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ABSTRACT 

In eukaryote cells, chromatin appears in several forms and is composed of genomic 

DNA, protein and RNA. The protein content of chromatin is composed primarily of 

core histones that are packaged into nucleosomes resulting in the condensation of the 

DNA. Several epigenetic mechanisms regulate the stability of the nucleosomes and the 

protein-protein interactions that modify the transcriptional activity of the DNA. 

Interestingly, epigenetic control of gene expression has recently emerged as a relevant 

mechanism involved in the regulation of many different biological processes including 

that of muscle development, muscle mass maintenance, function, and phenotype in 

health and disease. Recent investigations have shed light into the epigenetic control of 

biological mechanisms that are key regulators of embryonic muscle development and 

postnatal myogenesis. In the present review article, we provide a summary of the 

contents discussed in session 08, titled “Epigenetics of muscle regeneration”, during the 

course of the 45th European Muscle Conference, which was celebrated in Montpellier 

(France) in September 2016. The main theme of that session was to highlight the most 

recent progress on the role of epigenetics in the regulation of muscle development and 

regeneration. The current mini-review has been divided into two major sections. On the 

one hand, a brief introduction on the topic of myogenesis is offered for the non-

specialized reader. On the other, a brief overview of the most relevant epigenetic 

players that have been shown to control muscle development and regeneration is given.  
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INTRODUCTION 

Packaging of DNA into a compact structure, to control gene transcription, and to protect 

DNA from damage are among the most relevant functions of chromatin in eukaryotic 

cells. Chromatin that is structurally loose allows gene transcription (euchromatin), 

whereas highly condensed chromatin (heterochromatin) is generally associated with 

repression of gene transcription and genome stability. Specifically, chromatin is 

composed of nucleosomes that are comprised of two copies of each of H2A, H2B, H3, 

and H4, and these structures are compacted into chromatin by linker histones such as 

H1. Epigenetic control of cell behaviour, defined as the process whereby gene 

expression is regulated by heritable mechanisms that do not affect DNA sequence, can 

affect cell growth and differentiation and impact on the pathophysiology of chronic and 

acute diseases. Several epigenetic mechanisms regulate the stability of the nucleosomes 

and the protein-protein interactions that modify the transcriptional activity of the DNA 

(Baar, 2010). A few examples of epigenetic modifications include: 1) non-coding RNAs 

including microRNAs, 2) histone acetylation and deacetylation, 3) histone methylation, 

and 4) DNA methylation. Interestingly, epigenetic control of gene expression has 

recently emerged as a relevant mechanism involved in the regulation of many different 

biological processes including that of muscle mass, function, and phenotype in health 

and disease (Donaldson et al, 2013;Lewis et al, 2012;Puig-Vilanova et al, 2014a;Puig-

Vilanova et al, 2014b;Puig-Vilanova et al, 2015). In the present review we summarize 

the contents discussed in the “Epigenetics of muscle regeneration” session at the 45th 

European Muscle Conference. The main theme of that session was to highlight the most 

recent progress on the role of epigenetics in the regulation of the process of muscle 

regeneration. As such, the current mini-review has been divided into two major 

sections: i) a brief introduction on the topic of muscle development and postnatal 
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myogenesis; and ii) the most relevant epigenetic players that control muscle 

development and regeneration.  

 

MUSCLE DEVELOPMENT 

During embryonic myogenesis, paraxial mesoderm derived cells generate the first 

primary muscle fibers of the body that act as a scaffold for the formation of secondary 

fibers. The latter appear during foetal development and they continue to grow by 

nuclear accretion until perinatal stages (Comai and Tajbakhsh, 2014). A reservoir of 

myogenic cells is subsequently allocated during the perinatal period and it will give rise 

to the satellite (stem) cells. The privileged position of these cells on the surface of the 

myofiber, beneath the basal lamina, enables them to respond to mechanical, structural, 

and functional stimuli of skeletal muscle fibers. During the early juvenile growth phase, 

satellite cells proliferate and add nuclei to the growing myofibers; subsequently, 

proliferation declines gradually as myofibers increase in diameter (Moss and Leblond, 

1971;White et al, 2010). In adult muscles, satellite cells remain quiescent until muscle 

injury triggers their activation (Snow, 1978;Yablonka-Reuveni, 1995). Despite certain 

differences such as the lack of a primary myogenesis wave (Tajbakhsh, 2009), prenatal 

and postnatal myogenesis share some molecular and functional similarities including 

the sequential appearance of transcription factors from an upstream state (ex. Pax7, 

Myf5) to a committed and differentiated state (ex. MyoD, Myogenin)  (Parker et al, 

2003). Small injuries, such as those promoted by daily life activities, lead to minimal 

proliferation, whereas major lesions induce longer proliferation periods before 

differentiation may take place (Yablonka-Reuveni, 2011). Signals from the muscle 

niche, microvasculture, local inflammation (Yablonka-Reuveni, 2011) and systemic 

factors activate satellite cells (Carlson et al, 2009;Conboy et al, 2005).  
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In response to muscle injury, satellite cells contribute to repair of damaged fibers 

while new myofibers are also formed following a program of cell division and fusion of 

myoblasts (Yablonka-Reuveni et al, 2008). A number of regulatory factors control 

satellite cell behaviour from quiescence, entry into proliferation, maintenance of the cell 

cycle, differentiation, and subsequent self-renewal following return to homeostasis 

(Yablonka-Reuveni et al, 2008) (Collins et al, 2005;Sacco et al, 2008). It has been 

estimated that during early postnatal growth, satellite cells represent 30% of the nuclei, 

while they only constitute 2%-7% of nuclei in healthy adult skeletal muscles (Halevy et 

al, 2004;Hawke and Garry, 2001). The numbers of satellite cells were also reported to 

decline with age in healthy elderly subjects (Collins et al, 2007;Shefer et al, 2006).  

The basic helix-loop-helix transcription factor MyoD plays a key role in muscle 

determination and differentiation, and it is one of the earliest markers of myogenic 

commitment. Notably, seminal experiments demonstrated that MyoD can transform a 

variety of cell types, including fibroblasts, into myoblasts that will subsequently fuse to 

form myotubes (Davis et al, 1987). In quiescent satellite cells that are characterized by 

the expression of Pax7, MyoD protein is generally not detectable. Following their 

activation, MyoD transcription and protein levels increase dramatically (Comai and 

Tajbakhsh, 2014). As a transcription factor, MyoD binds to enhancers and promoters to 

regulate myogenesis, and it was shown to activate muscle genes in a variety of 

differentiated cell lines from several species (chicken, human, and rat) (Weintraub et al, 

1989). Myf5 and Mrf4 also act as determination genes, whereas Myogenin is a 

differentiation factor – and each of these factors that belong to the MyoD family have 

unique and overlapping properties as well as expression patterns during embryogenesis 

(Comai and Tajbakhsh, 2014).   
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Early striated muscle development arising from somites in the trunk is the result 

of the action of the paired-homeobox transcription factors Pax3 and Pax7 genes. 

Importantly, genetic ablation of the Pax3 lineage was embryonically lethal and 

prevented the emergence of Pax7-positive cells, while ablation of Pax7-expressing cells 

resulted in the appearance of smaller muscles with fewer myofibers in the limbs at birth 

(Hutcheson et al, 2009;Seale et al, 2000). Pax3 is a key factor in the regulation of 

myogenesis for skeletal muscles in the trunk and limbs where some downstream targets 

include MyoD and the tyrosine kinase receptor c-met. Although its expression is not 

restricted to skeletal muscle, Pax3 is expressed well before the onset of myogenesis, in 

presomitic mesoderm, and subsequently its expression is restricted to the epithelial 

dermomyotome of the somite that gives rise to multiple cell types including all of the 

myogenic cells of the trunk and limbs. Notably, Pax3 is not expressed in head derived 

muscle progenitors. In this case, Tbx1 and Pitx2, among other transcription factors, play 

critical roles in establishing myogenesis from cranial mesoderm (Comai and Tajbakhsh, 

2014). 

 

EPIGENETIC REGULATION OF MYOGENESIS/ MUSCLE DEVELOPMENT 

Epigenetic events regulate the quiescent and proliferation states of muscle satellite 

cells and their progeny. In this context, DNA methylation is a major repressive 

mechanism of muscle satellite cell differentiation (Palacios and Puri, 2006;Bigot et al, 

2015), whereas demethylation along with MyoD and Myogenin are required for the 

initiation of the differentiation program (Palacios and Puri, 2006). Mechanisms that act 

on chromatin-associated histones are also involved in the control of muscle satellite cell 

quiescence and proliferation. Histone acetylation is a transient, enzymatically controlled 

biochemical process, and the most common posttranslational modification of histone 
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proteins. The acetyl group from acetyl-CoA is transferred to a lysine residue, thus 

converting its basic side chain into a neutral residue thereby resulting in an open 

chromatin (euchromatin) structure that is transcriptionally active. Deacetylation reverses 

this process, leading to a closed chromatin structure (heterochromatin) that is generally 

transcriptionally repressed. Histone deacetylases (HDACs) are enzymes that remove 

acetyl groups from lysine residues of histone proteins, allowing the histones to condense 

DNA. HDACs also interact with chromatin through association with other histone-

modifying proteins and transcription factors, and they also remove lysine residues from 

non-histone proteins. Importantly, in proliferating myoblasts, HDAC1-5 and Sirtuins 

maintain transcription factors in a deacetylated state, particularly when differentiation-

promoting signals are absent. Other epigenetic mechanisms such as the expression of 

specific histone isoforms or the replacement of canonical histones with histone variants 

can regulate muscle satellite cell quiescence and proliferation (Perdiguero et al, 2009). 

Epigenetic mechanisms also control the gene expression program during muscle 

differentiation. In this regard, genes that are actively transcribing are marked by 

H3K4me3, whereas those ready to be transcribed can be marked by H3K4me2 

(Guenther et al, 2007). As such, Pax7 was shown to bind to H3K4me2 regulatory 

elements in target genes such as Myf5 in satellite cells (Kuang et al, 2007;McKinnell et 

al, 2008). Interestingly, this binding leads to the recruitment of TRxG histone 

methyltransferase complex, which in turn will result in elevated H3K4 trimethlyation on 

the transcription start site (Kuang et al, 2007;McKinnell et al, 2008). Finally, 

inactivation of HDACs and Sirtuins together with the concomitant activation of HTAs 

will allow the activation of transcription factors and nucleosomes for the muscle 

differentiation program to proceed.  
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The non-coding microRNAs also play an important role in the control of muscle 

development. Interestingly, miRNAs are non-coding single-stranded RNA molecules 

(18-24 nucleotides) that function in the post-transcriptional regulation of gene 

expression. They exert their action via base-pairing with complementary sequences of 

mRNA molecules which result in gene silencing via translational repression or target 

degradation. Importantly, miRNAs may have different mRNA targets, and a given 

mRNA may also be targeted by multiple miRNAs in a similar fashion. It is well known 

that miRNAs regulate many cellular processes and have a role in disease pathogenesis, 

and muscle development. Although microRNAs regulate a wide variety of biological 

processes in different tissues, tissue-specificity also exists for certain microRNAs. For 

example, miR-1, miR-133, and miR-206 have been shown to be abundantly expressed 

in skeletal muscles and they are defined as muscle-specific microRNAs (myomiRs). 

Several steps of muscle development are tightly regulated by these muscle-specific 

microRNAs. Despite the potential limitations of the findings reported so far, as a result 

of the in vitro and/or the use of genetically modified mice, a brief overview on how 

microRNAs can regulate myogenesis is provided below.   

Perinatal lethality, reduced muscle mass, and abnormal myofiber structure has 

been reported following inactivation of Dicer, which leads to the accumulation of 

unprocessed pre-miRNAs (O'Rourke et al, 2007) thereby pointing to a critical role for 

myomiRs in skeletal muscle development. The molecules miR-1 and miR-133, which 

are localized within the same chromosomal locus and are co-transcribed, become two 

independent mature miRNAs with distinct biological functions in the regulation of 

skeletal muscle proliferation and differentiation. Interestingly, miR-133 stimulates 

myoblast proliferation by repressing the serum response factor, and inhibits myotube 

formation, whereas miR-1 promotes muscle cell differentiation as a result of targeting 
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HDAC4 (Chen et al, 2006). Similarly to the action of miR-1, miR-206 was reported to 

promote myotube formation by targeting DNA polymerase alpha (p180 subunit), 

leading to the inhibition of DNA synthesis and cell cycle withdrawal, as well as to 

terminal cell differentiation (Deato et al, 2008;Nakajima et al, 2006). However, a recent 

report showed that deletion of miR206/133b resulted in no major defects in 

developmental and adult myogenesis, or during muscle regeneration (Boettger et al, 

2014). The authors proposed that functional compensation by miR1/133a might explain 

this surprising lack of a phenotype. In others studies, miR-1 was suggested to target the 

insulin-like growth factor-1 (IGF-1) pathway, while inducing a feedback loop between 

miR-1 expression and the IGF-1 signal transduction cascade (Elia et al, 2009). 

Interestingly, downregulation of connexin 43-dependent gap junctional communication 

by miR-1 and miR-206 also appears to regulate innervation of muscle fibers (Anderson 

et al, 2006).  

Importantly, other microRNAs ubiquitously expressed in tissues may also play a 

role in skeletal muscle development. In this context, myoblast differentiation through 

the downregulation of the paired-box protein Pax7 was reported to be mediated by miR-

206 and miR-486 (Dey et al, 2011). Expression of these two microRNAs favors 

differentiation in myoblasts, whereas inhibition of their expression results in 

maintenance of Pax7 activity, which delayed differentiation. In embryonic myotomes, 

satellite cells, and adult muscle fibers, miR-27 (targets Pax3) is also expressed (Crist et 

al, 2009). Additionally, MyoD was reported to be induced by the action of miR-181, 

which targets the repressor of myoblast terminal differentiation Hox-A11 (Naguibneva 

et al, 2006). The action of miR-29 can favor muscle development through the feedback 

inhibition of transcriptional repressors such as Yin Yang (YY)1 (Wang et al, 2008). 

Notably, loss of miR-29 was also shown to induce the transdifferentiation of myoblasts 
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into myofibroblasts, and transforming growth factor (TGF)-beta signaling negatively 

regulated its expression (Wang et al, 2012). Indeed, miR-29 expression levels decreased 

in dystrophic muscles from mdx mice (an experimental model of Duchene muscular 

dystrophy) in the same report (Wang et al, 2012). Remarkably, muscle-specific 

microRNAs were reported to be regulated by the action of muscle-specific transcription 

factors such as MyoD, Myogenin, myocyte-enhancing factor (MEF)2, and the serum 

response factor (Rao et al, 2006;Zhao et al, 2005). Finally, given the wide number of 

transcriptional targets for miRNAs, more studies are necessary before designing 

therapeutic strategies in patients with muscle diseases.  

 

CONCLUDING REMARKS 

Epigenetics play a paramount role in the regulation of prenatal and postnatal 

myogenesis. Future studies will shed light into additional mechanisms that may help 

understand the process of muscle development and repair following injury. Potential 

therapeutic strategies will likely emerge once we develop a better understanding of the 

biological events that underlie myogenesis and muscle repair.   
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using BY.) 
 
We regret the inappropriate use of the preposition that appears to have created confusion in the 
sentence. This has been corrected. 
 
3.) The definition of epigenetic mechanism varies from author to author. I personally do not 
think that miRNAs are necessarily part of epigenetic mechanisms (miRNAs regulate RNA 
degradation in the cytoplasm and mRNA translation) but I accept different views. However, it is 
certainly wrong to write "A few examples of these epigenetic biochemical modifications are the 
following:" and then list miRNAs. miRNAs are a biochemical modification, really? 
 
Indeed, the loose use of the terms “epigenetics” and “epigenomics” irritate some researchers, whereas 
others are not as obsessive. We prefer to avoid this controversy that will distract from the general 
messages of the review. The reference to biochemical has been removed. 
 
4.) When comparing embryonic and adult myogenesis the authors write "Despite certain 
differences such as the lack of a primary myogenesis wave (Tajbakhsh, 2009), embryonic 
muscle development and postnatal myogenesis share molecular and functional similarities, 
which are seen in both embryonic myogenic precursors (myoblasts) and satellite cells (Parker 
et al, 2003). Of course, there are many similarities but also differences between embryonic and 
adult myogenesis but the "the lack of a primary myogenesis wave" is certainly not the defining 
criterion that distinguishes both processes. It is also not clear what is meant: The de novo 
formation of muscle cells from mesodermal cells during embryonic development? That is 
somewhat trivial. 
 
The point of this phrase was that some features of embryonic myogenesis are recapitulated, but 
others are not. This part has been modified.Moreover, it should also be mentioned that the sentence 
“The de novo formation of muscle cells from mesodermal cells during embryonic development? “ has 
not been found in the document submitted by the authors.  
 
5.) The authors write "Interestingly, satellite cells also have the ability to self-renew to form 
tissue-specific stem cells (Collins et al, 2005;Sacco et al, 2008)." This does not make sense. 
Satellite cells are generally accepted to represent muscle stem cells and self-renewal is an 
essential feature of stem cells. What do the authors want to say when writing satellite cells 
form tissue-specific stem cells?  
 
This phrase has been compacted and modified. 
 
6.) The authors write "The basic helix-loop-helix transcription factor MyoD plays a key role in 
muscle differentiation as it is one of the earliest markers of myogenic commitment." MyoD 
plays a key role in muscle differentiation because it is a marker? The authors certainly have 
something different in mind. Being a marker is certainly not an indicator of functional 
relevance. 
 
This sentence has been rephrased to replace “as” with “and”. 
 
7) Further on: The authors write that MyoD MAY bind to promoters to regulate gene expression 
and MAY transform different cell types into myotubes. There is overwhelming evidence that 
MyoD directly regulates gene expression and there is no doubt that MyoD reprograms several 
cell types to myoblasts. However, MyoD does NOT reprogram non-myogenic cells directly to 
myotubes, which form as a result of myoblast fusion. 
 
The unfortunate use of the word “may” has created confusion – it was used in the context of 
“opportunity” rather than “contingency” as in some other languages of latin origin. This formulation has 
been changed, as well as the one referring to myotubes. 
 
8.) I asked for a more precise definition of the role of Pax3. The revised paragraph is not overtly 
wrong but misleading. Inactivation of Pax3 is NOT preventing the onset of myogenesis. Maybe 



I am too picky here but I am pretty sure that the authors are able to provide a more accurate 
description.  
 
Corrections have been made to this part of the text. 
 
9.) The authors claim that the English was polished, which I fail to see. There are still many 
rather odd sentences in the manuscript. 
 
Other changes have been made to the manuscript and we hope that this has improved the reading. 
 
10.) The figure is more or less useless and should be replaced by a more instructive one. 
 
The figure has been removed. 
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Dear Dr. Barreiro, 

We have received the reports from our advisors on your revised manuscript, "EPIGENETIC 

REGULATION OF MUSCLE DEVELOPMENT", which you submitted to Journal of Muscle 

Research and Cell Motility. 

 

Based on the advice received, I feel that your manuscript could be reconsidered for 

publication should you be prepared to incorporate major revisions. When preparing your 

revised manuscript, you are asked to carefully consider the reviewer comments which are 

attached, and submit a list of responses to the comments. The manuscript might easily be 

salvaged by seriously working on the weak parts. 

 

Please also submit your response as separate submission item. Please note: When uploading 

your revised files, please make sure only to submit your editable source files (i. E. Word, tex). 

 

In order to submit your revised manuscript, please access the following web site: 

    http://jure.edmgr.com/ 

 

Your username is: ebarreiro@imim.es 

Your password is: available at this link 
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With kind regards, 
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Dear Editor, 

 

Please find attached revisions of our review. As we indicated previously, we were 

commissioned to submit a mini-commentary related to one session at the EMC 

conference in Montpellier. We appreciate the comments of the referees that helped 

improve the mini-review, however, it appears that in the second round we have become 

unstuck with one referee who is perhaps unclear on the initial objective of this exercise. 

The reading of the feedback reveals an over-reaction even to the use of prepositions. We 

do not feel that this referee understands the objective of this exercise. 

 

We would like to insist that given the brevity and focused nature of this commentary, 

targeted to a general audience and reflecting one session of the EMC conference, it 

should be considered that the scope is limited. 
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ABSTRACT 

In eukaryote cells, chromatin appears in several forms and is composed of  is defined as 

condensed genomic DNA, protein and RNA present in the nucleus. The protein content 

of cChromatin is composed primarily of core histones that are packaged into 

nucleosomes and a core of histone proteinsresulting in the condensation of the DNA. 

Several epigenetic mechanisms regulate the stability of the nucleosomes and the 

protein-protein interactions that modify the transcriptional activity of the DNA. 

Interestingly, epigenetic control of gene expression has recently emerged as a relevant 

mechanism involved in the regulation of many different biological processes including 

that of muscle development, muscle mass maintenance, function, and phenotype in 

health and disease. Recent investigations have shed light into the epigenetic control of 

biological mechanisms that are key regulators of embryonic muscle development and 

postnatal myogenesis. In the present review article, we provide a summary of the 

contents discussed in session 08, titled “Epigenetics of muscle regeneration”, during the 

course of the 45th European Muscle Conference, which was celebrated in Montpellier 

(France) in September 2016. The main theme of that session was to highlight the most 

recent progress on the role of epigenetics in the regulation of muscle development and 

regeneration. The current mini-review has been divided into two major sections. On the 

one hand, a brief introduction on the topic of myogenesis is offered for the non-

specialized reader. On the other, a brief overview of the most relevant epigenetic 

players that have been shown to control muscle development and regeneration is given.  

Word count: 223238 

KEY WORDS: epigenetics; skeletal muscles; embryonic muscle development; muscle 

repair and postnatal myogenesis 
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INTRODUCTION 

In eukaryotic cells, DNA, proteins, and RNA form chromatin, whose structure clearly 

depends on the cell cycle. Packaging of DNA into a rather compact structure, to control 

gene transcription, and to protect DNA from damage are among the most relevant 

functions of chromatin in eukaryotic cells. Chromatin that is structurally loose in order 

to allows gene transcription (euchromatin), whereas highly condensed chromatin 

(heterochromatin) becomes more condensed and is generally associated with structural 

proteins (heterochromatin) when repression of gene transcription is requiredand genome 

stability. Specifically, chromatin is composed by of nucleosomes  that are comprised 

ofand a core of histone proteins, identified as 2two copies of each of H2A, H2B, H3, 

and H4, and these structures are compacted into chromatin by linker histones such as 

H1. Epigenetic control of cell behaviours, defined as the process whereby gene 

expression is regulated by heritable mechanisms that do not affect DNA sequence, 

regulates can affect cell growth and differentiation and and impact on the underlies the 

pathophysiology of chronic and acute conditionsdiseases. Several epigenetic 

mechanisms regulate the stability of the nucleosomes and the protein-protein 

interactions that modify the transcriptional activity of the DNA (Baar, 2010). A few 

examples of these epigenetic biochemical modifications are the followinginclude: 1) 

non-coding RNAs including microRNAs, 2) histone acetylation and deacetylation, 3) 

histone methylation, and 4) DNA methylation. Interestingly, epigenetic control of gene 

expression has recently emerged as a relevant mechanism involved in the regulation of 

many different biological processes including that of muscle mass, function, and 

phenotype in health and disease (Donaldson et al, 2013;Lewis et al, 2012;Puig-Vilanova 

et al, 2014a;Puig-Vilanova et al, 2014b;Puig-Vilanova et al, 2015). In the present 

review article, a summary we summarize of the the contents discussed in session 08, 
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titledthe “Epigenetics of muscle regeneration” session at , during the course of the 45th 

European Muscle Conference is given below. The main theme of that session was to 

highlight the most recent progress on the role of epigenetics in the regulation of the 

process of muscle regeneration. As such, the current mini-review has been divided into 

two major sections: i). On the one hand, a brief introduction on the topic of muscle 

development and postnatal myogenesis; and ii) is given. On the other hand, the most 

relevant epigenetic players that control muscle development and regeneration are being 

reviewed.  

 

MUSCLE DEVELOPMENT 

During embryonic myogenesis, paraxial mesoderm-derived structures derived cells 

generate the first primary muscle fibers of the body that act as a scaffold for the 

formation of secondary fibers. The latter appear during foetal development and they 

continue to grow by nuclear accretion until perinatal stages (Comai and Tajbakhsh, 

2014)(Comai and Tajbakhsh, 2014) (Bentzinger et al, 2012). A reservoir of myogenic 

cells is subsequently allocated during the perinatal period and it will give rise to the 

Satellite cells, which are tissue-specific stem cellssatellite (stem) cells, lead to muscle 

growth and repair following injury. Their The privileged position of these cells on the 

surface of the myofiber, beneath the basal lamina, enables them to respond to 

mechanical, structural, and functional stimuli of skeletal muscle fibers to start postnatal 

myogenesis. Despite certain differences such as the lack of a primary myogenesis wave 

(Tajbakhsh, 2009), embryonic muscle development and postnatal myogenesis share 

molecular and functional similarities, which are seen in both embryonic myogenic 

precursors (myoblasts) and satellite cells (Parker et al, 2003). In During the early 

juvenile growth phase, , when muscle expands, satellite cells proliferate and add nuclei 
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to the growing myofibers; subsequently, proliferation gradually declines gradually as 

myofibers increase in diameter (Moss and Leblond, 1971;White et al, 2010)(Moss and 

Leblond, 1971) (REF: White et al. BMC Dev Biol. 2010; PMID: 20175910). In adult 

muscles, satellite cells remain quiescent until muscle injury triggers their activation 

(Snow, 1978;Yablonka-Reuveni, 1995). Despite certain differences such as the lack of a 

primary myogenesis wave (Tajbakhsh, 2009), prenatal and postnatal myogenesis share 

some molecular and functional similarities including the sequential appearance of 

transcription factors from an upstream state (ex. Pax7, Myf5) to a committed and 

differentiated state (ex. MyoD, Myogenin)  (Parker et al, 2003). In the same adult 

muscles, sSmall injuries, such as those of promoted by daily life activities, lead to 

minimal proliferation, whereas major lesions induce longer proliferation periods before 

differentiation may take place (Yablonka-Reuveni, 2011). Signals from the muscle 

niche, and microvasculture, and local inflammation (Yablonka-Reuveni, 2011) and 

systemic factors activate satellite cells (Carlson et al, 2009;Conboy et al, 2005).  

In response to muscle injury, satellite cells contribute to repair of damaged fibers 

while new myofibers are also formed following a program of cell division and fusion of 

myoblasts (Yablonka-Reuveni et al, 2008). A very tight program number of regulatory 

factors is in control of satellite cell behaviour from quiescence, entry into proliferation, 

maintenance of the cell cycle, and differentiation, and subsequent self-renewal 

following return to homeostasis (Yablonka-Reuveni et al, 2008). Interestingly, satellite 

cells also have the ability to self-renew to form tissue-specific stem cells (Collins et al, 

2005;Sacco et al, 2008). It has been estimated that in theduring early postnatal growth, 

satellite cells represent 30% of the nuclei, while they only constitute 2%-7% of nuclei in 

healthy adult skeletal muscles (Halevy et al, 2004;Hawke and Garry, 2001). The 
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nNumbers of satellite cells also were also reported to decline with age in healthy elderly 

subjects (Collins et al, 2007;Shefer et al, 2006).  

The basic helix-loop-helix transcription factor MyoD plays a key role in muscle 

determination and differentiation, as and it is one of the earliest markers of myogenic 

commitment. Notably, seminalPrevious experiments have also demonstrated that MyoD 

may also can transform differenta variety of cell types, including fibroblasts, into 

myoblasts that will subsequently fuse to form myotubes (Davis et al, 1987). In quiescent 

satellite cells that are characterized by the expression of Pax7, MyoD is expressed in 

very low levelsprotein is generally not detectable. Following their activation, MyoD 

transcription and protein levels increase dramatically  (Comai and Tajbakhsh, 

2014)(Comai and Tajbakhsh, 2014). , while they go up in response to tissue damage and 

exercise. In muscle development, its main function is to commit mesoderm cells to a 

skeletal muscle cell lineage. As a transcription factor, MyoD may also binds to gene 

enhancers and promoters to regulate myogenesis,. Previous experiments have also 

demonstrated that MyoD may also transform different cell types including fibroblasts 

into myotubes (Davis et al, 1987). MyoD was also and it was shown to activate muscle 

genes in a variety of differentiated cell lines from several species (chicken, human, and 

rat), which suggests that MyoD is a critical transcription factor required for terminal 

muscle cell differentiation (Weintraub et al, 1989). Myf5 and Mrf4 also act as 

determination genes, whereas Myogenin is a differentiation factor – and each of these 

factors that belong to the MyoD family have unique and overlapping properties as well 

as expression patterns during embryogenesis (Comai and Tajbakhsh, 2014).  Moreover, 

in non-muscle cell lines, myogenic commitment features may also be induced by other 

myogenic basic helix-loop-helix factors such as Myf5, Myogenin, and Mrf4 (Braun et 

al, 1990;Edmondson and Olson, 1989).   
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Early striated muscle development arising from somites in the body trunk is the 

result of the action of the paired-homeobox transcription factors Pax3 and Pax7 genes. 

Importantly, genetic ablation of the Pax3 lineage was embryonically lethal and 

prevented the emergence of Pax7-positive cells, while ablation of Pax7-expressing cells 

only causedresulted in the appearance of smaller muscles with fewer myofibers in the 

limbs at birth (Hutcheson et al, 2009;Seale et al, 2000). Pax3 is a key factor in the 

regulation and onset of myogenesis for skeletal muscles in the trunk and limbs where 

some downstream targets include MyoD and the tyrosine kinase receptor c-met. As a 

transcription factor, c-met and MyoD seem to be the targets that may initiate myogenesis 

in skeletal muscles.  Interestingly,Although its expression is not restricted to skeletal 

muscle, Pax3 is expressed well before the onset of myogenesis, in presomitic 

mesoderm, and subsequently its expression is restricted to the epithelial very early 

embryonic phases as in the dermatomyotome dermomyotome of the somite that gives 

rise to multiple cell types including all of the myogenic cells of the trunk and limbs. 

of paraxial mesoderm, contributing to early striated muscle development. 

HoweverNotably, Pax3 is not expressed in head derived muscle progenitors. In this 

case, Tbx1 and Pitx2, among other transcription factors, play critical roles in 

establishing myogenesis from cranial mesoderm (Comai and Tajbakhsh, 2014). 

 

EPIGENETIC REGULATION OF MYOGENESIS/ MUSCLE DEVELOPMENT 

Epigenetic events regulate the quiescentce and proliferation states preventing the 

differentiation of muscle satellite cells and their progeny. In this regardcontext, DNA 

methylation is a major repressive mechanism of muscle satellite cell differentiation 

(Palacios and Puri, 2006;Bigot et al, 2015), whereas demethylation along with MyoD 

and Myogenin are required for the initiation of their the differentiation program 
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(Palacios and Puri, 2006). Mechanisms that act on chromatin-associated histones are 

also involved in the control of muscle satellite cell quiescence and proliferation. Histone 

acetylation is a transient, enzymatically controlled biochemical process, and the 

commonest most common posttranslational modification of histone proteins. The acetyl 

group from acetyl-CoA is transferred to a lysine residue, thus converting its basic side 

chain into a neutral residue, which thereby resultings in a ratheran open chromatin 

(euchromatin) structure that is transcriptionally active. Deacetylation reverses this 

process, leading to a closed chromatin structure (heterochromatin) that is generally 

transcriptionally blockedrepressed. Histone deacetylases (HDACs) are enzymes that 

remove acetyl groups from lysine residues of histone proteins, allowing the histones to 

condense DNA. HDACs may also interact with chromatin through association with 

other histone-modifying proteins and transcription factors, and they may also remove 

lysine residues from non-histone proteins. Importantly, in proliferating myoblasts, 

HDAC1-5, HDAC2, HDAC3, HDAC4, and HDAC5 and Sirtuins maintain transcription 

factors in a deacetylated state, especially particularly when differentiation-promoting 

signals are absent. Other epigenetic mechanisms such as the expression of specific 

histone isoforms or the replacement of canonical histones with histone variants may 

alsocan regulate muscle satellite cell quiescence and proliferation as well as (Perdiguero 

et al, 2009). 

Epigenetic mechanisms also control the gene expression program during muscle 

differentiation. In this regard, genes that are actively transcribing are marked by 

H3K4me3, whereas those ready to be transcribed are can be marked by H3K4me2 

(Guenther et al, 2007). As such, Pax7 was shown to bind to H3K4me2 regulatory 

elements in target genes such as Myf5 in satellite cells (Kuang et al, 2007;McKinnell et 

al, 2008). Interestingly, this binding leads to the recruitment of TRxG histone 
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methyltransferase complex, which in turn will result in elevated H3K4 trimethlyation on 

the transcription start site (Kuang et al, 2007;McKinnell et al, 2008). Finally, 

inactivation of HDACs and Sirtuins together with the concomitant activation of HTAs 

will allow the activation of transcription factors and nucleosomes for the muscle 

differentiation program to proceed.  

The non-coding microRNAs also play a relevantan important role in the control of 

muscle development. Interestingly, miRNAs, encoded by eukaryotic nuclear DNA, are 

non-coding single-stranded RNA molecules (18-24 nucleotides) that function in the 

post-transcriptional regulation of gene expression. They exert their action via base-

pairing with complementary sequences of mRNA molecules which result in gene 

silencing via translational repression or target degradation. Importantly, miRNAs may 

have different mRNA targets, and a given mRNA may also be targeted by multiple 

miRNAs in a similar fashion. It is well known that miRNAs regulate many cellular 

processes and have a role in disease pathogenesis, and muscle development. Although 

microRNAs regulate a wide variety of biological processes in different tissues, tissue-

specificity also exists for certain microRNAs. As suchFor example, miR-1, miR-133, 

and miR-206 have been shown to be abundantly expressed within in skeletal muscles 

and they are defined as muscle-specific microRNAs (myomiRs). Several steps of 

muscle development are tightly regulated by these muscle-specific microRNAs. Despite 

the potential limitations of the findings reported so far, as a result of the in vitro and/or 

the use of genetically modified mice, a brief overview ofn how microRNAs may can 

regulate myogenesis is provided below.   

Perinatal lethality, reduced muscle mass, and abnormal myofiber structure has 

been was shown as a result ofreported following inactivation of Dicer, which leads to 

the accumulation of unprocessed pre-miRNAs (O'Rourke et al, 2007) thereby pointing 
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to a critical role for myomiRs in skeletal muscle development. The molecules miR-1 

and miR-133, which are localized within the same chromosomal locus and are co-

transcribed, become two independent mature miRNAs with completely differentdistinct 

biological functions in the regulation of skeletal muscle proliferation and differentiation. 

Interestingly, miR-133 stimulates myoblast proliferation by repressing the serum 

response factor, and inhibits myotube formation, whereas miR-1 promotes muscle cell 

differentiation as a result of targeting HDAC4 targeting (Chen et al, 2006). Similarly to 

the action of miR-1, miR-206 was reported to promote myotube formation by targeting 

DNA polymerase alpha (p180 subunit), leading to the inhibition of DNA synthesis and 

cell cycle withdrawal, as well as to terminal cell differentiation (Deato et al, 

2008;Nakajima et al, 2006). However, a recent report showed that deletion of 

mirR206/133b resulted in no major defects in developmental and adult myogenesis, or 

during muscle regeneration (Boettger et al, 2014). The authors proposed that functional 

compensation by miRr1/133a might explain this surprising lack of a phenotype. In 

others studies, miR-1 was suggested to target the insulin-like growth factor-1 (IGF-1) 

pathway, while inducing a feedback loop between miR-1 expression and the IGF-1 

signal transduction cascade (Elia et al, 2009). Interestingly, dowregulation 

downregulation of connexin 43-dependent gap junctional communication by miR-1 and 

miR-206 also appears to regulate innervation of muscle fibers (Anderson et al, 2006).  

Importantly, other microRNAs ubiquitously expressed in tissues may also be 

expressedplay a role in muscles for the regulation of skeletal muscle development and 

phenotype. In this regardcontext, myoblast differentiation through the downregulation 

of Paired the paired-box protein Pax7 was reported to be mediated by miR-206 and 

miR-486 (Dey et al, 2011). Expression of these two microRNAs favors differentiation 

in myoblasts, whereas inhibition of their expression results in maintenance of Pax7 
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activity, which delayed differentiation. In embryonic myotomes, satellite cells, and 

adult muscle fibers, miR-27, which  (targets Pax3), is also expressed (Crist et al, 2009). 

Interestingly, myogenic differentiation occurs in part by targeting Pax3 by miR-27 

(Kassar-Duchossoy et al, 2005). Additionally, MyoD may alsowas reported to be 

induced by the action of miR-181, which targets the repressor of myoblast terminal 

differentiation Hox-A11 (Naguibneva et al, 2006). The action of miR-29 may alsocan 

favor muscle development through the feedback inhibition of transcriptional repressors 

such as Yin Yang (YY)1 (Wang et al, 2008). Notably, loss of miR-29 was also shown to 

induce the transdifferentiation of myoblasts into myofibroblasts, and transforming 

growth factor (TGF)-beta signaling negatively regulated its expression (Wang et al, 

2012). Indeed, miR-29 expression levels decreased in dystrophic muscles from mdx 

mice (an experimental model of Duchene muscular dystrophy) in the same report 

(Wang et al, 2012). Importantly RemarkablyNotably, muscle-specific microRNAs may 

alsowere reported to be regulated by the action of muscle-specific transcription factors 

such as MyoD, Myogenin, myocyte-enhancing factor (MEF)2, and the serum response 

factor (Rao et al, 2006;Zhao et al, 2005). Finally, as given the wide number of 

transcriptional targets for miRNAs, more studies are necessary beforeabovementioned, 

given the nature of the reported studies, all these findings should be taken cautiously at 

the time of designing potential therapeutic strategies in patients with muscle diseases.  

 

CONCLUDING REMARKS 

Epigenetics play a paramount role in the regulation of embryonic muscle development 

andprenatal and postnatal myogenesis (Figure 1). Future studies will shed light into 

additional mechanisms that may help thoroughly understand the process of muscle 

development and repair following injury in adult muscles. Potential therapeutic 
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strategies may alsowill likely emerge from theonce we develop a better understanding 

of the biological events that underlie myogenesis and muscle repair.   
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LEGEND TO FIGURE 

Figure 1: Schematic representation of how local and systemic factors regulate 

embryonic and postnatal muscle development. Biochemical epigenetic mechanisms also 

contribute to regulate such processes. Muscle development determines muscle 

phenotype and function according to the type of muscle, which also have implications 

in muscle repair and regeneration following injury.  

Formatted: Left, Space After:  10 pt, Line spacing: 

Multiple 1.15 li


