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Abstract

The Myogenic Regulatory Factors (MRFs) Myf5, MyoD, myogenin and MRF4 are members of 

the basic helix-loop-helix family of transcription factors that control the determination and 

differentiation of skeletal muscle cells during embryogenesis and postnatal myogenesis. The 

dynamics of their temporal and spatial expression as well as their biochemical properties have 

allowed the identification of a precise and hierarchical relationship between the four MRFs. This 

relationship establishes the myogenic lineage as well as the maintenance of the terminal myogenic 

phenotype. The application of genome-wide technologies has provided important new information 

as to how the MRFs function to activate muscle gene expression. Application of combined 

functional genomics technologies along with single cell lineage tracing strategies will allow a 

deeper understanding of the mechanisms mediating myogenic determination, cell differentiation 

and muscle regeneration.
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I. Introduction

The myogenic regulatory factors (MRFs) form a select family of transcription factors whose 

function and activity represent a paradigm where a series of molecular switches determine 

the fate of an entire cell lineage. The MRFs are a group of four muscle-specific proteins 

including MyoD, Myf5, Myogenin and Myogenic Regulatory Factor4 (MRF4) that act at 

multiple points in the muscle lineage to cooperatively establish the skeletal muscle 

phenotype through regulation of proliferation, irreversible cell cycle arrest of precursor cells, 
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followed by a regulated activation of sarcomeric and muscle specific genes to facilitate 

differentiation and sarcomere assembly (1).

The discovery of MyoD was a landmark in the understanding of the processes of muscle 

differentiation. MyoD was the first of the MRF family identified and was cloned by 

screening a library containing a 1:1 mixture of myoblasts and differentiated myotubes in 

expression vectors for cDNAs that would convert cultured fibroblasts into skeletal myocytes. 

The three remaining MRFs were discovered shortly after this seminal finding through 

cloning by similar functional screens and by recovering cDNAs with homology to MyoD 

(2,3). Further investigations led to the notion that MRFs would be essential for muscle 

development, based on observations that over-expression of MyoD was sufficient to convert 

non-muscle cells into myoblast-like cells. Thus, MRFs form the core of the transcriptional 

network that leads to skeletal muscle development through direct binding to DNA. MyoD, 

Myf5, myogenin and MRF4 contain a basic helix–loop–helix (bHLH) domain that confers 

them with the ability to recognize the E-box sequence (CANNTG) in the regulatory 

sequences of target genes upon heterodimerization with a member of the ubiquitously 

expressed E-protein family of bHLH proteins (4).

Although MRF genes are expressed exclusively in myogenic cells during embryonic 

myogenesis, there are intrinsic differences at the protein domain level and in the timing and 

stages of myogenesis where they are expressed, reflecting underlying specificities in the 

roles of the RFs in muscle cell commitment and differentiation. These differences highlight 

the specific response of each of the MRFs genes to signaling cues and their interaction 

partners at the protein level, that to date remain poorly explored.

II. Embryonic development of skeletal muscle

Distinct transcriptional gene regulatory networks hierarchically control myogenic 

differentiation, each under the precise control of a master regulator present at specific 

temporal and spatial developmental stages (1). Each of the MRFs can act as a master 

regulator of myogenesis, whose ectopic expression can circumvent the natural gene 

regulatory program of a non-muscle cell towards a myogenic-like cell;however, the location, 

timing and expression levels of the MRFs during development are finely modulated to 

ensure the accurate progression of the developmental process.

The basic structure of skeletal muscle is patterned during embryogenesis (1,5,6). Paraxial 

mesoderm is formed bilaterally adjacent to the neural tube in the mouse embryo and 

becomes progressively segmented along the rostral-to-caudal axis to generate the somites. 

Through the influence of signaling molecules—such as Sonic Hedgehog (Shh), Wnt, and 

BMP emanating from the notochord, neural tube, surface ectoderm, and lateral plate 

mesoderm—the somites undergo a transition, partitioning into an underlying mesenchymal 

sclerotome and an overlying dermomyotome, where around embryonic day E8.0 expression 

of MRFs is first detected (Figure 1) (7). The lateral lips of the dermomyotome migrate to its 

ventral surface with the cells undergoing an epithelial-to mesenchymal transition to form a 

distinct myotome beneath the dermotome. The myotome eventually forms the skeletal 

muscles of the body and limbs, as a result of Shh signaling from the notochord and floor 
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plate, which induces Myf5 expression by the mab-related transcription factor 2 (Dmrt2) 

(8,9). Then the dorsomedial part of the myotome forms the epaxial myotome and is 

responsible for building the deep back muscles. The ventrolateral region or hypaxial 

myotome control the formation of the muscle of the body wall, where MyoD expression is 

induced at E10.5 by Wnt signaling from the dorsal endoderm and by BMP4 from the lateral 

mesoderm (10). MyoD activation also depends on the paired-like homeodomain factor 2 

(Pitx2), which lies genetically upstream of Pax3 (11). Sine oculis homeobox transcription 

factors 1/4 (Six1/4), with their coactivators Eya1/2, are also important players in MyoD 

expression (2). Together with Pax3, they respond to enhancer elements responsible for 

hypaxial somite and limb expression of Myf5 and MyoD. Finally, hypaxial myoblasts 

adjacent to the nascent limb buds are induced to delaminate and migrate into the limbs to 

form the limb muscles.

Transcripts for myogenin and MRF4 are first detected at E8.5 and E9.0, respectively, and 

their expression is evenly distributed throughout the myotome (10,12). Consistent with a 

dual role in both determination and differentiation of the muscle lineage, MRF4 transcripts 

show biphasic expression, whereby they are downregulated by E11.5, but reappear at E16.0 

in differentiated muscle fibers. Differences between the epaxial and hypaxial pool of 

myoblasts are evidenced at the molecular level by differing dependencies upon Myf5 and 

MyoD (13,14). Myogenesis then proceeds through several waves of differentiation, 

beginning with an initial group of embryonic myoblasts, which form the primary muscle 

fibers. These fibers serve as a scaffold for the secondary myofibers formed by the fusion of 

fetal myoblasts around E14.0 (15). Finally, a third wave of myogenic progenitors residing 

adjacent to existing fibers, called satellite cells, appear at the end of postnatal development 

and will allow for the hypertrophic growth of skeletal muscle after birth. At the end of 

postnatal development, some satellite cells enter quiescence but remain primed for activation 

and are responsible for skeletal muscle regeneration during the extent of the animal's 

lifetime (5).

Embryonic myogenic progenitors originated from the central region of the somitic 

dermomyotome are characterized by expression of the paired box transcription factors Pax3 

and Pax7 (16,17). Myogenesis during this stage of embryogenesis is controlled by the 

precise hierarchical induction of Myf5 and MyoD, followed by myogenin and MRF4. It is 

hypothesized that a subpopulation of myogenic precursor cells that do not express MRFs but 

retain Pax3 and Pax7 expression, are precursors of the adult satellite cells.

III. Post-natal skeletal muscle differentiation

At the postnatal satellite cell stage, Pax3 and Pax7 mark the presence of these muscle 

progenitors located underneath the basal lamina of adult myofibers (18). Although Pax7 is 

expressed in all satellite cells in the postnatal myofiber, not all satellite cells express Pax3. 

Gene expression analyses coupled with ChIP-seq studies of Pax7 and Pax3 in primary 

myoblasts have shown that while both transcription factors recognize the same DNA motifs, 

Pax7 has a higher affinity than Pax3 to homeodomain-binding motifs. While Pax3 binds a 

subset of Pax7 target genes that are mainly involved in the regulation of embryonic functions 

and maintenance of an undifferentiated phenotype, Pax7 specifically activates genes 
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involved in the maintenance of adult satellite cell phenotype from regulation of proliferation 

to inhibition of differentiation (19).

How Myf5 and MyoD expression is controlled in satellite cells and consequently their 

commitment towards the myogenic lineage is a topic of intense research. Recent reports 

have shown that although adult satellite cells do not express MyoD in resting conditions, the 

use of a MyoD-iCre mouse strain with a lineage-tracing reporter allele, suggests that 

irrespective of their anatomical location and embryological origin, all the progenitors 

derived from satellite cells transcribe MyoD prenatally (20). Notably, distinct populations of 

Myf5-positive and Myf5-negative satellite cells are present in adult muscles, as observed in 

Myf5-nlacZ reporter mice and by the direct detection of Myf5 protein levels (21,22).

To determine whether the Myf5-negative satellite cells represent a distinct population that 

has never expressed Myf5 during development, our laboratory generated a Myf5 Cre/R26R-
YFP mouse model, in which cells expressing Myf5 and their progeny are permanently 

labelled with yellow fluorescent protein (YFP). We determined that a subpopulation of 10% 

of total satellite cells has never expressed Myf5 during development (21). Importantly, 

satellite cells that do not transcribe Myf5 (YFP-) display long-term self-renewing capacity, 

whereas satellite cells that do transcribe Myf5 (YFP+) appear to behave more like committed 

progenitors.

Induction of Myf5 expression requires arginine methylation of Pax7 by the arginine 

methyltransferase Carm1 (23), which triggers the recruitment of the histone 

methyltransferase complex Wdr5-Ash2l-Mll2 (Kmt2) to the Myf5 locus, resulting in 

permissive chromatin modifications that stimulate transcriptional activation of Myf5 through 

asymmetric muscle stem cell divisions (24). In addition, it was found that satellite cells 

indeed transcribe the Myf5 gene, but the transcript remains untranslated in order to maintain 

these cells in a quiescent state through sequestration of the Myf5 transcripts in mRNP 

granules in a mechanism orchestrated by miR-31. Upon satellite cell activation, mRNP 

granule dissociation results in the release of sequestered transcripts and rapid translation of 

the Myf5 mRNAs (25).

In proliferating myoblasts, MyoD expression is induced by the transcription factors FoxO3, 

Six1/4 and Pax3 and Pax7 (26,27). An interesting aspect not largely addressed in the field is 

the relationship between nuclear localizationof loci containing genes expressed during 

myogenesis with their transcriptional status. For example, low-level MyoD transcription is 

induced through TFIID, correlating with MyoD locus spatial localization near the periphery 

of the nucleus. As differentiation proceeds towards myotube formation, the MyoD locus is 

relocated to the lumen of the nucleus where the factors TAF3/TRF3 promote MyoD 

expression (28). Under these conditions, MyoD induces Myogenin expression, which results 

in downregulation of Myf5 expression (29). This switch in expression from Myf5 to 

myogenin coincides with cell cycle exit and a commitment to differentiate (30). The 

combined activity of MyoD and Myogenin leads to the expression of the MRF-4 gene and 

other late muscle differentiation genes to permit the formation of multinucleated fibers. In 

mature muscle fibers, expression of MyoD and Myogenin is then downregulated, whereas 
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MRF4 continues to be expressed at high levels to act as the predominant MRF in mature 

differentiated muscle (12).

IV. Regulation of MRFs by signaling molecules

During embryonic development, vertebrate myogenesis is tightly regulated by a combination 

of signaling molecules secreted from the neural tube and the surrounding structures that 

synergistically induce the direct expression of MRFs to specify myogenic progenitors in 

somites and allow their differentiation (Figure 1) (31). These molecules are capable to 

induce myogenic specification, which include Wnts, Sonic hedgehog (Shh), the Notch 

receptor and bone morphogenetic proteins (BMPs) (5,32). Wnt proteins constitute a large 

family of glycoproteins with several members shown to be required for early myogenesis in 

somites (33). The canonical Wnt signaling pathway requires Wnts binding to the Frizzled 

receptors to activate the β-catenin/TCF transcriptional complex (34). In the presence of Wnt 

proteins, β-catenin translocates into the nucleus and binds members of the Tcf and Lef 

family of transcription factors, acting as a transcriptional coactivator to induce expression of 

target genes. Wnts binding to the Frizzled receptors can also activate non-canonical 

pathways, independently of the β-catenin/Tcf transcriptional complex (34).

During somitogenesis for example, Wnt1 and Wnt3a are secreted from the dorsal neural tube 

whereas Wnt6 and Wnt7a are secreted from the surface ectoderm (35), allowing for the 

specification of the dorsal part of the somites that will give rise to the dermomyotome. 

Explant cultures of paraxial mesoderm showed that Wnt1 binds to Fzd receptors 1 and 6 to 

induce myogenesis through direct activation of Myf5 expression via the canonical β-catenin 

pathway (36,37). Wnt7a however, preferentially activates MyoD through a PKC-dependent 

β–catenin-independent non-canonical pathway (38).

Along with the Wnt proteins, Shh, which is secreted from the notochord and dorsal neural 

tube, also acts in somitic tissue to induce myogenesis in vitro (39). Mammalian Hedgehog 

proteins-binding to the Patched1 receptor leads to de-repression of Smoothened activity, 

allowing for regulation of gene expression through nuclear translocation of Gli transcription 

factors. Interestingly, Shh knockout mice fail to express MyoD and Myf5 and to form 

epaxial myotome (8,40,41). During hypaxial muscle development, Shh signaling maintains 

Myf5 and MyoD expression in mouse limb buds and Shh−/− mice display severe deficiency 

of hypaxial limb muscles (42). Mechanistically, Shh directly induces

Myf5 expression through essential Gli-binding sites located in the Myf5 enhancer leading to 

the specification of myogenic progenitor cells (43). Using P19 cells, Voronova et al. showed 

that Gli2 transcription factor binds MyoD gene elements to regulate its transcription but also 

binds MyoD itself regulating its ability to induce skeletal myogenesis (44).

Altogether, these findings demonstrate that Wnts and Shh act synergistically for myogenic 

determination of unspecified cells. Supporting this idea, both Gli binding sites and Tcf/Lef 

sequences were identified in the early epaxial Myf5 enhancer explaining how both 

Hedgehog and Wnt signaling pathways respectively, can act together to activate Myf5 (37).
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In contrast to the Wnt and Shh proteins positively regulating the specification of myogenic 

progenitors, BMPs and Notch receptor inhibit the expression of the MRFs (45–47). They 

maintain the cells in an undifferentiated state, thus promoting the expansion of the 

progenitor cells rather than their differentiation. Belonging to the TGF-β superfamily, BMPs 

act through serine-threonine kinase receptors to activate the SMAD proteins and allow their 

translocation to the nucleus leading to the activation or repression of the target genes (48). In 

Xenopus, it was shown that MyoD and Myf5 expression requires a specific level of BMP 

signaling regulated by BMP4 from the ventral parts of the embryo and BMP antagonists 

such as Noggin from the dorsal regions of the embryo (49). In the chicken embryo, BMP4 is 

secreted from the plate mesoderm and maintains the lateral somitic cells as undifferentiated 

muscle progenitors by repressing Myf5 and MyoD expression (50). As observed for BMP 

signaling, active Notch signaling represses MyoD expression through the DNA-binding 

protein RBP-J and the transcriptional repressor Hes1 (51). Correlating with these findings, 

mutation of the Notch ligand Delta1 impairs Notch signaling, leading to an excessive 

myogenic differentiation and a loss of myogenic progenitors (47).

V. Mouse models to understand the contribution of MRFs on myogenesis

Despite this canonical perspective, MRFs are under strict regulatory mechanisms to ensure 

their expression during development and muscle regeneration. Moreover, regardless of the 

differences in their origin during embryogenesis, all myogenic progenitor cells share the 

same core components of the myogenic pathway. The generation of knockout mouse models 

for these genes has been instrumental to identify their role in myogenesis and to understand 

how they regulate each other’s expression.

Interestingly, mice lacking a functional MyoD gene were found to be viable and fertile and 

did not exhibit any apparent deficits in skeletal muscles (52). However, the amount of Myf5 

mRNA was increased in homozygous mutant mice, suggesting that Myf5 was able to 

substitute for the absence of MyoD in the development of skeletal muscle. Similar to MyoD 

mutant mice, Myf5 deficient animals did not develop any abnormalities in skeletal muscle. 

However, these mice died perinatally due to severe rib abnormalities that prevented normal 

respiratory function of the lung (53–55). Remarkably in Myf5 mutant mice, the onset of 

MyoD expression occurs normally, which is followed by the expression of Myogenin. These 

results suggested that the activation of MyoD occurs independently of Myf5 and that MyoD 

can substitute for the absence of Myf5 in the development of skeletal muscle (55).

Most of the myogenic program is severely affected only when both Myf5 and MyoD are 

absent in a double knockout model. Newborn mice deficient for the two MRFs were totally 

devoid of skeletal myoblasts and muscle. Mutant pups were born alive, but were immobile 

and died within minutes (55). Mesenchymal-like cells were present at the cavities normally 

populated by muscle, where no desmin-positive cells were found. Furthermore, except for 

truncated ribs and the lack of muscle tendon insertion points, the skeleton appeared normal. 

Early observations that Myf5 and MyoD are expressed in different subdomains of the 

dermomyotome, suggests that the two compartments give rise to different muscle lineages 

(56). Indeed, the presence of one functional Myf5 allele in homozygous MyoD-mutant mice 

resulted in the formation of normal ribs as well as skeletal muscle, but these mice still died 
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soon after birth. These mice contained considerably fewer muscle fibers, suggesting that 

perinatal death is a consequence of impairment in muscle function. In contrast, one 

functional MyoD allele in homozygous Myf5-mutant mice resulted in normal skeletal 

muscle development (55).

Mice homozygous for targeted mutations in the myogenin gene are born immobile and 

decease immediately after birth (57,58). Myogenin knockout has a remarkable phenotype 

with perinatal death; while myoblasts are formed, there is a complete absence of functional 

skeletal muscle, supporting the idea that Myogenin regulates the later stages of myogenic 

differentiation, whilst Myf5 and MyoD are involved in the process of determination (58). In 

addition, normal numbers of myoblasts were present and these were organized in groups 

similar to wild-type skeletal muscle, showing that myogenin is not involved in skeletal 

muscle specification. However these animals displayed a marked reduction in fiber density 

with mononucleated cells, replacing most of the mature muscle cells with overall severe 

reduction of muscle mass. Therefore, most of these mononucleated cells were observed to 

express virtually normal levels of MyoD, but lack myosin heavy chain and actin, both 

markers for differentiated muscle cells. This clearly indicates an essential role for myogenin 

as a differentiation factor

Generation of three MRF4 knockout mice models showed different phenotypes despite their 

similar design. These three knockouts vary in the severity of defects, which range from 

deficiencies in myotomal myogenesis and deep back muscle formation along with rib stubs 

with lethality at birth in the strongest allele (59), to the presence of a few misshapen 

bifurcated ribs and full viability in the weakest allele (60). The third allele falls between the 

first two on a rib phenotype and produces rare homozygous viable animals (61). 

Interestingly, these rib abnormalities resemble those described for Myf5 knockout. Indeed, 

mRNA expression of Myf5 is reduced in a direct correlation with the phenotype observed on 

each MRF4 allele. Since Myf5 and MRF4 are adjacent to each other on the same 

chromosome, it was later proposed that this phenotype might have been the result of cis 
effects of the MRF4 null on the linked Myf5 locus (59,60).

As mentioned before, double knockouts of MyoD and Myf5 were originally reported to lack 

muscle (55). Later work showed that MRF4 expression is also compromised in cis in the 

Myf5 allele. Indeed, in MyoD/Myf5 null animals which retain functional MRF4, this gene is 

able to compensate and initiate myogenesis, indicating that MRF4 has both differentiation 

and determination activities (62).

Interestingly, MRF4/MyoD double null mice died at birth, showing a phenotype highly 

similar to that of the myogenin null mutant mice (63). In these mice, myogenin was 

expressed, but was insufficient to support normal myogenesis in vivo. This suggests that 

MRF4 and MyoD play a redundant role in mediating skeletal muscle differentiation during 

development.

All these together, show that MyoD and Myf5 function as determination factors, whereas 

myogenin and MRF4 act to permit terminal differentiation (Figure 2).
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VI. Structural divergence between MRFs

Early observations that each of the MRFs is able to initiate myogenesis when artificially 

expressed in a wide variety of non-muscle cells such as primary fibroblasts, nerve, fat and 

liver, suggested a functional overlap among them in establishing muscle commitment. 

Although these experiments suggested redundancy within the myogenic bHLH family of 

proteins, genetic studies demonstrated that MyoD and Myf5 act to establish the myogenic 

lineage, whereas myogenin and MRF4 mediate the expression of the terminal phenotype 

(64). Specifically, newborn mice lacking both MyoD and Myf5 are totally devoid of 

myoblasts and myofibers (55). In contrast, mice lacking myogenin generate myoblasts, but 

show incomplete skeletal muscle differentiation, with fewer and smaller myotubes (57,58) . 

The differences between the myogenic factors that confer these specific attributes and their 

fundamental functional differences are a combination of elements. For example, the 

dynamics of recruitment to DNA binding motifs at genomic regulatory elements and 

functional divergence between their proteins sequences.

Phylogenetic analysis of amino acid sequences of the mouse MRFs suggests the following 

relationships among them . Myf5 and MyoD are more similar to one another (53%) than 

either are to myogenin (40% and 38%, respectively) or to MRF4 (40% and 43%, 

respectively). Similarly, myogenin and MRF4 are more related to one another (53%) than to 

either Myf5 or MyoD (Figure 3) (65). Therefore, these relationships suggest an evolutionary 

scheme by which the family arose. Myf5 appears to represent the ancestral gene of the 

family. MRF4 arose from Myf5 by gene duplication at the same locus, while myogenin 

arose from MRF4 after a gene-duplication event to a second chromosome, and finally, 

MyoD arose from Myf5 after a gene-duplication event to a third chromosome. Further 

phylogenetic analysis indicates that the four vertebrate MRF genes have evolved from a 

single ancestral MRF gene as a result of gene duplication events and subsequent divergent 

mutations (66). Indeed, many invertebrates, such as Caenorhabditis elegans, Drosophila, sea 

urchins, and acidians, continue to develop their musculature in the presence of a single MRF 

gene (67–69). However, the more complex musculature of vertebrates has forced the 

evolution of four MRFs to regulate the complex gene expression program in myogenesis.

Analysis of their protein sequences shows that MRFs are highly similar, in that they possess 

a conserved bHLH domain for DNA binding that is flanked by less conserved N-terminal 

and C-terminal domains that mediate transcriptional regulation. A series of 65 amino acids 

embedded in the bHLH domain is highly conserved among MRFs. In MyoD, only 68 amino 

acids inside the bHLH domain are necessary and sufficient for myogenic conversion of 

stably transfected 10T1/2 fibroblasts (70). The helix-loop-helix region permits dimerization 

with bHLH E-proteins such as El2, E47, or HEB, which on their own are non-myogenic. 

The basic domain of MRFs recognizes E-box sites of the consensus sequence CANNTG 

present at regulatory elements of target genes and show additional preferences for internal 

and flanking sequences. Activation of the muscle transcriptional program by MyoD depends 

on two amino acids in the basic domain, an alanine and threonine (AT), referred to as the 

myogenic code (71,72). These essential determinants of myogenic specificity are conserved 

in all muscle bHLH proteins from worms to humans and are absent from all non-muscle 

bHLH proteins (73). The myogenic code is absolutely required for dominant induction of 

Hernández-Hernández et al. Page 8

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myogenesis by the MRFs, since replacement of these residues with the asparagines found in 

the corresponding positions in the E-protein E-12, renders MyoD non-myogenic potential 

(73). Furthermore, when the AT along with a lysine in the junctional region of the first helix 

of MyoD are substituted for the corresponding amino acids in E12, these myogenic code 

amino acids are sufficient to induce myogenesis (70,74).

Reintroduction of MyoD and Myf5 into fibroblasts isolated from the MyoD−/−;Myf5−/− 

mouse, allowed the dissection of functional differences between these MRFs. MyoD is 

strikingly more effective than Myf5 at inducing differentiation-phase target genes than 

Myf5, whereas both MyoD and Myf5 control relatively the same type of genes related to cell 

proliferation (75,76). This difference is explained by the fact that both the N-terminal, 

containing a C/H domain and the C-terminal, containing a helix III domain in MyoD, act in 

a synergistic manner to induce differentiation. In fact unlike Myf5, the MyoD C-terminal 

domain is necessary to interact with bHLH domain and to promote chromatin-remodeling 

activity and to further provide access to silenced locus for the N-terminal activation domain 

(75). Furthermore, swapping of the C/H domain and the helix III domain of MyoD into 

myogenin allows myogenin to efficiently activate the expression of silent muscle genes (77).

Interestingly, neither the C/H nor 3 helix domains of myogenin are able to induce chromatin 

accessibility at muscle regulatory elements (78) but are greatly dependent on MyoD to mark 

an accessible chromatin environment for myogenin target genes. Indeed, promoters of 

inactive MyoD target genes are constitutively bound by Pbx/Meis factors, with which MyoD 

interacts through helix III (79). This interaction recruits histone acetyl-transferase complexes 

to acetylate surrounding histones and MyoD itself (80). Acetylation leads to engagement of 

SWI/SNF chromatin remodeling complexes that provide access to DNA binding sites for the 

MRFs and other transcription factors such as Mef2 and recruitment of RNA polymerase II 

for transcription (81), in a mechanism where presumably Pol ll is kept in a poised state for 

later activation. Then, myogenin interacts with other factors such as Mef2d to recruit 

chromatin-remodeling machinery at target genes (81). These mechanistic observations 

explain the fundamental differences related to the ability of MyoD and Myf5 to establish 

myogenic lineage by opening chromatin, whereas myogenin is a strong activator of 

transcription through recruitment of chromatin remodeling complexes.

Functional differences between MyoD and MRF4 have been also determined through 

swapping strategies (82). The MRF4 activation domain and the related amino-terminal 

MyoD activation domain are capable of substituting for one another in converting fibroblasts 

to a myogenic phenotype, however this capacity is achieved at the expense of target 

specificity, since the type of muscular reporter genes induced by the wild type version of 

MRF4 are different when a MyoD-MRF4 chimera is used. It was reported that MRF4 could 

act as either a transcriptional activator or as a repressor, depending on the promoter context. 

Among the target genes repressed by MRF4 is the cardiac α-actin gene, which is activated 

by MyoD expression in vitro (82). Direct competition studies on the cardiac α-actin 

promoter showed that the repressive property of MRF4 predominates over MyoD-mediated 

transactivation, suggesting that the relative levels of different MRFs may modulate the 

transcriptional output of specific muscle genes (82). Interestingly, MRF4 activity is 

modulated by the p38 mitogen-activated protein kinase (MAPK) signaling pathway during 
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the course of myoblast differentiation (83). Phosphorylation of MRF4 by p38 MAPK at 

Ser31 and Ser42 within the N-terminal transactivation domain inhibits its function, 

permitting activation of the cardiac α-actin gene while blocking creatine kinase M-type 

(CKM) gene expression (83). Thus, the N-terminal domain of MRF4 cooperates with p38 

MAPK to selectively modulate the expression of the late myogenic transcriptional program. 

Recent reports showed that transcriptional activity of Mef2d is reduced by its interaction 

with MRF4, to control hypertrophy in adult skeletal muscle and the expression of Mef2 

target genes. Taken together, these results suggest that divergent transactivation domains 

within the MRF family play a role in modulating their targeting to specific genomic loci.

VII. Regulation of gene expression by MRFs

Given the functional differences among the MRFs related to their ability to induce different 

gene expression programs, it is of the utmost interest to interrogate the dynamics of binding 

to the genome during muscle development and regeneration. Binding of MyoD has been the 

most thoroughly explored in cultured cell systems with high-throughput technologies such 

as ChIP-sequencing (75,84–86).

Using C2C12 myoblasts and myotubes, Cao et al., (87) identified the sites to which MyoD is 

bound during in vitro muscle differentiation. Apart from the expected regulatory elements of 

genes that are known to be downregulated or upregulated during differentiation, MyoD was 

found to be at a surprisingly considerable large number of E-box sites where no obvious 

genes involved in myogenesis are present. They reported 23000 MyoD binding sites in 

myoblasts and 26000 sites in myotubes. More intriguingly, they found that MyoD binding is 

stable after induction of differentiation as most of the sites are the same in the two cell 

differentiation stages. Interestingly, MyoD binding correlates with regional rather than local 

histone acetylation. Importantly, the functionality and biological significance of most of 

these sites remains to be elucidated, as most of them are inactive when tested for enhancer 

functionality in vitro.

Increased number of MyoD sites in myotubes with respect to myoblasts (39700 and 18142, 

respectively) were defined by Mousavi et al. (88). Differences between these analyses may 

arise based on peak discovery methodology, genomic compartmentalization regarding 

boundaries considered and other experimental variability. In this study, the authors also used 

RNA-seq to show that the majority of 35000 binding sites shared by MyoD and myogenin 

are also bound by Pol II, are marked by H3K4me1 and H3K27Ac, are also transcribed in 

both senses in myotubes. Expression of these elements, termed eRNAs, was reduced upon 

siRNA knockdown of MyoD but not of myogenin and interestingly, blocking the expression 

of the eRNA transcribed from the core enhancer element of MyoD, caused the reduction of 

MyoD mRNA levels.

One interesting aspect of these series of genomic studies is the confirmation that nucleotide 

composition around the canonical E-box affects the output of the MRF binding. For 

instance, Soleimani et al., (86) used retroviral transduction to introduce TAP-tagged 

derivatives of MyoD, Myf5 and Snail1 into primary myoblasts isolated from hind limb in 

order to recover the protein and its bound DNA. Using this method, they identified 1428 
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MyoD sites in myoblasts and 9300 MyoD sites in myotubes whereas Myf5 was identified at 

1053 genomic regions in myoblasts. Interestingly there was an overlap of 30% between 

MyoD and Myf5 binding sites in myoblasts, supporting the notion that these factors share a 

role in defining myoblasts identity. In an effort to identify a negative regulator of MyoD 

binding in myoblasts that could explain the dramatic differences in the number of MyoD 

peaks between myoblasts and myotubes, the study focused on transcriptional repressors that 

share the same DNA binding motif as helix-loop-helix factors such as MRFs. They show 

that Snail1 binds to E-boxes that have a G/C-rich central dinucleotide and that such sites are 

associated with genes that are expressed almost exclusively in myotubes. By contrast, Snail 

does not bind to E-boxes with A/T-rich central dinucleotides, which are associated with 

genes expressed in myoblasts. Thus at the onset of differentiation Snail must be removed in 

order to allow MyoD access to the myotube genes. Finally, evidence is presented showing 

that MRFs induce expression of miRNA-30 and miRNA-206, which inhibit the expression 

of Snail1 and Snail2, respectively in myotubes, thus as Snails are downregulated MyoD can 

access to its binding sites in myotubes to induce differentiation-specific genes (86).

Examination of the sites co-bound by MyoD and myogenin identified genes involved in 

muscle development (85). Interestingly, microarray studies examining the role of myogenin 

in differentiation recently identified genes involved in cell cycle progression as key 

transcriptional targets that are downregulated by myogenin during differentiation. This 

suggests that myogenin is an important modulator of cell cycle exit during differentiation. 

Thus, in contrast to MyoD, which promotes proliferation in growing myoblasts, myogenin 

attenuates the expression of genes that mediate cell cycle progression (85).

More recently, analysis of Myf5 and MyoD binding was performed in transduced double 

knock-out MyoD−/−/Myf5−/− mouse embryonic fibroblasts (76). Upon expression of both 

MRFs at comparable levels of that detected in C2C12 cells, ChIP-Seq experiments 

demonstrated that the difference between MyoD and Myf5 relies on transcriptional activity 

rather than a preference for binding sites throughout the genome, as genome-wide binding 

profiles of Myf5 and MyoD were identical. However only MyoD was able to recruit RNA 

Pol II and activate transcription of target genes whereas Myf5 modifies chromatin by 

inducing histone H4 acetylation but fails to recruit RNA Pol II. This fundamental difference 

in the number of shared MyoD/Myf5 binding sites with respect to previous reports (87), 

where only 30% of sites are shared may be related to the peak calling method or to the effect 

of the C-terminal TAP-tag. It has been previously reported that MyoD is able to direct 

histone acetylation, probably by recruiting p300 and PCAF (89). One interesting finding of 

this work is the potential activity of Myf5 as a chromatin remodeler to specify muscle 

progenitors, despite its inability to induce transcription, which can also indicate that Myf5 

might functionally precede MyoD during lineage specification by reorganizing chromatin 

prior to robust transcription of differentiation specific genes (76). In fact, myogenin also 

binds the same sites as MyoD but its capacity to access native chromatin is limited (85).

All these studies show the properties of MRFs during myogenic differentiation and identify 

each of them in the hierarchical sequence of molecular events in the initiation, activation and 

maintenance of muscle gene transcription.
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VIII. Conclusions and future directions

Despite the great progress that functional genomic approaches have generated towards our 

understanding of the regulatory networks mediated by some of the MRFs during 

myogenesis, these genome-wide technologies have used cultured cells. The next level of 

advances will necessary focus on identifying the basis of different muscle-lineages present 

during embryonic development as well as in adult skeletal muscle stem cells. Single-cell 

approaches coupled with lineage tracing experiments are currently under the scope of 

developmental biology, giving an exciting opportunity to reveal new mechanistic knowledge 

towards upstream regulatory networks in the embryo and link it to our current biochemical 

understanding of muscle differentiation. Finally, this would provide a satisfying and 

integrating understanding to establish new therapeutic strategies to treat affections of 

skeletal muscle, such as muscular dystrophies and age-related regenerative issues.
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Figure 1. Schematic representation of transverse sections through the embryo at the early stage 
of somitogenesis
Several signaling molecules are secreted from different domains in the embryo in order to 

specify the early somite to give rise to the sclerotome (SC) and the dermomyotome (DM). 

Wnt proteins are secreted from the dorsal neural tube (NT) and the surface ectoderm while 

Shh is secreted from the notochord (NC) and BMP4 from the lateral mesoderm plate. 

Altogether, these signaling molecules regulate the early myogenesis.
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Figure 2. Effects of MRF null mutations on skeletal muscle development
Wild type embryos with normal development of epaxial (blue) and hypaxial (orange) 

muscles. MyoD null embryos have a 2-day delay in differentiation of all hypaxial 

musculature (shown in light blue), and normal epaxial musculature (shown in blue). Myf5 

null embryos have a 2-day delay in translocation of for expaxial musculature (light orange) 

and normal development of hypaxial musculature (shown in orange). Mice lacking 

myogenin contain myoblasts that fail to differentiate efficiently into myotubes (light orange 

and light blue). Newborn mice lacking both Myf5 and MyoD display a complete absence of 

skeletal myoblasts and myofibers, however MRF4 is sufficient to specify myotomal 

musculature earlier in development (shown in blue). Myogenin absence results in failure of 

myoblast fusion and an absence of differentiated myofibers. MRF4 deficient mice have 

normal musculature, whereas compound MyoD/MRF4 mutant embryos resemble the 

myogenin phenotype with an absence of myofibers. Numbers after each genotype denote the 

reference to the original publication. Embryonic days of development are indicated below 

the diagram as days post coitus (dpc).
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Figure 3. Protein structure of the myogenic regulatory factors
Mouse amino-acid sequences of each myogenic regulatory factor were obtained from 

Uniprot and the phylogenetic tree was generated using Phylogeny analyzer 

(www.phylogeny.fr/index.cg). The phylogenetic tree reveals the close relationship between 

Myf5 and Myod, and myogenin and MRF4, correlating with their function during 

myogenesis, specification and differentiation respectively. All MRFs share highly similar 

and conserved bHLH domain, essential for their myogenic function. The bHLH domain is 

flanked by less conserved N-terminal (NH2) region containing a C/H domain and C-terminal 

(COOH) region containing a helix 3 domain, mediating transcriptional regulation.
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