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Terminal differentiation of skeletal myoblasts involves alignment of the mononucleated 

cells, fusion into multinucleated syncitia, and transcription of muscle-specific genes. Myogenesis 

in vivo is regulated partially by IGF-I initiated signaling that results in activation of an 

intracellular phosphatidylinositol 3 kinase (PI3K) signaling cascade. Downstream signaling 

through the Raf/MEK/ERK axis, a pathway initiated by IGF-I, also is implicated in the 

regulation of muscle formation. The involvement of ERK1 and ERK2 during myogenesis was 

examined in C2C12 myoblasts. C2C12 myoblasts stably expressing a small interfering RNA 

(siRNA) directed against ERK1 or ERK2 were created. Both of the kinases were reduced to trace 

levels as measured by Western blot for total ERK and retained the capacity to become 

phosphorylated. The C2C12siERK2 knockdown myoblasts failed to fuse into multinucleated 

myofibers. By contrast, cells expressing a scrambled siRNA or ERK1 siRNA fused into large 

multinucleated structures. The block to muscle formation did not involve continued cell cycle 

progression or apoptosis. The C2C12siERK1 myoblasts expressed an increased amount of ERK2 

protein and formed larger myofibers in response to IGF-I treatment. Interestingly, IGF-I 

treatment of C2C12 ERK2 knockdown myoblasts did not reinstate the myogenic program  
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arguing that ERK2 is required for differentiation. These results provide evidence for ERK2 as a 

positive regulator of myogenesis and suggest that ERK1 is dispensable for myoblast proliferation 

and differentiation. 
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CHAPTER 1 
INTRODUCTION 

The ERK1/2 MAPK signaling pathway is involved in multiple cellular processes including 

cell growth, proliferation, differentiation and survival. In skeletal muscle, Raf/MEK/ERK and 

PI3K/Akt cascade are downstream pathways of IGF-I-mediated skeletal muscle hypertrophy. 

Activation of ERK1/2 has a dual function in myogenesis. Low levels of Raf activity stimulates 

myoblast differentiation, and high levels of Raf activity inhibits myoblast differentiation [193]. 

Importantly, sufficient Raf activity to evoke ERK2 phosphorylation is coorelated with improved 

myocyte formation, while activation of ERK1 is associated with inhibition of myogenesis. The 

separable function of ERK1 and ERK2 during myogenesis was examined in C2C12 myoblasts. 

C2C12 myoblasts stably expressing small interfering RNAs direct against ERK1 and ERK2 were 

created, and their ability to form mature muscle cells was examined.  

The objectives of this work were to (1) identify the distinct effects of ERK1 and ERK2 

during myogenesis, (2) characterize the involvement of ERK1/2 in IGF-I induced myogenesis 

and (3) test the necessity of ERK1/2 in FGF2 stimulated mitosis. 
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CHAPTER 2 
LITERATURE REVIEW 

2.1   Sketal Muscle System 

 Skeletal muscle is the most abundant tissue in the human body and accounts for more 

than 50% of the total mass. This tissue serves as a major site of metabolic activity and as a 

protein reservoir. Skeletal muscle cells are cylindrical shaped, striated muscle, facilitating 

movement via contraction to apply force to bones and joints. Skeletal muscle maturation can be 

subdivided into myogenic determination, myoblast proliferation and terminal differentiation. A 

number of growth factors, signaling molecules and transcription factors are involved in skeletal 

muscle maturation. Thus, skeletal muscle presents a perfect model system to study cellular signal 

transduction. 

2.1.1   Skeletal Muscle Development  

All vertebrate skeletal muscles (except head muscles) are derived from progenitor cells 

contained within somites which arise by segmentation of paraxial mesoderm on either side of 

neural tube and notochord (reviewed in [18]). Somites also give rise to other tissues, including 

skeletal and connective tissue. During embryonic development, some pluripotent mesodermal 

cells are committed to the myogenic lineage, which is regulated by the cell fate determinants 

Hedgehog and Wnt family members [98]. These myogenic cells proliferate and in some cases 

migrate until there are extracellular signals from surrounding tissues including the neural tube 

and the lateral ectoderm, which make them withdraw from the cell cycle and undergo terminal 

differentiation. Subsequently, muscle-specific genes are expressed and mononucleated myoblasts 

fuse to each other to form the multinucleated syncytium. 

The onset of muscle formation in the mouse embryo is called primary myogenesis. After 

embryonic day (ED) 14 in the mouse, secondary muscle fiber formation occurs [216]. As a 
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result, adult skeletal muscles are composed of a mixture of myofibers with different 

physiological characteristics, from a slow-contracting type to a fast-contracting type, and the 

proportion of each fiber type within a muscle determines its overall contractile properties. There 

are several signaling pathways involved in these later stages of muscle development, but the 

molecular control mechanisms are still unclear. 

2.1.2   Myogenic Regulatory Factors (MRFs)  

 During development of skeletal muscle, a group of myogenic transcription factors 

(myogenic regulatory factors, MRFs), play a significant role in lineage determination and 

differentiation [194]. MRFs (MyoD, myf5, myogenin and MRF4) are basic helix-loop-helix 

(bHLH) transcription factors. The HLH domain of the MRFs is responsible for dimerization with 

E-proteins. These heterodimers bind to the consensus CANNTG recognization site, which is 

found in the promoters and enhancers of many muscle-specific genes, leading to transcription of 

these genes.  

MyoD was the first MRF isolated and initially was regarded as a master regulatory gene 

due to its ability to convert non-muscle cells to the myogenic lineage [194]. The gene product is 

expressed early during development and likely participates in establishment of the skeletal 

muscle lineage [163]. Gene ablation studies indicate that loss of MyoD does not cause striking 

developmental abnormalities or functional deficits in the musculature [157].  Examination of the 

MRF gene expression patterns in the MyoD(-/-) mice reveals an increase in myf-5 mRNA levels.  

Thus, myf-5 may compensate for MyoD and provide normal myogenesis.   Indeed, mice null for 

both MyoD and Myf-5 are completely devoid of myoblasts, hence demonstrating the importance 

of these early MRFs for commitment of multipotent somitic cells to the myogenic lineage [158]. 

However, not all of the effects of MyoD can be replaced by Myf-5.  MyoD(-/-) mice display 

deficiencies in muscle regeneration following injury [118]. Satellite cells isolated from these 
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animals proliferate in culture at rates comparable to wildtype myoblasts but MyoD(-/-) myoblasts 

demonstrate abnormalities in the differentiation program [33]. A delay in myofiber formation is 

detected which may be attributed to maintenance of the myoblasts in a proliferative state [198].  

Alternatively, satellite cells in vitro fail to express the late myogenic marker, MRF4, which 

participates in activation of the myocyte gene program [33]. 

Myf-5 is recognized as an early marker of the myoblast lineage, similar to MyoD. Myf-5 

mRNA is first detected in the dermamyotome compartment of the somite at ED8.5 in the mouse 

and maintained into adulthood [135]. Interestingly, Myf-5 mRNA also is detected in distinct 

regions of the brain suggesting that the bHLH factor is not muscle-restricted [37]. However, no 

measurable amounts of Myf-5 protein are observed in the developing neural areas possibly 

accounting for the lack of myogenic conversion in these tissues.  Expression of Myf-5 is 

regulated in part by Pax3, a transcription factor that directs migration of myoblasts into the 

developing limbs [11]. Targeted deletion of the gene does not compromise embryonic viability.  

Mice are born with apparently normal musculature but die within minutes of birth as a 

consequence of rib malformities [20]. Due to its early expression pattern, Myf-5 typically is 

thought of as a lineage determination factor.   The protein is often associated with putative 

quiescent satellite cells in mice and may play an important regulatory role in maintaining the 

myogenic lineage of these muscle stem cells [31].    

MRF4 exhibits a biphasic expression pattern with transcripts initially detected at ED9.0 in 

the somite followed by a second peak during fetal development at ED16.0 [16].  Early detection 

of mRNA transcripts for MRF4 is coincident with Myf-5 with speculation that MRF4 may 

regulate transcription of Myf-5 [175]. The closely linked MRF genes also share a common 

regulatory element that contributes to their synchronous expression [175]. Because the two genes 
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are positioned near one another on mouse chromosome 10, early homologous recombination 

experiments deleting MRF4 were confounded with Myf-5 defects leading to variable phenotypes 

[133]. The initial MRF4 null mouse demonstrated no obvious muscle defects but rib deformities 

were apparent [93].  However, a second knockout mouse died immediately at birth with a 

severely truncated lower rib pair [19]. And, a third MRF4 null allele results in an intermediate 

phenotypic rib defect [139]. The rib malformations are reminiscent of those found in the Myf-5 

knockout mouse. Closer examination of the deleted regulatory regions revealed that a cis element 

necessary for Myf-5 expression was disrupted to varying degrees in the MRF4 knockouts. Those 

animals with severe rib abnormalities and suffering perinatal lethality failed to direct the correct 

spatio-temporal expression of Myf-5 [212].  

The final member of the MRF family is myogenin.  Myogenin is expressed later than Myf-

5, MyoD or MRF4 with transcripts detected in the myotomal myoblasts at ED10.5 in the mouse 

[25]. Unlike mice devoid of the other MRFs, deletion of myogenin produces an animal with 

severe muscle defects. Myogenin null animals die within moments of birth due to insufficient 

diaphragm musculature [73;129]. Histological examination of the mice demonstrates virtually no 

skeletal muscle exists in these mice.  Expression of MyoD and myf-5 is unaffected and the 

animals contain the normal complement of myoblasts.  Thus, myogenin is requisite for fusion of 

the myoblast precursors into the multinucleated contractile-competent structures.   The necessity 

for myogenin does not extend into adulthood.   Deletion of myogenin after completion of 

embryonic muscle formation causes a generalized reduction in body size [92]. However, the 

mice contained a proportional amount of skeletal muscle and the muscle was able to increase in 

size. This leads to the speculation that myogenin, and perhaps the entire family of MRFs, have 

very little to do with postnatal muscle growth.  
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2.1.3   Myocyte Enhancer Factor-2 (MEF2) 

Along with the MRFs, the myocyte enhancer factor-2 (MEF2) family also plays a role in 

skeletal, cardiac and smooth muscle myogenesis. The MEF2 family, also called Related to 

Serum Response Factor (RSRF), has four members (MEF2A, MEF2B, MEF2C and MEF2D), 

which are expressed in all developing muscle cell types [65]. MEF2 proteins have an identical C-

terminal activation domain and N-terminal MCM1 agamous defeciens serum response factor 

(MADS) domain. The MADS domain serves for DNA binding and dimerization with accessory 

factors. MEF2 proteins bind a conserved A/T-rich DNA sequence in the control regions of a 

majority of muscle-specific genes and activate their expression during embryogenesis [45].            

 Previous studies indicated that muscle-specific gene expression and myogenesis are 

regulated by a combination of MRFs and MEF2s, and the DNA-binding domains of these factors 

mediate their interactions. MEF2 factors can cooperate with heterodimers of MRFs and E 

protein, and this interaction plays an important role in promoting myogenesis [123]. In addition 

to interacting with MRFs, MEF2s are shown to establish protein-protein association with several 

other transcription factors. This is important for MEF2 to transmit signals from cell membrane to 

downstream early genes and stress-response genes [45]. For example, transcriptional activation 

of the myoglobin promoter in striated muscle requires interaction with MEF2 and Sp1 [66].  

MEF2s and MRFs can synergistically activate gene expression, which is important for 

MEF2s regulation of terminal differentiation. In flies, deletion of single MEF2 gene results in an 

inability of muscle cells to differentiate [106]. In mice, targeted inactivation of MEF2C gene is 

embryonic lethal due to severe defects in cardiac development [107]. However, there is no defect 

in skeletal muscle in these MEF2 deficient animals, possibly because different subtypes of 

MEF2s are expressed in skeletal muscle and compensate for lack of each other. In addition, 
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transgenic mice expressing a MEF2 regulated lacZ reporter gene show that MEF2 activity is high 

during embryonic development but it is undetectable after birth [130].  

2.1.4   E-Protein 

The E-protein family (E12, E47, HEB and ITF-2) is another bHLH transcription factor 

family [97]. E-protein has a bHLH domain to form homodimer or heterodimer with MRFs 

family and two conserved transcriptional activation domains in the N-terminus. 

E12 and E47 are alternative splice products of E2A gene, which is ubiquitously expressed 

in many mammalian cells including skeletal muscle [10]. Lassar (1997) provided evidence that 

E12/E47 interact with myogenic HLH proteins to regulate myogenic program [97]. 

Cotransfection of E47 with MyoD enhances MyoD-activated genes transcription, and inhibition 

of E2A expression with antisense E2A transcripts displays low level of terminal differentiation. 

In addition, MyoD or myogenin can form complexes with E12/E47-like proteins, and E47 can 

change the phosphorylation state of MyoD [97].  E2A (-/-) mice are viable but defective in T-cell 

proliferation and B-cell differentiation [9;10]. HEB is found in L6 myoblasts, C2C12 

myosatellite cells and postnatal hindlimb muscles, which suggests HEB may have a general role 

in the skeletal muscle development [28]. 

2.1.5   Satellite Cells 

After maturity, most myoblasts form stable postmitotic muscle fibers that are incapable of 

proliferation. However, these fibers are associated with a pool of cells still capable of replication 

and regeneration of muscle tissue. In adult muscles, this subpopulation of cells is termed muscle 

satellite cells. 

Muscle satellite cells are undifferentiated mononuclear myogenic cells located between the 

basal lamina and sarcolemma [214]. They are the primary stem cell in adult skeletal muscle, 

responsible for postnatal muscle growth, hypertrophy and regeneration. Satellite cells are 
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mitotically and metabolically quiescent and transcriptionally less active than myonuclei 

[167;172]. In mature muscle, most satellite cells are in a quiescent state. In response to exercise, 

muscle damage or degenerative muscle disease, satellite cells awaken and begin proliferating 

[126]. Following proliferation, some cells differentiate and fuse into the pre-existing myofibers, 

and some return to the quiescent state during the process of self-renewal [166]. 

The classical identification and definition of satellite cells was performed by electron 

microscopy [115]. This remains the indisputable method of detection of quiescent muscle stem 

cells.  However, the method is costly, cumbersome, and unavailable for most laboratories.  This 

led to the quest for alternative means of satellite cell identification. In the late-1980s, reports of 

immunocytochemical localization of satellite cells in vitro and in vivo began to emerge.   

Desmin, a cytoskeletal protein unique to muscle, is expressed by rodent satellite cells during the 

initial culture period prior to entry into the proliferative phase [89]. Following trauma, many 

desmin immunopositive cells are present in the reforming muscle bed at a time of maximal 

satellite cell proliferation [5]. Over the years, additional methods of satellite cell identification 

have evolved.  Cell surface molecules including a splice variant of CD34 and a muscle-specific 

integrin have been used to demarcate satellite cells [13]. M-cadherin, an adhesion molecule, is 

expressed in skeletal and cardiac muscle and neural tissue.  The protein localizes to satellite cells 

in normal and regenerating skeletal muscle [77]. Syndecan-3 and -4, heparan sulfate 

proteoglycans found on the surface of multiple cell types, are abundant matrix components on 

satellite cells and may be useful tools for identification of these cells [32;34].   

A subtractive library screen comparing cDNAs present in satellite cells and embryonic 

fibroblasts identified Pax7 as one of several genes unique to the putative muscle stem cell [168]. 

Pax7, a paired box transcription factor, is present in G0 satellite cells and absent in differentiating 
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myoblasts. Gene ablation results in a mouse compromised in muscle growth owing to an absence 

of satellite cells.  Based on this work, Pax7 is a true marker protein for satellite cells and 

expression of the transcriptional regulator is necessary for satellite cell form and function.  The 

definition of Pax7 as a lineage marker for satellite cells remains unclear.  Examination of tissues 

of Pax7(-/-) pups indicates numerous satellite cells are present [136]. The absolute numbers of 

these cells declines as the animal matures but a minor population, substantially fewer than 

normal, is present in the adult. The presence of these cells may be attributed to a shared function 

with the paralogous gene, Pax3.  Pax3 and Pax7 are co-expressed in many putative satellite cells 

in the postnatal musculature [151;152]. Pax3 positive satellite cells undergo apoptosis in the 

Pax7 knockout animal suggesting that Pax7 is necessary for cell survival but dispensible for 

lineage specification [151]. Continued expression of Pax7 in satellite cells is necessary for 

survival of the G0 population but does not affect the myogenic gene program[215]. Pax7 is co-

expressed with MyoD in proliferating satellite cells.  Down-regulation of the gene coincides with 

differentiation. Interestingly, overexpression of Pax7 delays the onset of terminal differentiation 

but does not prevent the eventual formation of myofibers [215].   This is in contrast to Olguin 

and Olwin (2004) who reported that ectopic expression of Pax7 in satellite cells prevents MyoD 

and myogenin expression and induces cell cycle arrest.  The presence of Pax7(+):MyoD(+) 

myoblasts that incorporate BrdU in the regenerating bed of skeletal muscle argues that Pax7 does 

not alter either MyoD expression or proliferation in vivo [132].  

2.2   MAPK Signaling Pathway 

Mitogenic signal transduction is mediated by a protein phosphorylation and 

dephosphorylation cascade. One of the most important mitogen-induced signaling pathways is 

the mitogen-activated protein kinase (MAPK) cascade.  
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 Many growth factors activate receptor tyrosine kinases that transduce extracellular signals 

through the small G protein, Ras. Ras protein phosphorylates and activates MAP kinase kinase 

kinase (MAPKKK), which in turn activates MAP kinase kinase. Subsequently, MAPKK 

phosphorylates MAPKs on threonine and tyrosine residues in a conserved motif (Thr-X-Tyr) in 

the kinase domain, which is required for MAPK activation [21].  

The MAPK pathway is very sensitive and an efficient transducer of signals due to two 

characteristics of MAPK cascade. First, the MAPK cascade can amplify signals, which means as 

the signals pass down. Downstream targets are more abundant than their upstream regulator. As 

an example, MEK1 is much more abundant than Raf-1 [47].  Another characteristics of the 

MAPK pathway is switch-like output, which allows the MAPK cascade to convert graded inputs 

into different outputs [51]. For example, high and low levels of Raf-1 have opposite effects in 

skeletal muscle differentiation [41]. This mechanism enables cells to filter noise and still respond 

to stimuli over threshold.  

The MAPK signaling pathway is conserved from unicellular organisms such as bacteria to 

multicellular organisms such as humans, and it regulates diverse cellular functions including cell 

growth, proliferation, differentiation and apoptosis. In mammals, more than four groups of 

MAPKs are recognized that include two extracellular signal-regulated kinases (ERK1/2), three c-

Jun N-terminal kinases (JNK1/2/3), four p38 protein kinases (p38α/β/γ/δ) and ERK5.  Figure 2-1 

shows the different MAPK signaling cascades, and Table 2-2 summarizes MAPK knockout mice 

phenotypes. 

2.2.1   ERK1/2 Pathway 

2.2.1.1   Ras 

Mamalian genomes encode three ras genes that give rise to four protein products, N-Ras, 

H-Ras, K-Ras4A and K-Ras4B. These Ras isoforms are ubiquitously expressed, though ratios 
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change from tissue to tissue [211]. Ras proteins can induce cell transformation through a number 

of effectors. Constitutive activation of Ras causes a large number of human cancers [49]. Ras 

family members are membrane localized small GTPase, which are associated with multiple 

signal transduction pathways that regulate different cellular functions. 

The best characterized signaling pathway regulated by Ras is the ERK1/2 MAPK pathway. 

The pathway is activated following growth factor docking to protein tyrosine kinase receptors 

(PTKRs). PTKRs dimerize and autophosphorylate, which in turn allow cross phosphorylation of 

tyrosine residues in their cytosolic domain. These intrinsic phosphotyrosine domains serve as 

docking sites for Src homology region 2 (SH2) and the phosphotyrosine-binding (PTB) domain, 

which causes recruitment of son of sevenless (SOS) in the plasma membrane and subsequent 

binding to Ras. Once Ras is activated at the membrane, it recruits Raf-1 and activates the 

downstream Raf-MEK-ERK pathway [124]. 

The mechanism underlying the Ras-imposed block to differentiation remains unclear. A 

series of Ras mutants were examined for their ability to invoke specific downstream signaling 

pathways to suppress myogenesis [146]. Ras alleles that initiate exclusive signaling through Raf, 

Rac or Rho all efficiently inhibit muscle gene transcription indicating that no single downstream 

effector pathway mediates the negative effects of Ras. Importantly, morphological 

transformation and inhibition of differentiation are mutually exclusive events [195]. 

Overexpression of RasG12V in muscle cells causes growth in soft agar that can be reverted by 

treatment with a chemical MEK inhibitor. However, these cells remain unable to express the 

myogenic gene program. Ras invoked signaling through protein kinase C may be a primary 

downstream pathway leading to inhibition of myocyte formation [49]. Treatment of myoblasts 

constitutively expressing RasG12V with a chemical inhibitor to a class of atypical protein kinase 
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C molecules restores biochemical differentiation. However, the specific PKC isoform and its 

downstream effectors remain unknown.   

Secretion of soluble proteins by Ras-transformed myoblasts may contribute to the block to 

muscle formation. Weyman and Wolfman (1997) collected spent medium from Ras-expressing 

muscle cells and demonstrated the presence of an acid-sensitive factor capable of inhibiting 

differentiation. The secreted protein does not induce ERK1/2 phosphorylation and does not 

signal through a TGF-β receptor. No detectable FGF2, a potent inhibitor of myoblast 

differentiation, was present in the spent medium [196]. By contrast, Ras-expressing MM14 

myoblasts proliferate faster and control myoblasts due to their ability to release more membrane-

bound FGF2 [49].  Sequestering FGF2 suppresses proliferation but does not reinstate 

myogenesis.  Thus, Ras inhibits muscle formation independent of continued cell cycle 

progression.   

2.2.1.2   Raf 

Raf is an oncogene first discovered as a retrovirus in 1983 [147]. Raf family members are 

cytosolic serine/threonine kinases that are activated by Ras. The Raf family (A-Raf, B-Raf, Raf-

1) share three conserved regions, CR1, CR2, CR3. The kinase domain is localized in CR3, and 

CR1 and CR2 are regulatory domains [69]. Raf-1 is ubiquitously expressed, while B-Raf is 

predominate in neuronal tissues and testis, and A-Raf is abundant in urogenital tissue [122].  

Raf-1 is a well-established Raf isoform. Raf-1 can promote invasive cell growth and 

induce cell transformation as well as Ras proteins [101]. However, regulation of Raf-1 is very 

complex, including protein-protein interaction, phosphorylation of tyrosine, threonine and serine 

residues and subcellular localization [125]. Raf-1 phosphorylation is affected by different protein 

kinases, such as Src, PKC, PKB, and PSK (p21-activated protein kinase) [125].   
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Raf-1 is important in regulating cell growth and mitosis. High level of Raf kinase is 

sufficient to inhibit DNA synthesis and cell division, which converts mitotic cell cycling into 

cellular growth [90]. Raf-1 causes cell cycle arrest through induction of p21Cip1, which in turn 

leads to inhibition of cyclin D- and cyclin E-dependent kinases and accumulation of 

hypophosphorylated Rb [169].In skeletal muscle satellite cells, a dominant negative Raf-1 

mutant can block FGF-mediated stimulation of ERK1/2 as well as block cell proliferation. In 

these cells, Raf-1 is necessary for G1 progression but dispensable for S phase [83].  

In skeletal muscle, Raf-1 regulates myoblast differentiation in a dose dependent manner 

[41;193]. At a low level Raf activity, there is an increase in differentiation, contractile protein 

expression and myocyte fusion. However, high level of Raf activity induces transformed 

morphology and inhibits myocyte formation, muscle-specific reporter expression and apoptosis 

[41;193]. Raf-1 also is involved in FGF-induced repression of differentiation [83]. Constitutive 

expression of Raf-1 suppress MyoD expression [67]. And persistent activation of Raf-1 inhibits 

MEF2 accumulation in nuclei. This results in decreased myogenin activity, reduced muscle 

protein expression and inhibition of myoblast fusion [82;199]. 

Evidence suggests Raf-1 has other functions independent of activating MEK and ERK 

kinases, such as regulating cell survival, cell apoptosis, and cell cycle [12]. For example, Raf-1 

can inhibit apoptosis signaling by binding with proapoptotic kinase MST2 and forming 

MST2/Raf-1 complex [131]. 

The necessity of Raf signaling in skeletal muscle in vivo is unclear due to lethality issues. 

A-Raf knockout mice are born alive and of normal size, but stop growing after 2-3 days and die 

between day7 and day 21 due to neurological and gastrointestinal abnormalities [145]. B-Raf null 

mice die from vascular defects during mid-gestation, and B-Raf (-/-) embryos have increased 



 

27 

apoptosis in differentiated endothelial cells [202]. Ablation of Raf-1 results in embryonic 

lethality of mice, with placental defects as well as abnormal tissue development. In these mutant 

mice, most organs appeare normal, however, the eyelids fail to fuse properly, dermis and 

epidermis are abnormally thin and poorly differentiated, and the lungs are smaller and fail to 

inflate at birth. The time of embryonic death of Raf-1 deficient mice varies depending on the 

genetic background [201]. Fibroblasts isolated from Raf-1 knockout embryos had reduced 

proliferation in response to serum [201]. Interestingly, ERK1/2 phosphorylation in response to 

mitogens is not impaired, which indicates ERK1/2 can be activated in a Raf-independent 

mechanism [201]. 

2.2.1.3   MEK1/2 

Genetic studies show two MEK homologs, MEK1 and MEK2 are present in mammals, 

which share 80% homology except at the amino terminus [218]. They activate ERK1/2 by 

phosphorylating the TEY domain with equal competency.  

MEK1 null mice are recessive lethal at day 10.5 due to a failure to establish a functional 

placenta. These mice are small and show signs of necrosis in some tissues [62]. The placenta 

defects also are found in Raf-1 knockout mice, which suggests that the Raf-MEK axis is 

necessary for proper placenta development [201]. However, MEK2 knockout mice are viable 

with no obvious deficiencies [14]. Comparing the phenotype of ERK1/2 and MEK1/2 knockout 

mice, the results show there are possible relationships between MEK1 and ERK2 in embryonic 

development[62;74]. A scaffold protein MEK partner 1 was identified as a protein that binds 

specifically with MEK1 and ERK1, and facilitates their activation [164].  

To further determine the effects of MEK activation in vivo, tissue-specific transgenic mice 

were created. When active MEK1 is over-expressed in cardiac muscle under the control of 

cardiac specific α-myosin heavy chain promoter, the transgenic animals show a 50% increase in 
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heart size and the cardiocytes are resistance to apoptosis [23]. Constitutive expression of the 

MEK1 in the lens or skin cause increases in cell numbers and cell size related to tissue growth 

and hypertrophy [64;165].  

In skeletal muscle, MEK is required for myoblast and satellite cell proliferation [83]. 

Treatment of MM14 myoblast  with MEK inhibitor, PD98059, or expression a dominant 

negative MEK mutant blocks FGF-mediated stimulation of ERK1/2 and prevents G1 to S phase 

transition [83]. MEK1 has a strong negative effect on myogenesis. Myoblasts over-expressing 

constitutively active MEK1 fail to fuse and transcribe muscle gene [143]. MEK1 translocate to 

the nucleus, where it may bind the transcriptional activation domain of MyoD to repress its 

action.   MEK1  also is involved in IGF-I and FGF2 induced repression of differentiation [197]. 

Treatment with PD98059, can partially reverse the negative effects of FGF2 and IGF-I. 

However, enthusiasm for these results is tempered due to the validity of the myoblast model. 

IGF-I inhibits differentiation of 23A2 myoblasts, a phenomena unique to these cells [179;197]. 

On the other hand, ERK is activated in myogenic cells [67]. A MEK1 inhibitor can block the 

MyoD induced myogenic program in fibroblasts, which suggest MEK is activated in the process 

of differentiation. Constitutive expression of MEK1 enhances the transcriptional activity of 

MyoD in fibroblasts. The importance of MEK1 during myogenesis requires further 

experimentation.  

2.2.1.4   ERK1/2 

ERK1 and ERK2 are two MAPK proteins 75% identical in amino acid sequence and 

similar in structure [174]. They have two phosphorylated sites, tyrosine and threonine, which can 

be activated by MEK1 or MEK2 [3]. ERK1/2 are ubiquitously expressed, but their relative 

abundance in different species or tissues are variable. ERK1/2 respond to different stimulus and 
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induce different responses. In fibroblasts, ERK1 can be activated by serum, growth factors, 

cytokines, certain stresses, ligands for cell membrane receptors and transforming agents [104].  

When ERK1 and ERK2 are activated, they translocate from the cytoplasm to the nucleus.  

This stimulus-dependent nuclear localization appears to be crucial for multiple cell functions, 

such as morphological transformation and cell differentiation in PC12 cells [35]. The interaction 

between MEK1/2 and ERK1/2 plays a prominent role in ERK1/2 translocation and nuclear 

accumulation. MEK1/2 N-terminus acts as a cytoplasmic anchor. When ERK1/2 are activated, 

MEK1/2 and ERK1/2 disassociate, and ERK1/2 are transported to the nucleus [59;60]. 

The ERK1/2 signal pathway is essential for cell growth. ERK1/2 increases nucleotide 

synthesis, affects the transcription of many genes through transcription factor activation and 

chromatin phosphorylation, stimulates protein synthesis and controls the cell cycle. Mitogenic 

stimulation of cells causes ERK1/2 phosphorylation and translocation from cytoplasm to the 

nucleus. This process is necessary for initiation of DNA synthesis and progression from G0 to S 

phase [22]. Phosphorylation of transcription factors by ERK1/2, such as Elk1, regulate the 

expression of cyclin D1 and facilitates cell cycle re-entry [99;184]. Interestingly, MEK1 

activation results in transient ERK activity that promotes cell cycle transition from G1 to S phase, 

while MEK2 produces sustained ERK activity causing cells to arrest in G1 phase [156;184]. 

Besides the G1 checkpoint, ERK1/2 also regulates S phase progression. ERK1/2 can activate 

elonglation factor, E2F, which promotes expression of cyclin A and in turn stimulates DNA 

synthesis [203]. Furthermore, ERK1/2 participates in G2 phase chromosome condensation. ERK 

and p38 can phosphorylate mitogen- and stress-activated protein kinase, which phosphorylates 

histone H3 to promote chromosome condensation [40]. The ERK 1/2 also promote cell 

differentiation in multiple cell lineages, such as fibroblasts, neuronal cells, myoblasts, 
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adipocytes, oocytes, T cells, photoreceptor cells [112]. And ERK1/2 play an important role in 

cell apoptosis. High level of ERK1/2 activation protects cells from apoptosis induced by 

anchorage-independence and serum removal. However, low level of ERK1/2 activity can force 

the cells to apoptose [100].  

The ERK1/2 pathway is an important pathway involved in both mitogenesis and 

myogenesis. Growth factors, such as leukemia inhibitory factor (LIF), IGF-I, FGF2 and 

transforming growth factor β (TGF-β) regulate skeletal muscle through ERK1/2 signaling 

cascades [2;81;179;193;209]. However, the precise mechanisms invoking ERK1/2 

phosphorylation are not clear. Most reports support that activation of ERK1/2 pathway is 

responsible for the negative regulation of skeletal  myogenesis 

[2;2;2;42;44;81;82;143;146;179;194;195;200;209], but others indicate the ERK1/2 pathway is 

used for positive skeletal myogenesis [67]. The contrasting results may be due to ERK signaling 

intensity and temporal activation during myogenesis [41;193].   

ERK1 and ERK2 share 90% identity at the mRNA level and 75% identity at the amino 

acid level. They have similar activation process and nearly identical downstream substrates 

[174]. However, recent work demonstrates that ERK1 and ERK2 have different functions. ERK1 

knockout mice are viable and fertile, with only a minor defect in thymocyte development. 

Fibroblasts from these animals proliferate normally in response to serum, while thymocytes from 

these animal shows reduced proliferation and slow rate of maturation into single positive (CD8+ 

or CD4+) thymocytes [137]. In these mice, ERK2 can compensate for most of the functions of 

ERK1 except for the thymocyte development. The ERK1(-/-) mice also have an enhanced long-

term memory, suggesting a function for ERK1 in the brain self-adaptation system [116]. On the 

other hand, ERK2 knockout embryos are deficient in mesoderm formation. BrdU incorporation 
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shows ERK2 affects differentiation instead of proliferation. The ERK2 knockout embryos have 

an increased level of ERK1 phosphorylation, but ERK1 can not compensate for loss of ERK2 in 

vivo as it does in vitro [210]. Also ERK2 mutant embryos die early (E8.5) in mouse development 

due to a failure to form the ectoplacental cone and extra-embryonic ectoderm, which give rise to 

mature trophoblasts [159]. ERK2 knockout mice also are embryonic lethal at day 6.5 due to 

abnormal placenta development [74]. These results suggests ERK2 is necessary for placenta 

development, trophoblast proliferation and mesoderm differentiation[74;159;210] 

2.2.2   c-Jun N-terminal Kinases (JNK) 

JNKs are an important MAPK family that are involved in the regulation of cell 

proliferation, oncogene transformation and programmed cell death. JNKs are phosphorylated and 

activated by the JNK kinase 1 (JNKK1; MKK4) and JNK kinase 2 (JNKK2; MKK7), which are 

activated by a variety of up-stream MAPKKKs. JNKs have similar MAPK cascade as ERKs, 

however, unlike ERK1/2, the JNKs are activated by stress stimuli. Activated JNKs 

phosphorylate downstream transcription factors, such as c-Jun and ATF-2 [121]. 

The JNK family has three members: JNK1, JNK2 and JNK3. The three JNK isoforms must 

have overlapping functions in embryonic development because all individual JNK gene knockout 

mice and JNK1/JNK3 or JNK2/JNK3 double mutants are viable and develop normal [94]. JNK3(-

/-) adult mice develop neuronal apoptosis, which indicates the JNK3-mediated signaling pathway 

is involved in neuroprotection [208]. Mice lacking both JNK1 and JNK2 are embryonic lethal at 

day 11 and display an open neural tube [94;161]. Embryonic fibroblasts devoid of JNK1 and 

JNK2 are resistant to UV-stimulated apoptosis [180]. These results indicate JNK1/2 play an 

essential role in regulating stress-induced apoptosis. Furthermore, loss of both JNK1 alleles and 

one JNK2 allele results in an exencephalic phenotype that suggests JNK gene dosage might be 

critical for its function [161]. Together, these results show JNK3 plays a pro-apoptotic role in 
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response to stress, while JNK1 and JNK2 are essential in both pro-apoptotic and anti-apoptotic 

process during neuron morphogenesis. 

During skeletal muscle differentiation, JNK activity is up-regulated, and inhibition of JNK 

activity dramatically inhibits myoblast differentiation [91]. Different from ERK1/2, JNK 

inhibitors repress myogenesis through induction of apoptosis, and activation of c-Jun and p53 

transcription factors [91]. Overexpression of JNK in skeletal muscle results in a significant 

increase in the basal phosphorylation state of several signaling molecules, such as ERK1/2 and 

PKB [58]. 

2.2.3   Stress-activated Kinase of 38 kDa (p38 MAPK) 

p38 MAPK also is referred to as a stress activated protein kinase [213]. p38 is activated by 

various stresses, hormones and inflammatory cytokines that are induced by MKK3 and MKK6 

phosphorylation. MEK3 favors phosphorylation of p38α and p38β, while MEK6 phosphorylates 

all p38 members. MEK3/6 also can phosphorylate JNK isoforms with lower affinity [46].  

p38 MAPKs have four isoforms, p38α, p38β, p38γ and p38δ. Of these four subtypes, p38α 

is the best characterized and it is expressed in most cell types. p38α knockout mice are 

embryonic lethal due to defective placental angiogenesis [1;127]. Compared to p38α-deficient 

mice, both p38β and p38γ knockout mice are viable with a normal life span and show no obvious 

phenotype [95]. Thus, p38α has a specific function in placental development, and it can 

compensate for the lack of p38β, p38γ and p38δ isoforms. 

p38 MAPK is a potent activator of myoblast differentiation and treatment with p38 

inhibitors prevents myoblast fusion into myotubes as well as muscle specific gene expression 

[105] . There are many potential explanations for the positive effect p38 MAPK in skeletal 

myogenesis. p38 can phosphorylate E47 to induce MyoD/E47 association and subsequent 

muscle-specific gene transcription [110]. p38 activity also phosphorylates MEF2 activation 
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domain and facilitates MEF2 and MyoD binding to a series of late muscle-specific gene 

promoters, and the expression of these genes can activate the p38 to move the cells to the early 

differentiation stage [142;204]. In mammalian myoblasts, there is crosstalk between p38 MAPK 

and the NF-κB signaling pathway coordinately promote myogenesis [8]. p38 MAPK acitivity is 

required for the quiescent state of skeletal muscle satellite cells. Inhibition of p38 MAPK 

promotes myogenic cell cycle exit and inhibits differentiation [84]. p38 MAPK pathway also 

increases MEF2 transcriptional regulation during early mammalian somite development [39]. 

2.2.4   Extracellular Signal-regulated Kinase 5 (ERK5)  

ERK5, also called big mitogen-activated kinase (BMK), is a special member of the MAPK 

family. ERK5 expresses in a wide range of tissues, especially in the cardiovascular system. 

ERK5 is phosphorylated by MEK5, which is activated by MEKK2 and MEKK3. ERK5 has a 

catalytic domain similar to ERK1/2, but a unique C-terminus that can interact with the MEF2 

transcription factor family [87;207]. ERK5 can affect cellular activity through phosphorylation 

of the MADS box transcription factors and myocyte enhancer factor 2A and 2C (MEF2A, 

MEF2C) [88]. Although the ERK5 C-terminus functions as a MEF2 coactivator, its role in 

myogenesis is unknown [87]. ERK5 gene deletion mice are embryonic lethal due to defective 

blood vessel and myocardium [150;173;206]. 

2.3   Skeletal Muscle Growth and Hypertrophy: A Brief Overview 

2.3.1   Introduction of Skeletal Muscle Hypertrophy 

Skeletal muscle hypertrophy is defined as an increase in muscle mass. On the other hand, 

decrease of muscle mass is called atrophy, which is a response to numerous diseases, such as 

diabetes, cancer, renal failure and AIDS [63]. In the adult animal, skeletal muscle hypertrophy is 

a result of an increase in the size of existing muscle fibers instead of an increase in numbers of 

fibers.  
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2.3.2   Factors Regulate Skeletal Muscle Hypertrophy 

 Several intrinsic and extrinsic growth factors and stimuli promote or inhibit skeletal 

muscle hypertrophy (Table 1-3). The most common stimulus of muscle hypertrophy is exercise, 

which includes strength training and resistance exercise as a positive factor [48]. Nutritional 

factors including energy balance and dietary protein supplementation also are necessary for 

skeletal muscle hypertrophy [48]. Muscle injury and muscle aging are associated with muscle 

atrophy [48]. However, the most important factors that regulate skeletal muscle hypertrophy are 

hormones and growth factors, which initiate intracellular signaling pathways and stimulate 

myoblast proliferation, myocyte differentiation and muscle-specific protein synthesis. For 

example, testosterone, insulin and growth hormone are the main reasons for postnatal muscle 

hypertrophy [54].  

2.3.3   Growth Factors and Signal Molecules that Promote Muscle Hypertrophy 

2.3.3.1   Growth Hormone (GH) 

Growth hormone (GH) is a major regulator of body size and metabolism. Failure to 

synthesis or secret GH leads to short stature. On the other hand, hypersecretion of GH induces 

gigantism, if hormone is overproduced early in the life, or acromegaly, if oversecretion occurs in 

adulthood [54].  

Growth hormone is associated with postnatal growth instead of prenatal growth. Although 

growth hormone receptor (GHR) exists in embryos, growth hormone does not play a necessary 

role in embryonic development. GH gene mutation in mice or ablation of the pituitary does not 

affect prenatal growth [56].  

The “somatomedin hypothesis” demonstrates that pituitary GH (somatotropin) stimulates 

postnatal growth indirectly through stimulating the hepatic production of circulating peptide 

hormones (somatomedin), which then mediates the hormonal effects on target tissue. 
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Somatomedin has an insulin-like action and promotes the incorporation of sulfate into cartilage 

[113]. Currently, somatomedin is referred to as insulin-like growth factor (IGF-I). The 

somatomedin hypothesis has been referred to the dual-effector theory. This theory proposes that 

GH directly stimulates the differentiation of precursor cells to certain cell types. The newly 

differentiated cells are more sensitive to the IGF-I than the precursor cells. Thus, initial direct 

action of GH leads to later IGF-I action in the target cells [78].  

IGF-mediated actions of GH exist in different tissues, including fat cells, chondrocytes and 

skeletal muscle. Hypophysectomy causes a decrease in muscle mass and the level of myosin 

heavy chain mRNA decreases as well. Also GH treatment of hypophysectomized animals can 

partially restore these situations, such as increasing muscle mass and strength and decreasing 

body fat [111]. There is a loss in GH secretion as human aging, which is associated with 

decrease in muscle mass and strength. Injection of rhGH for men older than 60 can improve lean 

body mass and bone density [54]. However, GH can not be used as a general performance 

intensifier because GH injection can not increase muscle growth and strength for normal 

exercising people [54].   

GH and IGF-I system constitute the major determinant of body size, and GH and IGF have 

independent functions in regulating the postnatal growth. The Igf1 gene mutant and Ghr gene 

mutant mice both show retarded bone and muscle growth.  GH can stimulate production of 

hepatic IGF-I, which is a principal source of circulation IGF-I. Loss of liver-specific  IGF-I 

production lowers the concentration of IGF-I in blood reduces by 75%, with no effect on muscle 

mass [171]. In the absence of GH, blood IGF-I levels are diminished, but the local IGF-I content 

(such as IGF-I produced by skeletal mucle) is unaffected. GH receptor and IGF-I double mutant 

mice are only 17% of normal size, which is more severe than either of the single mutants [113].  
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2.3.3.2   IGF-1 

 Insulin-like growth factor system includes two hormones (IGF-I and IGF-II), three 

receptors and six IGF specific binding proteins (IGFBP-1 to -6). Knockout experiment of 

different parts of IGF system indicates all components are very important in muscle growth and 

development [54].  

 Compared to IGF-II and insulin, IGF-I has a primary role in regulating skeletal muscle 

growth. Mice lacking IGF-I exhibit growth deficiency. Depending on genetic background, some 

IGF (-/-) mice die immediately after birth, while others survive and reach adulthood [109]. In 

contrast, transgenic mice over expressing human IGF-I have a 30 percent increase in body 

weight due to apparent increases in skeletal muscle and bone [114]. On the other hand, null 

mutation of igf1r all die at birth of respiratory failure and exhibit a severe growth deficiency 

[109]. Expression of a dominant negative IGF-I receptor specifically in skeletal muscle induced 

muscle hypoplasia from birth to 3 weeks old, with decreased level of MyoD and myogenin. After 

grew to adulthood, these mice showed compensatory hyperplasia, with increased MyoD, 

myogenin, p38 and p21 levels [50].  

IGF-I stimulates myoblast proliferation, myogenic differentiation and myotube 

hypertrophy in both cultured cells and in intact animals [54]. To balance the mitogenic and 

myogenic action on skeletal muscle cells, IGF-1 has a biphasic effect. Initially, IGF-1 inhibits 

expression of myogenin, a myogenic regulatory factor, which results in a proliferation response. 

Subsequently, IGF-1 switches to stimulate myogenin expression, which up-regulates 

differentiation as well as down-regulates proliferation [177]. It also is reported that a high 

concentration of IGF-I can inhibit myoblast differentiation as well as proliferation [197]. 

 IGF-I is sufficient to induce skeletal muscle hypertrophy. IGF-I can induce myofiber 

hypertrophy in vitro by stimulating myoblast proliferation and fusion to established myofibers 



 

37 

[186]. It also has been reported that an increase in muscle load can stimulate muscle hypertrophy 

with simultaneous increased expression of IGF-1 [43]. Expression of IGF-I in myoblasts can 

increase the expression of MRFs, such as MyoD and myogenin, and also stimulate contractile 

protein expression and myotube formation [27]. Mice overexpressing IGF-I in muscle, have at 

least twofold greater muscle mass compared with wild type mice. Thus indicates IGF-I 

stimulates skeletal muscle hypertrophy in vivo [27]. The mechanism for IGF-I signaling in 

myoblast proliferation is mediated primarily by ERK1/2 pathway, whereas myoblast 

differentiation prefers the PI3K pathway [29]. Figure 2-2 shows the signaling pathways involved 

in IGF-I induced skeletal muscle hypertrophy. 

2.3.3.3   PI3K 

 Phosphatidylinositol 3-kinase (PI3K) is a lipid kinase, which phosphorylates the 

membrane phospholipids phosphatidylinositol -4,5-bisphosphate, producing phosphatidylinositol 

(3,4,5)-trisphosphate [PtdIns(3,4,5)P3]. PtdIns(3,4,5)P3 is a lipid binding site for the 

serine/threonine kinase, Akt1 ( also known as protein kinase B) [96]. Once Akt1 is activated, it 

phosphorylates downstream substrates, which induces gene transcription and protein synthesis to 

promote cell proliferation and inhibit apoptosis [190].  

PI3K activity is required for IGF-I mediated skeletal muscle hypertrophy. It has been 

reported that IGF-1 induces hypertrophy by activating the PI3K-Akt pathway, which causes 

activation of proteins that are required for protein synthesis [17;154]. Furthermore, 

pharmacological inhibition of PI3K activity prevents muscle hypertrophy induced by IGF-1 [85]. 

Therefore, PI3K activation is sufficient to induce skeletal muscle hypertrophy, and its activity is 

necessary for the IGF-1 induced hypertrophy. 
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2.3.3.4   Akt 

 The Akt family, also called protein kinase B (PKB), is composed of three members, 

Akt1, Akt2 and Akt3 [96]. These three members share 80% homology but have distinct functions 

[96]. 

 Akt1 (-/-) mice are viable and smaller than wild type littermates, which suggests Akt1 is 

required for muscle growth and other tissue development [24]. Mice deficient in Akt2 are 

impaired in the ability of insulin to adjust the blood glucose and the animals have diabetes. Thus 

Akt2 is involved in glucose transport and maintenance of glucose homeostasis [26]. Akt1 and 

Akt2 are expressed in skeletal muscle and cooperate to promote muscle hypertrophy [96]. During 

work-induced muscle hypertrophy, there is an increase in endogenous Akt1 activity, as well as 

mTOR, which is a downstream target of Akt1 [17]. Expression of a dominant negative Akt1 

blocks IGF-I induced muscle hypertrophy in vivo [154]. Transgenic mice with constitutively 

active Akt in adult skeletal muscle exist. In these mice, activation of Akt is sufficient to induce 

rapid and significant skeletal muscle hypertrophy, accompanied by activation of the downstream 

Akt/mTOR/p70S6 kinase protein synthesis pathway [96].   

2.3.3.5   mTOR and GSK3β 

 Akt1 is a key molecule in the IGF-I induced hypertrophy, because it can activate multiple 

downstream signaling, including the mammalian target of rapamycin (mTOR), p70S6 kinase 

(p70S6K), phosphorylated heat- and acid-stable protein 1 (PHAS-1, also known as 4E-BP1) and 

glycogen synthase kinase 3β [154].  

 mTOR is a downstream substrate that has a central function in integrating growth factor 

stimulation with intracellular protein synthesis. Rapamycin, a mTOR inhibitor, blocks activation 

of downstream p70S6K stimulation by Akt1 and IGF-I [138;154;155]. Treatment of muscle cells 

with rapamycin can either inhibit the cell growth or decrease the mucle hypertrophy in vitro 
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[138;154]. In vivo, treating the mice with rapamycin inhibits skeletal muscle hypertrophy 

induced by over expression of Akt1 [17]. In these mice, p70S6K activity decreases, while Akt1 

activity does not change. These results indicate a linear signaling pathway during hypertrophy: 

Akt1-mTOR-p70S6K. On the other hand, activation of mTOR also inhibits PHAS-1, which is a 

negative regulator of the translation initiation factor eIF-4E [71]. Thus, mTOR is the signal 

molecule downstream of PI3K-Akt pathway in the IGF-I mediated hypertrophy. Active mTOR 

promotes protein synthesis through two distinct mechanisms, positively regulating the p70S6K 

pathway and negatively regulating PHAS-1 pathway. 

 GSK3β is a different substrate of Akt1, which also is involved in regulating skeletal 

muscle hypertrophy. Phosphorylation of Akt 1 inhibits GSK3β activity [36]. Expression of a 

dominant-negative form of GSK3β induces hypertrophy in skeletal myotubes [154]. GSK3β 

inhibits protein translation initiation through eIF-2B protein [72]. Therefore, PI3K-Akt- GSK3β-

eTF-2B is another pathway that stimulate protein synthesis in skeletal muscle hypertrophy. 

2.3.3.6   MAPK  

The MAPK pathway is an important pathway involved in IGF-I induced skeletal muscle 

hypertrophy. The detail of function of MAPK pathway in both myogenesis and mitogenesis has 

been mentioned before.  

Compared to the PI3K pathway, the function of the MAPK pathway in skeletal muscle 

hypertrophy is less clear. An interaction between Raf-MEK-ERK pathway and PI3K-Akt 

pathway plays a role in the process of muscle hypertrophy [122;155;219]. PI3 kinase activity is 

essential for induction of Raf/MEK/ERK activity [177]. ERK1/2 pathway and PI3K pathway are 

both activated when upstream Ras is activated. Transfection of Ras can promote activation of 

PI3K as well as Raf-1, and a dominant negative Ras mutant inhibits growth factor induced 

activation of PI3K [153]. Activated Akt phosphorylates Raf at a highly conserved serine residue 
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in its regulatory domain and inhibits activation of Raf/MEK/ERK signaling pathway [219]. The 

Akt-Raf interaction is dependent upon cellular context and dose of stimulus. Activation of Akt 

inhibits Raf activity in differentiated myotubes, but not in myoblast precursors [155]. High 

concentrations of IGF-I activates Akt strongly enough to inhibit Raf kinase activity, whereas low 

concentration of IGF-I retains mitogenic function that is insufficient to suppress Raf activity 

[122].  

2.3.3.7   Fibroblast Growth Factor 2 (FGF2)  

Among all the growth factors that regulate skeletal muscle hypertrophy, IGF-I, FGF2 and 

TGF-β are the most extensively studied. There are more than 20 FGF family members, and 

FGF1, 2, 4, 5, 6, 8 and 10 are expressed in muscle.  

FGF2 stimulates myoblast proliferation. Deletion of FGF2 signal through overexpression 

of a dominant negative FGF receptor 1 results in cell cycle withdrawal and suppression of 

myotube formation [53]. In vitro, FGF2 negatively regulates myogenesis. FGF2 blocks muscle-

specific gene expression and myotube fusion [55]. FGF2 localizes in the extracellular matrix of 

skeletal muscle fiber, and FGF2 accumulation augments muscle hypertrophy [205]. Inhibition of 

FGF receptor decreases muscle mass during embryonic development due to decreases in number 

of myoblasts, which suggests FGF2 is a positive regulator of muscle hypertrophy [53]. The 

possible mechanism for FGF2 stimulation of skeletal muscle hypertrophy may involve satellite 

cell activation and proliferation.  

2.3.3.8   Hepatocyte Growth Factor (HGF) 

Muscle satellite cells play a crucial role in muscle growth and injury repair. Normally 

satellite cells are in a quiescent state, until muscle growth or injury signals activate them. During 

the regeneration process, satellite cells proliferate, differentiate and express muscle specific 

proteins. Both in vivo and in vitro, HGF activates satellite cells [6]. HGF and its receptor, c-Met, 
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are localized to satellite cells and adjacent myofibers, and their expression is induced by muscle 

injury [75]. HGF and c-Met are expressed in developing limb buds, and c-Met null mouse 

embryos fail to form limb skeletal muscle [15]. HGF promotes proliferation and inhibits 

differentiation of satellite cells, and fetal and adult myoblasts [61]. HGF inhibits by repressing 

MyoD and myogenin transcription [61] HGF also causes the up regulation of twist, an inhibitor 

of differentiation and p27, a CDK inhibitor [103]. 

The actions of HGF are mediated by downstream induction of PI3K and ERK1/2 [102]. 

Grb2 is essential for phosphorylation of ERK1/2 and repression of myogenesis by HGF. Grb2 

binds to PI3K in muscle cells and prompts elevated ERK1/2 activity [70].  

2.3.4   Growth Factors and Cytokines that Inhibit Muscle Hypertrophy 

2.3.4.1   Transforming Growth Factor β (TGF-β) 

TGF-β family is an important negative regulator of skeletal muscle hypertrophy. TGF-β 

signals classically through Smad2 and Smad3 to disrupt all measures of muscle formation [108]. 

However, ERK1/2 phosphorylation can be induced by TGF-β in some cell types [128]. The 

importance of ERK1/2 and TGF-β signaling is underscored in myoblasts expressing constitutive 

Raf [193]. Strong sustained ERK1/2 signaling induces TGF-β and GDF-8 which may act as 

autocrine inhibitors of myogenesis.  

TGF-β inhibits myogenin-induced myogenesis in 10T1/2 fibroblasts. TGF-β treatment for 

30 minutes reversibly induces MEF2 translocation to the cytoplasm of myogenic cells, which 

prevents MEF2 from participating in the transcriptional activation complex at muscle specific 

promoters [38]. Using truncated type II TGF-β receptor as a dominant negative can inhibit 

myofiber formation and expression of MyoD, myogenin and other differentiation markers [52].  

Growth and differentiation factor 8 (GDF-8, also called myostatin), a member of TGF-beta 

family, is expressed in embryonic and adult skeletal muscle. GDF-8 null mice are significantly 
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larger than wild type animals with a 20-35% increase in muscle mass, which is result of both 

hyperplasia and hypertrophy [117]. Myostatin is a negative regulator of satellite cells. Myostatin 

inhibits myoblast proliferation through increasing p21 expression and decrease Cdk2 expression 

leading to an accumulation of Rb protein, which in turn arrests myoblasts in G1 phase of cell 

cycle [176].  

2.3.4.2   Tumor Necrosis Factor-alpha (TNF-α) 

TNF, IL-1 and IL-6 are inflammatory cytokines released by immune cells in response to 

foreign stimuli [187]. They are associated with the skeletal muscle catabolic response and have 

been shown to induce muscle wasting [187].  

TNF-α, also called cachectin, is expressed in diaphragm tissue, and anti-TNF-α antibody 

can prevent the deterioration of diaphragm muscle contractile properties [170]. TNF- α mediates 

skeletal muscle wasting through activation of NF-κB and AP-1 [192]. In C2C12 myoblasts, TNF 

induced NF-κB inhibits skeletal muscle differentiation by suppressing MyoD mRNA translation 

[68]. 

2.3.4.3   Interleukin-6 (IL-6) 

IL-6 is a multifunctional cytokine that plays a major role in the inflammatory response and 

B-lymphocytes maturation [178]. Skeletal muscle produces IL-6, which is secreted into the 

plasma and increased during exercise [141]. IL-6 expression increases in myofibers after 

eccentric exercises, which indicates IL-6 may be related to muscle damage and regeneration 

caused by strenuous exercises [178]. Transgenic mice overexpressing  IL-6 show muscle atrophy 

due to increased catheptic enzyme activity [181]. In addition, treatment with IL-6 receptor 

antibody can block the muscle atrophy and is effective against muscle wasting from sepsis and 

cancer cachexia [182].  
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The actions of IL-6 are mediated through STAT3 and ERK1/2 [4]. Human muscle cells 

treated with IL-6 demonstrate rapid phosphorylation of ERK1/2. LIF, a member of the IL-6 

family, inhibits muscle gene transcript and myoblast fusion via MEK-dependent phosphorylation 

of ERK1/2 [81]. Thus, ERK1/2 signals may contribute to interleukin-mediated muscle atrophy. 

2.4   Summary of ERK1/2 Effects on Skeletal Myogenesis 

Muscle hypertrophy is promoted by IGF-I mediated signaling.  IGF-I provokes two major 

intracellular signaling pathways; the ERK1/2 signaling cascade and the PI3K pathway.  Initiation 

of ERK1/2 activity in response to IGF-I typically results in mitogenesis, although significant 

crosstalk exists between the ERK and PI3K systems.  ERK1/2 activity inhibits myocyte 

formation independent of continued cell cycle progression.  Importantly, the absolute levels of 

ERK1/2 signaling appear to affect myogenic decisions.  Low-level ERK2 activity is associated 

with differentiation while sustained ERK1 and ERK2 activity is correlated with inhibition of 

myogenesis.  Thus, signal transmission through ERK1/2 may have divergent effects on muscle 

form and function.   
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Table 2-1. MRF null phenotypes 
Genotype Viability Phenotype Reference 
MyoD[101] Viable  No obvious defects in skeletal muscle; with 

increase myf5 expression 
 

[19;157] 

myf5[101] Perinatal 
death  

 

With normal muscle, defects in rib development [20] 

myogenin[101] Perinatal 
death 

Severe defects in differentiated muscle fiber, but 
with normal numbers of myonuclei 

 

[73;129] 

MRF4[101] viable Defective rib cage; high level of myogenin 
expression 

 

[139;217] 

MyoD[101] 
myf5[101] 

Dead right 
after borth 

 

Complete absence of myoblasts and muscle fiber [158] 

myogenin[101] 
MyoD/myf5 
/MRF4[101] 

 

Perinatal 
death 

 

Same phenotype as myogenin[101] mice [148;149] 

myogenin[101] 
MyoD[101] 
MRF4[101] 

 

Perinatal 
death 

 

Same phenotype as myogenin[101] mice [185] 

MyoD[101] 
MRF4[101] 

Perinatal 
death 

Same phenotype as myogenin[101] mice [149] 
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Figure 2-1. MAPK signaling cascade 
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Table 2-2. Summary of MAPK knockout mice phenotypes 
Genotype Viability Phenotype Reference 
ERK1[101] Viable Defects in thymocyte development, enhanced 

long-term memory 
 

[116;137] 

ERK2[101] Embryonic 
lethal 

Defective in placenta development 
 
 

[74] 

JNK1[101] Viable Defective in T cell activation and apoptosis of 
thymocytes 
 

[162] 

JNK2[101] Viable Defective in T cell activation and apoptosis of 
thymocytes 
 

[160] 

JNK1[101] 
JNK2[101] 

Embryonic 
lethal  

Defective in neural tube closure,  
UV-induced apoptosis 
 

[94;161;180] 

JNK3[101] Viable Defective in neuroprotection and stress-induced 
neuronal apoptosis 
 

[208] 

p38α[101] Embryonic 
lethal 
 

Defective placental angiogenesis [1;127] 

p38β[101] 
p38γ[101] 
 

Viable No obvious phenotype [95] 

ERK5[101] Embryonic 
lethal 

Defective blood vessel and myocardium [150;173;206] 
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Table 2-3. Regulatory factors of skeletal muscle hypertrophy 
Regulatory factors Positive Negative 

Exercise  Strength training [48] 
Resistance exercise [48] 
 

 

Nutrition Dietary protein supplement [48] 
 

 

Hormones Testosterone [189] 
Growth hormone [57] 
 

Cortisol  [79] 

Growth factors IGFs [114] 
FGFs [205] 
HGF [75] 
 

IL-1 [30] 
 IL-6 [181] 
TNF-α [154] 
TGF-β [220] 
 

Others  Muscle satellite cells [75] Muscle damage 
Aging [48] 
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Figure 2-2. Signaling pathway involved in IGF-I induced skeletal muscle hypertrophy. 
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CHAPTER 3 
MATERIALS AND METHODS 

3.1   Cell Culture, Plasmids, and Transfection 

 C2C12 myoblasts were cultivated on gelatin-coated tissue culture plasticware in high 

glucose Dulbecco’s modified Eagle’s medium supplemented with 15% fetal bovine serum, 1% 

penicillin–streptomycin, and 0.5% gentamycin (Invitrogen, Carlsbad, CA). Differentiation was 

induced by culture in low glucose DMEM supplemented with 2% horse serum, 1% penicillin–

streptomycin, and 0.5% gentamycin. Where appropriate, FGF2 was supplied at 5ng/mL and IGF-

I was supplemented at 250 ng/mL levels (R&D Systems, Minneapolis, MN). Inhibition of 

MEK1/2 activity was accomplished by supplementation of culture medium with 25 µM 

PD98059 (Cell Signaling, Beverly, MA).  

3.2   RNA Interference 

 Small interfering RNAs were constructed using an artificial neural network [76]. The 

double-stranded oligonucleotides coding for siRNA directed against mouse ERK1 mRNA were 

5′-AATGTTATAGGCATCCGAGAC, targeting a region spanning 312–333 and 5′-

AAGCCTTCCAATCTGCTTATC, targeting the region spanning 519–540. Oligonucleotide 

sequences of the DNA coding for siRNA against ERK2 were 5′-

AAAGTTCGAGTTGCTATCAAG and 5′-AAGAGGATTGAAGTTGAACAG, complimentary 

to nucleotide sequences 355–376 and 1111–1132 of mouse ERK2 mRNA. The double-stranded 

DNAs were cloned first in to RNAi-Ready pSIREN-RetroQ-ZsGreen Retroviral Vector (BD 

Biosciences Clontech). Single pSIREN-RetroQ-ZsGreen plasmid coding for ERK1 or ERK2 

siRNA was transfected into PT67 packaging cell line by calcium phosphate precipitation [82].  

The growth medium with virus was collecting between 24 hours and 72 hours after transfection. 

Add polybrene to the medium to a final concentration of 4 µg/mL and then filter the medium 
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through 0.45 µm filter. Then the retrovirus was used to infected C2C12 myoblasts for 48 hours. 

The double-strand nucleotides were also cloned into the pSilencer vector (Ambion, Woodlands, 

TX). Single or pairs of pSilencer plasmids coding for ERK1 or ERK2 siRNAs were transiently 

transfected into C2C12 myoblasts by calcium phosphate precipitate formation. The myoblasts 

were selected in growth medium containing 400 µg/mL G418 (Invitrogen, Carlsbad, CA) for 10 

days to create the stable cell lines, C2C12siERK1 and C2C12siERK2. C2C12siCon myoblasts 

stably express pSilencer containing a randomized 21 base pair cDNA insert.  

3.3   Luciferase Reporter Assay 

 C2C12siCon, C2C12siERK1, and C2C12siERK2 myoblasts (1 × 105) were co-

transfected with 1 µg of a multimerized AP1 DNA binding site driving expression of luciferase 

(AP1-Luc), 50 ng pRLtk, a Renilla luciferase expression plasmid as an efficiency monitor, and 

0.5 µg of pCS2 + MT or pCS2 + MT-RafBXB [82]. After 48 h in growth medium, the cells were 

lysed and luciferase activities measured (Dual-Luciferase Reporter kit, Promega, Madison, WI). 

Transfection efficiency was normalized by pRLtk activity.  The assay was repeated three times. 

3.4   BrdU Incorporation 

 A BrdU incorporation assay was performed to measure DNA synthesis. C2C12siCon, 

C2C12siERK1, and C2C12siERK2 myofibers were incubated with fresh medium containing 10 

µM BrdU for 30 min, and then BrdU immunocytochemistry staining and label index counting 

were performed. The BrdU labeling index was assessed by point counting a total of 400 to 1000 

nuclei in 6-8 representative fields. The labeling index was counted as the number of positively 

labeled nuclei divided by total number of nuclei times 100%. 
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3.5   Western Blot 

 C2C12siCon, C2C12siERK1, and C2C12siERK2 myofibers were lysed in 4× sample 

buffer (250 mM Tris, pH 6.8, 8% SDS, 40% glycerol, and 0.4% β-mercaptoethanol) and heated 

at 95 °C for 5 min. Proteins were separated through 10% polyacrylamide gels under denaturing 

conditions and transferred to nitrocellulose membrane. The membranes were incubated with 5% 

nonfat dried milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.1% Tween 20) to block 

non-specific binding sites. Blots were incubated overnight at 4 °C with anti-ERK1/2, anti-

phosphoERK1/2, anti-Akt or anti-phosphoAkt (Cell Signaling, Danvers, MA) or for 1 h at room 

temperature with anti-myosin heavy chain (MF20), anti-myogenin (F5D), anti-desmin 

(D3,Developmental Studies Hybridoma Bank, University of Iowa, Ames, IA) or anti-troponin T 

[188]. After extensive washes with TBST, the blots were incubated with appropriate peroxidase-

conjugated secondary antibody for 1 h, following by chemiluminescent detection (ECL, 

Amersham, Piscataway, NJ) and exposure to X-ray film.  

3.6   Immunocytochemistry 

 C2C12siERK1, C2C12siERK2, and C2C12siCon cells were fixed with 4% 

paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature. Non-

specific antigen sites were blocked with PBS containing 5% horse serum and 0.1% Tween 20. 

Cultures were incubated with anti-myosin heavy chain (MF20, 1:10 hybridoma supernatant) for 

1 h. After exhaustive rinses with PBS, the fixed cultures were incubated with donkey anti-

mouse-AlexaFluor488 antibodies. Cultures were counterstained with Hoescht 33325 for the 

visualization of nuclei. Immunofluorescence was detected with a Nikon TE2000 inverted phase 

microscope equipped with epifluorescence. Representative images were captured with a 

DMF1200 digital camera and compiled with Lucia Imaging software. For the detection of BrdU 

incorporation, myoblasts were fixed with 70% ethanol for 1 h at 4 °C. DNA was denatured with 
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2 N HCl for 1 h in 37 °C. Fixed cultures were neutralized and incubated with anti-BrdU (1:50, 

Invitrogen-Molecular Probes, Carlsbad, CA) for 1 h at room temperature. Subsequently, cells 

were incubated with goat anti-mouse-biotin and streptavidin–peroxidase (ABC kit, Vector Labs, 

Burlingame, CA). Labeled nuclei were visualized colorimetrically using 3,3′-diaminobenzidine 

and nickel chloride. 
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CHAPTER 4 
RESULTS 

4.1   Preliminary Experiment 

To test the discrete functions of ERK1 and ERK2, a cDNA coding for one siRNA for each 

ERK isoform was synthesized and cloned into RNAi-Ready pSIREN-RetroQ-ZsGreen 

Retroviral Vector. This vector contains a cDNA coding for Green Fluorescence Protein (GFP) 

that allows for identification of transduced cells. pSIRENsiERK1 or pSIRENsiERK2 were 

transfected into the packaging cell line PT67, and replication defective retrovirus were harvested.  

C2C12 myoblasts were transduced with the retrovirus and infection efficiency was monitored by 

fluorescent GFP detection. Results indicate less than 10% of C2C12 myoblasts were infected 

(Figure 4-1).  To evaluate siRNA knockdown, total cellular protein lysates were prepared from 

C2C12 infected by ERK1 or ERK2 siRNA and uninfected control C2C12 myoblasts, and 

analyzed by Western blot for ERK1 and ERK2 proteins (Figure 4-2). The C2C12 myoblasts 

infected with ERK1 or ERK2 siRNA had no significant reduction in ERK1 and ERK2 protein by 

comparison with control cells. Due to low infection rates and poor knockdown of ERK1 and 

ERK2, this method was discontinued. 

To increase the proportion of cells incorporating ERK1 or ERK2 siRNA, two stable 

myogenic cell lines constitutively expressing a single siRNA were synthesized. siRNAs were 

cloned into pSilencer vector and selected for neomyosin resistance after tranfection of C2C12 

myoblasts. The protein expression level was analyzed by Western blot for ERK1/2 and α-tubulin. 

Compared to control cells, C2C12 with single siRNA of ERK1 or ERK2 had no reduction in 

ERK kinase expression (Figure 4-3).  



 

54 

4.2   Creation and Validation of ERK1 and ERK2 siRNA  

 Stable myogenic cell lines incorporating a single siRNA is inefficient, therefore, two 

siRNAs for each target kinase were synthesized using an artificial neural network program [76]. 

C2C12 myoblasts were transfected with plasmids coding for the ERK siRNAs followed by 

selection for neomycin resistance. To evaluate the level of message knockdown, total cellular 

protein lysates were prepared from C2C12siCon, C2C12siERK1, and C2C12siERK2, and 

analyzed by Western for ERK1/2 protein expression (Figure 4-4A). Control myoblasts readily 

synthesize the two kinases. C2C12siERK1 and C2C12siERK2 both produce severely reduced 

amounts of the ERK proteins. The siRNAs are specific for the targets of interest as no alterations 

in protein size or concentration of the reciprocal kinases were observed. Residual kinase activity 

was measured by Western using an antibody against phospho-ERK1/2. C2C12siERK1 contained 

a higher relative amount of phosphoERK2 than controls (C2C12siCon). C2C12siERK2 

contained a severe reduction in both total and phosphoERK2. To quantify the reduction of the 

various forms of ERK1/2, replicate blots were analyzed by scanning densitometry. Results 

indicate that ERK1 protein expression is 80% lower than the amount synthesized by control 

myoblasts (Figure 4-4B). ERK2 and phosphoERK2 proteins are reduced 85% by comparison to 

controls. To verify that loss of ERK1/2 causes a biological response, C2C12siCon, 

C2C12siERK1, and C2C12siERK2 myoblasts were transfected with plasmids coding for 

activated Raf and an AP1-Luc reporter. As shown in Figure 4-5, C2C12siCon myoblasts contain 

ERK1/2 proteins that promote the efficient transcription from AP1-Luc. A reduction in ERK1 or 

ERK2 protein results in a decrease in Raf/ERK directed reporter gene expression.  

4.3   Optimal Myoblast Proliferation Requires One Functional ERK Enzyme  

 ERK1/2 are involved in mitosis and cell proliferation [140]. Inhibition of their activation 

leads to growth arrest in many cells including myoblasts [83]. The necessity for each ERK 
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during myoblast proliferation was measured in C2C12siCon, C2C12siERK1, and C2C12siERK2 

myoblasts. Equal numbers of myoblasts were cultured for 4 days in mitogen poor medium. Cell 

numbers were measured daily. A representative growth curve is shown in Figure 4-6. 

Knockdown of ERK1 mRNA did not elicit an effect on myoblast proliferation. C2C12siCon and 

C2C12siERK1 expanded at comparable rates. Myoblasts synthesizing reduced levels of ERK2 

tend to grow slower than either controls or siERK1 myoblasts, although this is not statistically 

significant. To confirm variable growth rates, the myoblast populations were cultured for 48 h 

under similar conditions and pulse labeled with BrdU for 30 min prior to fixation. Results 

indicate that 34%, 34%, and 28% of the cells are present in S-phase for cultures of C2C12siCon, 

C2C12siERK1, and C2C12siERK2, respectively, (Figure 4-7). The reduction in BrdU 

incorporation supports a tendency toward depressed growth rates of ERK2 deficient myoblasts. 

To determine if both ERK proteins are necessary for the mitogenic response to FGF2 or IGF-I, 

cultures of C2C12siCon, C2C12siERK1, and C2C12siERK2 were treated for 48 h with the 

growth factors. BrdU incorporation was measured during the final 30 min of treatment. 

Treatment of control myoblasts with 5 ng/mL FGF2 causes a 2-fold increase in the numbers of 

actively dividing cells (Figure 4-7). A similar response was found in C2C12siERK1 myoblasts 

treated with the mitogen. The increased cell division was somewhat tempered in C2C12siERK2 

myoblasts treated with FGF2, though not significant. In a similar manner, C2C12siCon, 

C2C12siERK1, and C2C12siERK2 myoblasts proliferate in response to IGF-I treatment. Thus, 

efficient myoblast proliferation necessitates a single functional ERK allele.  

4.4   ERK2 is Necessary for Efficient Myofiber Formation  

 The effects of differential ERK1 and ERK2 function on myofiber formation and muscle 

gene expression were examined in C2C12 myoblasts. C2C12siCon, C2C12siERK1, and 

C2C12siERK2 myoblasts were induced to differentiate by culture in 2% horse serum for 48 h. 
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Cultures were fixed and immunostained for myosin heavy chain (MyHC), a marker of terminal 

differentiation. The scrambled siRNA did not interfere with the ability of C2C12 myoblasts to 

differentiate (Figure 4-8). Large multinucleated myofibers were apparent that readily expressed 

the contractile protein. A similar result was evident in cultures of C2C12siERK1 cells. By 

contrast, C2C12siERK2 myoblasts failed to fuse into large syncitia. A portion of the myoblasts 

expressed MyHC but these cells were mononucleated with a spindle- like morphology. A 

differentiation index was calculated as the numbers of nuclei in MyHC expressing myofibers 

divided by the total number of nuclei. By comparison to control and C2C12siERK1 cells, 

C2C12siERK2 myoblasts formed 50% fewer myosin-expressing cells (Figure 4-9). Coincident 

with the reduced differentiation capabilities is a severe impairment in myoblast fusion. A fusion 

index was calculated as the number of MyHC immunopositive fibers with two or more nuclei 

divided by the total number of nuclei. C2C12siERK2 myoblasts possess fewer than 5% 

multinucleated MyHC expressing fibers. These results argue that ERK2 signaling is needed for 

optimal differentiation and myoblast fusion. Alternatively, myofiber formation may require 

elimination of an ERK1 signal. To clarify the role of ERK2 as a positive effector of myogenesis, 

confluent cultures of C2C12siERK2 myoblasts were treated with 25 µM PD98059 under 

differentiation-permissive conditions. The concentration of PD98059 is sufficient to inhibit the 

phosphorylation of ERK1 (Figure 4-10). After 48 h, the cells were fixed and immunostained for 

MyHC expression. As shown in Figure 4-11, no increase in the numbers or size of MyHC 

expressing myofibers is apparent. Because inhibition of ERK1 function does not restore the 

myogenic program, ERK2 must play an essential role during myogenesis. 

4.5   ERK2 Knockdown Inhibits Myogenin Protein Expression 

 Myogenin expression is a requisite for efficient myofibers formation and muscle gene 

expression [73]. The reduction in fiber number and contractile protein expression suggested that 
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myogenin expression was compromised. Therefore, equal amounts of protein were analyzed by 

Western blot using antibodies specific for myogenin and a-tubulin (Figure 4-12). C2C12siERK2 

myoblasts synthesize significantly less myogenin protein. To determine if restoration of 

myogenin protein expression can alleviate the block to optimal muscle formation in ERK2 

deficient myoblasts, the cells were treated with IGF-I [183]. In brief, C2C12siERK2 myoblasts 

were grown for 48 h in differentiation medium supplemented with 250 ng/mL IGF-I. Total 

cellular lysates were isolated and analyzed for myogenin protein expression. IGF-I 

supplementation increased relative myogenin protein levels in C2C12siERK2 myoblasts to levels 

comparable to untreated C2C12siCon myoblasts. The amount of myogenin protein was 

quantified and corrected for a-tubulin expression. As shown in Figure 4-13, C2C12siERK2 

myoblasts synthesize myogenin at concentrations less than 60% of wildtype. Treatment of 

C2C12siCon, C2C12siERK1, and C2C12siERK2 myoblasts with IGF-I increased the amount of 

myogenin protein, as expected [183]. 

4.6   IGF-I Signaling Partially Restores Myogenin Expression and Myofiber Formation  

 To determine if increased myogenin expression can restore differentiation and fusion to 

ERK2 deficient myoblasts, C2C12siCon, C2C12siERK1, and C2C12siERK2 myoblasts were 

cultured with IGF-I for 48 h prior to fixation and assessment of differentiation. 

Immunocytochemical staining for MyHC in IGF-I treated C2C12siERK2 myoblasts noted the 

appearance of larger myofibers containing three or more nuclei (Figure 4-14). Approximately 

10% of the total nuclei were present in MyHC immunopositive myofibers that contained two or 

more nuclei (Figure 4-15). Interestingly, C2C12siERK1 myoblasts contain no detectable ERK1 

protein and are more responsive to IGF-I treatment. The numbers of nuclei found in myofibers 

doubles in C2C12siERK1 cultures receiving ectopic IGF-I. Treatment with IGF-I for 48 h did 

not significantly increase the total number of nuclei (one or more) contained within myosin 
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expressing cells (Figure 4-16). These results suggest that ERK2 is necessary for myogenin 

expression, which promotes myoblast fusion. 

 A major intracellular signaling cascade invoked by IGF-I involves the sequential 

activation of PI3-kinase and Akt [80;105]. Inhibition of PI3-kinase signaling leads to a complete 

loss of myofiber formation in avian and rodent myoblasts [80;85;144] To ensure that the 

preferred IGF-I signaling system is intact in the ERK deficient myoblasts, confluent cultures of 

C2C12siCon, C2C12siERK1, and C2C12siERK2 myoblasts were treated with IGF-I for 

48 h. Total cellular lysates were prepared and analyzed by Western for Akt and phosphoAkt 

(Figure 4-17). As predicted, IGF-I treatment caused a significant increase in the amounts of 

active Akt in all instances. Thus, the inability of IGF-I to more fully restore the differentiation 

program to ERK2 deficient myoblasts is not due to a faulty PI3 kinase-mediated intracellular 

signaling system. 

4.7   FGF2 Does Not Signal Exclusively through Either ERK1 or ERK2 to Inhibit 
Myogenesis 

 FGF2 is an extremely potent antagonist to muscle formation in vitro [134]. The growth 

factor stimulates ERK1/2 phosphorylation in C2C12 myoblasts and inhibition of ERK1/2 

function leads to an increase in myogenin and MyHC protein expression [120]. Becaue 

C2C12siERK1 myoblasts readily form large myofibers; we examined the possibility that biased 

ERK2 function could deter the inhibitory actions of FGF2 on myogenesis. To this end, 

C2C12siCon, C2C12siERK1, and C2C12siERK2 myoblasts were induced to differentiate in the 

presence or absence of 5 ng/mL FGF2. Myoblast cultures were fixed and immunostained for 

MyHC expression and a differentiation index was constructed. Parallel cultures were lysed for 

Western blot analysis. As shown in Figure 4-18, treatment with FGF2 effectively eliminated 

myofiber formation in all myoblast cell types. Fewer than 5% of the C2C12siCon, 
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C2C12siERK1 or C2C12siERK2 myoblasts fused into multinucleate fibers (Figure 4-19). 

Western blot analysis using anti-MyHC and anti-myogenin revealed that neither of the 

aforementioned proteins is synthesized in FGF2 treated myoblasts (Figure 4-20). Thus, all 

measures of morphological and biochemical differentiation are ablated by FGF2 treatment of 

wildtype, ERK1 or ERK2 deficient myoblasts. Previous reports indicate that inhibition of the 

upstream kinase, MEK1/2, reverses the suppression actions of FGF2 [120;179]. A similar result 

is found in the ERK1 and ERK2 deficient myoblasts (Figure 4-20). Treatment with 25 µM 

PD98059, a concentration that prevents efficient phosphorylation of ERK1/2 resulted in an 

increase in muscle protein expression. However, myogenic protein levels remained lower than 

those found in nontreated controls. 
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Figure 4-1. C2C12 myoblasts transduced with pSIRENsiERK1 and pSIRENsiERK2. C2C12 
myoblasts were infected with retrovirus containing single siRNA specific against 
ERK1 and ERK2. Cells were cultured in growth medium for 48 h. Representation 
phase as 200x showing GFP transduced cells (A, B) and corresponding phase contrast 
microscopic field (C, D). 
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Figure 4-2. C2C12 myoblasts transduced with pSIRENsiERK1 or pSIRENsiERK2 does not 
inhibit ERK1/2 expression. C2C12 myoblasts were infected with retrovirus 
containing single siRNA specific against ERK1, ERK2 or scambled control 
oligonucleotide. Cells were cultured in growth medium for 24 h. Then total protein 
isolates were harvested and analyzed by Western blot for total ERK1 and ERK2 
protein, or tubulin protein expression. 
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Figure 4-3. C2C12 myoblasts stable expressing single siERK1 or siERK2 does not inhibit 
ERK1/2 expressio. C2C12 myoblasts were transfected with single siRNA specific 
against ERK1, ERK2 or scambled control oligonucleotide. Cells were cultured in 
growth medium for 24 h. Then total protein isolates were harvested and analyzed by 
Western blot for total ERK1 and ERK2 protein, or tubulin protein expression. 
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Figure 4-4. Stable expression of siRNA directed against ERK1 or ERK2 reduces ERK1/2 protein 
levels. A) C2C12 myoblasts were selected for stable expression of a siRNA against 
ERK1, ERK2 or scambled control oligonucleotide. Total protein isolates were 
harvested and analyzed by Western blot for total ERK1 and ERK2 protein, active 
ERK1/2 or tubulin protein expression. B) Scanning densitometry was used to qualify 
the reduction in protein production. Data represent means and standard errors for 
three impendent experiments. 
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Figure 4-5. Knockdown of ERK1 or ERK2 affects AP1 luciferase activity. C2C12siCon, C2C12 
siERK1 and C2C12siERK2 myoblasts were transiently transfected with AP1-Luc, 
pRLtk, and pCS2+MT or pCS2+MT-RafBXB. Luciferase activities were measures 
after 48 h in culture. Relative AP1-Luc was calculated as AP1-Luc/pRLtk. Data 
represent means and standard errors for three impendent experiments. 
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Figure 4-6. Knockdown of ERK1 or ERK2 does not prevent myoblast proliferation. 
C2C12siCon, C2C12siERK1 and C2C12siERK2 myoblasts were seeded at equal 
density and cultures in reduced serum medium for 5 days, cell numbers were 
measured daily. 
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Figure 4-7. Knockdown of ERK1 or ERK2 does not affect the mitogenic response. C2C12siCon, 
C2C12siERK1 and C2C12siERK2 myoblasts were cultured as described for 48 h in 
the presence or absence of 5 ng/mL FGF2 or 250 ng/mL IGF-I. Thirty minutes prior 
to fixation, cekks were pulsed with BrdU. Immunopositive BrdU nuclei and total 
nuclei were counted. Mitotic index was calculated as [BrdU(+)/total]*100. Means and 
standard errors of three independent experiments are shown.  
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Figure 4-8. ERK2 deficiency leads to myogenic arrest. C2C12siCon, C2C12siERK1 and 
C2C12siERK2 myoblasts were cultured in differentiation-permissive medium for 48 
h prior to fixation and immunostaining for myosin heavy chain. Total nuclei were 
visualized by Hoechst stain. 
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Figure 4-9. ERK2 deficiency leads to repression of differentiation and fusion of myoblasts. 
C2C12siCon, C2C12siERK1 and C2C12siERK2 myoblasts were cultured in 
differentiation-permissive medium for 48 h prior to fixation and immunostaining for 
myosin heavy chain. Total nuclei were visualized by Hoechst stain. A differentiation 
index was calculated as the number of nuclei in MyHC(+) fibers/total nuclei*100. A 
fusion index was calculated as the number of fibers containing a minimum of two 
nuclei divided by total nuclei. 
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Figure 4-10. Treatment with PD98059 inhibits activation of ERK1/2 and active ERK1/2. 
C2C12siERK2 myoblasts were differentiated for 48 h in the presence or absence of 
25 µM PD98059. Cultures were lysed lysed and equal amounts of protein were 
analysed by Western for total ERK1/2 protein, active ERK1/2 protein or tubulin 
protein expression.  
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Figure 4-11. Treatment with PD98059 does not affect C2C12siERK2 differentiation. 
C2C12siERK2 myoblasts were differentiated for 48 h in the presence or absence of 
25 µM PD98059. Myoblasts were fixed and immunostained for MyHC. Total nuclei 
were visualized by Hoechst stain. 
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Figure 4-12. ERK2 deficiency causes a reduction in myogenin protein expression. C2C12siCon, 
C2C12siERK1 and C2C12siERK2 myoblasts were maintained in differentiation 
medium for 48 h. Cultures were lysed and equal amounts of protein were analyzed by 
Western for myosin heavy chain, myogenin, troponin, desmin and tubulin.  
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Figure 4-13. ERK2 deficiency causes reducted myogenin expression in C2C12siERK2 
myoblasts is partially restored by IGF-I treatment. C2C12siCon, C2C12siERK1 
and C2C12siERK2 myoblasts were maintained in differentiation medium for 48 h 
in presence or absence of 250 ng/mL IGF-I. Cultures were lysed and equal 
amounts of protein were analyzed by Western for myogenin, desmin and tubulin 
(A). The relative amounts of myogenin protein were measured by scanning 
densitometry and ImageQuant software analysis. Myogenin content was 
normalized to α-tubulin (B). Results are means and standard errors of three 
independent analyses.  
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Figure 4-14. IGF-I treatment improves the differentiation capabilities of C2C12siERK2 
myoblasts. C2C12siCon, C2C12siERK1 and C2C12siERK2 myoblasts were 
differentiated in the presence or absence of 250 ng/mL IGF-I for 48 h. The cells 
were fixed and immunostained for myosin heavy chain expression. 
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Figure 4-15. Myotube fusion index of IGF-I treated myoblasts. C2C12siCon, C2C12siERK1 
and C2C12siERK2 myoblasts were differentiated in the presence or absence of 
250 ng/mL IGF-I for 48 h. The cells were fixed and immunostained for myosin 
heavy chain expression. The numbers of myofiber nuclei and total nuclei were 
counted in 10 random microscope fields under 200x. Fusion index was calculated 
as the number of MyHC(+) fibers containing two or more nuclei/total number of 
nuclei (x100). Means and standard errors of means from three independent 
experiments are shown. 
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Figure 4-16. Differentiation index of IGF-I treated myoblasts. C2C12siCon, C2C12siERK1 
and C2C12siERK2 myoblasts were differentiated in the presence or absence of 
250 ng/mL IGF-I for 48 h. The cells were fixed and immunostained for myosin 
heavy chain expression. The numbers of myofiber nuclei were and total nuclei 
were counted in 10 random microscope fields under 200x. Differentiation index 
was calculated as MyHC(+) nuclei/total nucleix100. Means and standard errors of 
means from three independent experiments are shown. 
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Figure 4-17. ERK2 insufficiency does not disrupt IGF-I induced Akt phosphorylation. 
C2C12siCon, C2C12siERK1 and C2C12siERK2 myoblasts were differentiated in the 
presence or absence of 250 ng/mL IGF-I for 48 h prior to lysis. Equal amounts of 
protein were analyzed by Western blot for total and phosphorylated Akt and tubulin. 
IGF-I stimulates phosphorylation of Akt in all cell types. 
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 Figure 4-18. FGF2 requires one functional ERK isoform to inhibit myogenic differentiation.   
C2C12siCon, C2C12siERK1 and C2C12siERK2 myoblasts were treated for 48 h   
differentiation –permissive medium supplemented with 5 ng/mL FGF2. Cultures were 
fixed and immunostained for myosin heavy chain expression.  
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Figure 4-19. Differentiation index of FGF2 treated myoblasts. C2C12siCon, C2C12siERK1 and 
C2C12siERK2 myoblasts were treated for 48 h in differentiation–permissive medium 
supplemented with 5 ng/mL FGF2. Cultures were fixed and immunostained for 
myosin heavy chain expression. A differentiation index was calculated as the number 
of nuclei in MyHC(+) fiber/total number of nuclei x100.  
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Figure 4-20. FGF2 inhibits myogenic differentiation through either ERK isoform. Parallel cultures 
of C2C12siCon, C2C12siERK1 and C2C12siERK2 were treated with 25 µM PD98059 
or DMSO. Lysates were analyzed by Western for myosin heavy chain, myogenin and 
tubulin. 
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CHAPTER 5 
DISCUSSION 

ERK2 is obligatory for trophoblast proliferation, mesoderm differentiation, and protection 

from apoptosis, in vivo [74;119;159;210;210]. A dual role as a modulator of both proliferation 

and differentiation is reflected in myoblasts that are deficient in ERK2.  

With regards to cell division, C2C12siERK2 myoblasts divide at a slower rate than ERK1 

knockdown or control muscle cells. The reduced rate of proliferation by these cells is evident at 

low density whereby, the myoblasts have an extended doubling time of 2 h by comparison to 

controls. Interestingly, as the cells increase in density, a critical number is reached such that 

growth rates are comparable to control cells. This would argue that low-density C2C12siERK2 

myoblasts are unable to produce, secrete, and/or respond to a factor needed for optimal growth. 

Alternatively, ERK2 deficient myoblasts may be more susceptible to apoptosis. ERK2 null 

embryos display elevated numbers of apoptotic cells that may be attributed to a failure to 

generate mesoderm [210]. We did not measure apoptosis directly, however, no striking increases 

in pycnotic nuclei or detached cells were observed in C2C12siERK2 myoblasts. The slower 

growth rate of myoblasts devoid of ERK2 also argues that ERK1 is unable to compensate for the 

proliferative effects of the ERK2 isoform. In myoblasts that contain adequate to elevated levels 

of functional ERK1, no detectable increase in growth rate or numbers of cells in S-phase was 

observed. These results are similar to those found in the ERK2 null embryo; pulse labeling 

studies demonstrated that wild-type and ERK2(−/−) embryos incorporated BrdU at equivalent 

rates and levels [210]. The mitogenic actions of ERK2 are further substantiated by reports that 

ERK1(−/−) mice are viable, fertile, and of normal size [116]. Our results demonstrate that loss of 

ERK2 causes a reduction in growth rate without altering the levels of phosphorylated or 

activated ERK1. Therefore, ERK1 cannot substitute for ERK2 as a modulator of cell division.  
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The most prominent feature of ERK2 deficient myoblasts is their inability to form large 

multinucleated myofibers. C2C12siERK2 myoblasts undergo suboptimal differentiation that is 

characterized by a 50% reduction in the numbers of myosin expressing cells. Western blot 

analysis indicates that these myoblasts retain their myogenic identity as measured by their 

unperturbed expression of desmin. C2C12siERK2 muscle fibers are stunted and typified by a 

single myonuclei. The differentiation-defective phenotype is accredited to compromised ERK2 

expression as treatment with a chemical inhibitor to prevent ERK1 activity does not re-establish 

muscle gene expression and morphological differentiation. Myogenin is required for terminal 

differentiation of myoblasts and myogenin (−/−) mice contain no myofibers [7;129;191]. ERK2 

knockdown myoblasts produce limited amounts of myogenin protein and as predicted, the 

myoblasts are differentiation defective. The block to myofiber formation may be partially 

attributed to reduced myogenin expression. Supplementation of the culture medium with 

recombinant IGF-I restores myogenin protein synthesis to levels comparable to controls. 

However, the C2C12siERK2 myoblasts remain differentiation defective. An increase in the 

numbers of myofibers (>3 myonuclei) is observed but these numbers are 60% lower than 

controls. Interestingly, C2C12siERK1 myoblasts that synthesize abundant amounts of ERK2 are 

more responsive to the actions of IGF-I. A 2-fold increase in the number of myonuclei found 

within mature fibers is noted. These results argue that ERK2 is necessary for myoblast fusion; 

loss of ERK2 inhibits fusion and overproduction of ERK2 promotes myogenesis.  

Multiple reports detail growth factor induction of ERK1/2 activity that leads to an 

inhibition of myogenesis. Myostatin stimulates ERK1/2 phosphorylation that suppresses 

myogenin expression in a MEK-dependent manner [209]. Leukemia inhibitory factor (LIF) 

utilizes the Raf/MEK/ERK signaling cascade to inhibit C2C12 differentiation and repression is 
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relieved upon treatment with a MEK inhibitor [81]. FGF2, an ERK1/2 agonist, is regarded as a 

potent inhibitor of myogenesis [134]. FGF2 initiated ERK1/2 phosphorylation in C2C12 

myoblasts and 23A2 myoblasts severely impairs biochemical and morphological measures of 

muscle differentiation; inhibition of ERK1/2 activation reinstates the muscle gene program 

[179;197]. Our myoblast cell lines that are deficient in either ERK1 or ERK2 are responsive to 

the repressive actions of FGF2. Both C2C12siERK1 and C2C12siERK2 myoblasts fail to 

express markers of the terminal differentiation program in the presence of FGF2. The ability of 

FGF2 to severely restrict myogenesis in the ERK deficient myoblasts indicates that the growth 

factor indiscriminately utilizes either kinase isoform. Further support for this premise is 

demonstrated by restoration of myosin heavy chain and myogenin synthesis upon treatment with 

PD98059, a chemical MEK inhibitor. The restoration of myosin and myogenin expression does 

not reproduce wild-type levels thereby, suggesting that FGF2 uses additional signaling 

mechanism to impede myogenesis in its entirety.  
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CHAPTER 6 
IMPLICATIONS 

 Skeletal muscle is the largest tissue in the body representing 70% of the body mass. It is 

responsible for the stability of body posture and body movement. Skeletal muscle cell 

differentiation is a complex system that is highly regulated. Many growth factors and hormones 

can control this process through activation of various intracellular signaling pathways. Among 

these signaling cascades, the ERK1/2 pathway is a key regulator of skeletal myogenesis.  

The ERK1/2 signaling pathway plays an important role in skeletal muscle development, 

and is involved in the postnatal muscle growth, muscle repair and hypertrophy. This research 

focuses on the mechanism of how ERK1/2 work in vitro, which has potential use in human 

health and the meat industry. 

Skeletal muscle hypertrophy and hyperplasia are two mechanisms that lead to an increase 

in muscle mass. Many signaling pathways are involved in this process. Naturally or induced 

mutations in some signal molecules can promote this process to increase muscle mass. For 

example, myostatin, a member of TGF-β family, is an inhibitor of muscle differentiation. 

Mutation of myostatin can result in a heritable “double muscle” phenotype in cattle. Compared 

with normal cattle, myostatin-null cattle have an increased proficiency to convert feed into lean 

muscle and produce high quality meat with less bone, less fat and 20% more lean muscle on 

average [86]. From this study, ERK2 is required for myoblast differentiation. The ERK1-

deficient myoblast can fuse into fibers twice the size as control myoblast in response to IGF-I. 

This may be due to the ability of these cells to produce higher amount of ERK2. Thus, ERK2  
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overexpression may be associated with muscle hypertrophy. When ERK2 is over-produced or 

has a higher level of phosphorylation, animals may have the similar muscle-hypertrophy 

phenotype. The advantage of the ERK2-induced hypertrophy is no extra hormone supplement is 

needed. This may bring a big benefit for the animal science and meat production.  

Advanced age is associated with skeletal muscle atrophy. As people get older, there is a 

decrease in muscle mass as well as muscle function.  There are age-related impairments in the 

muscle responsiveness to overload and injury. Genetic researchers suggest muscle-derived IGF-I 

instead of hepatic IGF-I is an important factor in maintaining muscle mass and repairing muscle 

damage in old age. As muscle gets older, there is an age-related decrease in the IGF-I response 

[55]. Based on this work, IGF-I can induce a higher level of myoblast differentiation in the 

ERK2 overexpressed myoblast. When ERK2 activity is higher in the aged muscle, there may be 

an increase in muscle mass and repair capability. As a result, age-associated muscle atrophy may 

be reduced through increasing ERK2 activity in skeletal muscle.  

However, this work only focuses on the function of ERK2 in the cultured myoblast. It is 

crucial to build an in vivo model to verify the data from the in vitro experiments. An animal 

model with ERK2 protein knockdown or overexpression in skeletal muscle is a more powerful 

tool for examination of ERK2 function in vivo. 
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