), TnnI2 (c), Six1 (d), NFATc1 (e) and 

NCOA6 (f) mRNAs. Cells were treated with actinomycin D (ActD) for 0, 1.5, 3, 4.5 or 6 hours 

and mRNA from the different time points was process by RT-qPCR. mRNA levels of the 

genes of interest were standardized against RPL32 mRNA levels and plotted as a percent of 

the abundance of mRNA at time 0 of ActD treatment, which is considered as 1 (n=3, except 

for Tnnl1 where n=2). The line of best fit was determined by linear regression using the data 

points for siCtl and siHuR. Error bars represent ± S.E.M.  
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Annex 3. Supplementary Figure 10 Validation of the LLC model in control and 

muHuR-KO mice. a-e Control and muHuR-KO mice were inoculated subcutaneously in their 

right flank with LLC cells or PBS and evaluated 29 days after inoculation by measuring (a) 

total body weight gain (LLC- Control n=4, LLC-muHuR-KO n=5). (n=5 LLC-Control n=4), (b) 

sign of inflammation (spleen weight) (LLC-Control and PBS-muHuR n=4, PBS-Control and 

PBS-Control and LLC-muHuR- KO n=6), (c) tumor growth progression (n=5 except for LLC-

Control where n=4), (d) tumor burden (LLC-Control n=4, and LLC-muHuR-KO n=5), (e) 

hindlimb fat pad loss (LLC-Control and PBS-muHuR n=4, PBS-Control n=5 and LLC-muHuR-

KO n=6). (a-e). The results are presented as mean ± S.E.M.  
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Annex 3.  Supplementary Table 1 Effect of HuR ablation on fiber type composition in 

soleus (SOL), EDL and peroneus (PER) muscles. 

 

 

 

 

Annex 3. Supplementary Table 2.  Sequence of primers and siRNAs use in this 

study 

Experiment Gene 
 

Sequence  
  LoxP Forward 5’-TGG TTA TGA AGA CCA CAT GGC GGA AGA-3’ 

    Reverse 5’-AGC TTA GCA GGT ACC GTC TCC-3’. 

     PCR Cre Forward 5’-CAT TTG GGC CAG CTA AAC AT-3’  

    Reverse 5’-CGG ATC ATC AGC TAC ACC AG-3'  

  
HuR 
exon 2 

Forward 5’-ATA TCA TGT TCC CAA CTC CC-3’ 

    Reverse 5’-TGG CAC TCA CTG AAC TGG AA-3’. 

  HuR 
Sense:  
5’-CAAACTCAGGAGCTTCTTTTTTGTTTATCATAAT-3’ 

    
Anti-sense:  
5’- ATTATGATAAACAAAAAAGAAGCTCCTGAGTTTG -3’ 

  CTL 
Sense: 
5’- TGTGTATTGTTTATTGTTTTGTGTGTTGTTTGTAAA -3’ 

    siRNA   
Anti-sense: 
5’-TGTGTATTGTTTATTGTTTTGTGTGTTGTTTGTAAA -3’ 

  
KSRP 

Sense:  
5’- CAAACTCAGGAGCTTCTTTTTTGTTTATCATAAT-3’ 

  
  

Anti-sense:   
5’- ATTATGATAAACAAAAAAGAAGCTCCTGAGTTTG -3’ 

  Tnnl1 Forward 5’-GAA CAC GAG GAG CGA GAG G-3’ 
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    Reverse 5’-CCT TCA GCT TCA GGT CCT TG-3’. 

  Tnnl2 Forward 5’-GGA GGG TGC GTA TGT CTG C-3’ 

     Reverse 5’-GGG AAG TGG GCA GTT AGG AC-3’. 

  Tnnt1 Forward 5’-GCC CAG GAG CTG TCA GAA T-3’ 

    Reverse 5’-CTC CAC ACA GCA GGT CAT GT-3’. 

  Tnnt3 Forward 5’-TGA TAT CAC CAC CCT CAG GA-3’  

    Reverse 5’-TCC TGA GTT CCC AAA GAT GC-3’. 

  MyHC I Forward 5’-CTC AAG CTG CTC AGC AAT CTA TTT-3’ 

    Reverse 5’-GGA GCG CAA GTTTGT CAT AAG T -3’. 

  MyHC IIA Forward 5′-AGG CGG CTG AGG AGC ACG TA-3′ 

     Reverse 5′-GCG GCA CAA GCA GCG TTG G-3′. 

  MyHC IIX Forward 5’-GAG GGA CAG TTC ATC GAT AGC AA-3’ 

    Reverse 5’-GGG CCA ACT TGT CAT CTC TCA T -3’. 

  MyHC IIB Forward 5′-CAC CTG GAC GAT GCT CTC AGA-3′  

    Reverse 5′-GCT CTT GCT CGG CCA CTC T-3′. 

  Tfam Forward 5’-CCA AAA AGA CCT CGT TCA GC-3’ 

    Reverse 5’-CCA TCT GCT CTT CCC AAG AC-3’ 

  PGC-1α Forward 5′-CAG GAA CAG CAG CAG AGA CA-3′  

    Reverse 5′-GTT AGG CCT GCA GTT CCA GA-3′. 

  PGC-1β Forward 5’-GCC AGA AGC ACG GTT TTA TC-3’ 

   qPCR   Reverse 5’-ATC CAT GGC TTC GTA CTT GC-3’. 

  Six 1 Forward 5’-AGG GAG AAA CGG GAG CTG-3’  

    Reverse 5’-GGG GGT GAG AAC TCC TCT TC-3’. 

  NCOA6 Forward 5’-CCA TAG CCT CTG GAC AAA GC-3’ 

    Reverse 5’-TGG ATT TTC GCT TGG AT-3’. 

  NFATc1 Forward 5’-TGG AGA AGC AGA GCA CAG AC-3’  

    Reverse 5’-GCG GAA AGG TGG TAT CTC AA-3’. 

  Murf1 Forward 5’-GAG CAA GGC TTT GAG AAC ATG GAC T-3’ 

    Reverse 5’-GCG TCC AGA GCG TGT CTC ACT-3’. 

  TPM1 Forward 5’-TGC TTT TCT CCA ATT TGG TT-3’. 

    Reverse 5’-GGG CTG AGC TCT CAG AAG G-3’ 

  RPL32 Forward 5’-TTC TTC CTC GGC GCT GCC TAC GA-3’ 

    Reverse 5’-AAC CTT CTC CGC ACC CTG TTG TCA-3’. 

  GAPDH Forward 5’-AAG GTC ATC CCA GAG CTG AA-3’ 

    Reverse 5’-AGG AGA CAA CCT GGT CCT CA-3’. 

  NRF-1 Forward 5’-CAGCACCTTTGGAGAATGTG-3’ 

    Reverse 5’-CCTGGGTCATTTTGTCCACA-3’. 

  NRF-2 Forward 5’-GATCCGCCAGCTACTCCCAGGTTG-3’ 

    Reverse 5’-CAGGGCAAGCGACTCATGGTCATC-3’. 

  MyoD Forward 5’-CGACACCGCCTACTACAGTG-3’ 
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Reverse 5’-TTCTGTGTCGCTTAGGGATG-3’ 

Myogenin Forward 5’-CTACAGGCCTTGCTCAGCTC-3’ 

Reverse 5’-AGATTGTGGGCGTCTGTAGG-3’ 

UCP-2 Forward 5’-TCTACAATGGGCTGGTCGC-3’ 

Reverse 5’-CAAGCGGAGAAAGGAAGGC-3’. 

UCP-3 Forward 5’-CCTACAGAACCATCGCCAGG-3’ 

Reverse 5’-ACCGGGGAGGCCACCACTGT-3’. 

Acadv1 Forward 5’-GGAGGACGACACTTTGCAGG-3’ 

Reverse 5’-AGCGAGCATACTGGGTATTAGA-3’. 

CD36 Forward 5’-GATGACGTGGCAAAGAACAG-3’ 

Reverse 5’-TCCTCGGGGTCCTGAGTTAT-3’. 

FAS Forward 5’-AGAGATCCCGAGACGCTTCT-3’ 

Reverse 5’-GCCTGGTAGGCATTCTGTAGT-3’. 

LDL Forward 5’-TGTGAATTTGGTGGCTGAAAAC-3’ 

Reverse 5’-AATAGGGAAGAAGATGGACAGGAAC-3’. 

ND1 Forward 5’-CTAGCAGAAACAAACCGGGC-3’ 

Reverse 5’-CCGGCTGCGTATTCTACGTT-3’. 

HK2 Forward 5’-GCCAGCCTCTCCTGATTTTAGTGT-3’ 

Reverse 5’-GGGAACACAAAAGACCTCTTCTGG-3’. 

PPARα Forward 5’-GCGTACGGCAATGGCTTTAT-3’ 

Reverse 5’-ACAGAACGGCTTCCTCAGGTT-3’. 

Annex 3. Supplementary Data 1 Differentially expressed genes as analyzed by RNA-Seq 

in the soleus muscle from muHuR-KO and control mice (log2 FC > 0.5 or < −0.5, p=0.05). 

Data can be access at https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6744452/ 

under ID number 41467_2019_12186_MOESM2_ESM.xlsx GUID: 4779B0CA-A71C-4D1F-

AA2E-53D0860FF4F2. The raw RNASeq data have been deposited into NCBI Gene 

Expression Omnibus (GEO) database under accession number GSE134241. 




