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Abstract 

Although skeletal myogenesis is largely controlled by myogenic regulatory factors, 

epigenetic modifications have recently emerged as an essential regulatory mechanism of 

gene expression. Molecular regulation of stem cell differentiation is exerted through both 

genetic and epigenetic factors over distal enhancer regions. Understanding the mechanistic 

action of active or poised enhancers is therefore, imperative for the control of stem cell 

differentiation. Based on the genome-wide co-occurrence of different epigenetic marks in 

proliferating myoblasts, we have generated a chromatin state model to profile 

differentiation- and rexinoid-responsive histone acetylation in early myoblast 

differentiation. Here, we delineate the functional mode of transcription regulators during 

early myogenic differentiation using genome-wide chromatin state association. We define 

a role of transcriptional coactivator p300, when recruited by muscle master regulator 

MyoD, in the establishment and regulation of myogenic loci at the onset of myoblast 

differentiation. In addition, we reveal an enrichment of loci-specific histone acetylation at 

p300 associated active or poised enhancers, mainly when enlisted by MyoD. We have 

previously established that bexarotene, a clinically approved agonist of retinoid X receptor 

(RXR), promotes the specification and differentiation of skeletal muscle lineage. Hence, 

we investigated the genome-wide impact of rexinoids on myogenic differentiation and 

uncovered a new mechanism of rexinoid action, which is mediated by the nuclear receptor 

and largely reconciled through direct regulation of MyoD gene expression. In addition, we 

determined rexinoid-responsive residue-specific histone acetylation at a distinct chromatin 

state associated with MyoD and myogenin.  
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Finally, through ChIP-seq and RNA-seq analyses, we have identified dystroglycan (Dag1) 

as a differentiation-dependent and a rexinoid-responsive model target, and we revealed a 

possible co-regulation of Dag1 by p300 and MyoD accompanied by enrichment of loci-

specific histone acetylation. Taken together, we provide novel molecular insights into the 

regulation of myogenic enhancers by p300 in concert with MyoD. Furthermore, we provide 

novel mechanistic perceptions into the interplay between RXR signaling and chromatin 

states pertinent to myogenic programs in early myoblast differentiation. Our studies present 

a valuable insight for driving condition-specific chromatin state or enhancers 

pharmacologically to treat muscle-related diseases and for the identification of additional 

myogenic targets and molecular interactions for therapeutic development.  
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Chapter 1. Introduction 

 

Skeletal muscle development is a sophisticated series of cellular processes that involves 

collective intracellular and extracellular signaling of many evolutionary conserved factors 

(Bismuth and Relaix, 2010; Buckingham et al., 2003). The proper muscle formation and 

regeneration, both embryonically and postnatal, requires the correct expression of genes which 

are precisely coordinated through the sequential expression of myogenic regulatory factors 

(MRFs) including Myf5, MyoD, myogenin and Mrf4 (Figure1). MyoD contributes to 

myogenic differentiation, at least in part, through the recruitment of transcription co-factors 

such as p300 to the regulatory regions. As a transcriptional coactivator, p300 permits the 

accessibility of chromatin via acetylating histone tails, which either primes or activates the 

regulatory loci such as promoters or enhancers resulting in gene expression during myogenesis 

(Yang et al., 1996). Interestingly, nuclear receptor signaling, such as Retinoid X Receptor 

(RXR), has been shown to induce myogenic specification and stimulate early differentiation 

(Le May et al., 2011; AlSudais et al., 2016). Hence, a comprehensive understanding of the 

epigenetic regulation underlying the myogenic differentiation helps to decipher the roles of 

myogenic players leading to finding ways to cure muscle diseases or slow normal muscle aging 

to ensure a better lifestyle.  
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1.1. Skeletal muscle development 

Muscle is the largest tissue by mass in the body and it is vital for body support and locomotion. 

Skeletal myogenesis is a multistep regulated process involving an enormous variety of gene 

expression that enables a muscle to form and function throughout sequential developmental 

phases from embryonic to adult. The development of muscle in vertebrates begins from a 

mesoderm-derived structure called somites. The somites are spherical epithelial structures that 

give rise to several cell lineages such as skeletal muscles, smooth muscles, brown fat and 

endothelial cells. The somites further differentiate into a dorsal portion, the so-called 

dermomyotome, along with the underlying compartment the myotome, which together 

comprise skeletal muscles (Brand-Saberi and Christ, 1999). Fetal myogenic precursor cells and 

postnatal satellite cells, the muscle stem cells that arise from the dermomyotome, are marked by 

the binding of paired/homeodomain family of transcription factors Pax3 and Pax7 (Gros et al., 

2005; Kassar-Duchossoy et al., 2005; Relaix et al., 2005) (Figure 1). The dermomyotome is 

divided into the epaxial and hypaxial domains. The epaxial is made by cells migrating 

underneath from the dorsomedial lip of the dermomyotome, which forms the deep back 

muscles. Nevertheless, the hypaxial is generated by the ventrolateral lip of the dermomyotome 

located either ventrally to form the diaphragm and the body wall muscles, or laterally to form 

the limb muscles (Brand-Saberi and Christ, 1999; Brent and Tabin, 2002). 

1.2. Formation of muscle fibers 

During embryonic myogenesis, skeletal muscle is formed by the fusion of mononucleated 

myoblasts making multinucleated myotubes that eventually construct bundles of striated 

muscle fibers called mature myofibers. Myofibers are composed of bundles of myofibril, 

which is a complex organelle comprised an array of myofilaments, the sarcomeres (Sanes, 
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2003). Myofibers are surrounded by a basal lamina that harbors a specialized plasma 

membrane called the sarcolemma, which provides structural stability to the myofibers 

(Rahimov and Kunkel, 2013). Between the sarcolemma, of their residing myofibers, and the 

basal lamina lies the satellite cells, a regenerative cell population that proliferates and 

differentiates into myoblasts upon stimulation such as extensive physical exercise, injury or 

disease (Yin, Price, and Rudnicki, 2013; Mauro, 1961).  

The sarcolemma allows for signal transduction partly through a group of proteins called 

dystrophin-associated glycoprotein complex (DGC). The DGC stabilizes the muscle plasma 

membrane by connecting extracellular components to the myofiber cytoskeleton (Rahimov 

and Kunkel, 2013). The DGC proteins involve dystrophin, dystroglycan, syntrophins, 

utrophin, sarcoglycan, sarcopan and dystrobrevin (Bhat et al., 2018). Loss of function mutation 

of the dystrophin gene, dmd, causes Duchenne Muscular Dystrophy (DMD), a disease 

characterized by continuous regeneration, elevated fibrosis, inflammation and loss of muscle 

mass (Serrano et al., 2011; Mercuri and Muntoni, 2013; Shieh, 2013). During vertebrate 

myogenesis, the fusion of myoblasts to each other or to myotubes is a highly regulated process; 

however, it is still poorly understood. Several processes, regulated by myogenic transcription 

factors and co-factors, are involved in myocyte and myotube formation, starting with 

recognition and adhesion of myoblasts that require membrane receptors and membrane repair 

proteins (Melanie et al., 2008). Besides, the elongation phase of the newly formed myofibers 

requires the fusion of myoblasts at their extremities (Gu et al., 2016; Williams and Goldspink, 

1971).  
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1.3. Dystroglycan 

Dystroglycan is the core component of the DGC (Ervasti et al., 1990), and it is highly 

expressed in skeletal muscle, epithelial and neuronal tissues (Durbeej et al., 1998; Durbeej and 

Campbell, 1999; Matsumuraa et al., 1993). It is represented in the DGC by two subunits, 

termed  (156 KDa) and  (43 KDa), which are produced from the posttranslational cleavage 

of a single mRNA species encoded by a single gene (Ibraghimov-Beskrovnaya et al., 1992). 

Dystroglycan  is an extracellular protein that functions as an extracellular matrix receptor 

with high affinity to laminin-2, perlecan and agrin, and interacting non-covalently with -

Dag1, which is the transmembrane portion of Dag1 protein (Sciandra et al., 2013), in turn, -

Dag1 acts as a scaffold for proteins such as Gbr2 and ERK, which are involved in signal 

transduction (Cavaldesi et al., 2001; Spence et al., 2004). Moreover, the cytosolic domain of -

Dag1 is anchored to actin via its interaction with dystrophin (Suzuki et al., 1994; Jung et al., 

1995; Rosa et al., 1996). 

1.4. Types of muscular dystrophies 

In order for the muscle to function properly, it requires accurate signaling along the muscle 

fibers to contract and regenerate efficiently after muscle injury (Schmidt et al., 2011). 

Defective muscle proliferation and/or differentiation can lead to several muscle-related 

diseases. The DGC proteins, which receive much attention from researchers after the discovery 

of the dystrophin gene in humans, is a multimeric protein complex that ensures a mechanical 

reinforcement of the sarcolemma by providing a link between the extracellular matrix and the 

actin cytoskeleton (Petrof et al., 1993). The dystrophin mutation was first discovered in the 

1980s in a DMD patient (O’Brien and Kunkel, 2001). Loss of function mutation of dystrophin 

causes loss of muscle membrane integrity and progressive cycles of regeneration and 
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degeneration that in turn, lead to prominent inflammation, fibrosis and eventual progressive 

weakness of muscle mass and function (Serrano et al., 2011; Guiraud et al., 2015). 

Dysfunction of the DGC is also implicated in distinct forms of muscular dystrophies. 

Abnormal glycosylation of Dag1, for example, is associated with several muscular dystrophies 

such as Fukuyama congenital muscular dystrophy, Walker–Warburg syndrome, muscle–eye–

brain disease, congenital muscular dystrophy types 1C and 1D, and autosomal recessive limb-

girdle muscular dystrophy type 2 (Kobayashi et al., 1998; Martin Brockington et al., 2001; 

Brockington et al., 2001; Longman et al., 2003; Toda et al., 2003; Barresi and Campbell, 2006; 

Hara et al., 2011; Gao and McNally, 2015). Furthermore, a mutation in sarcoglycan causes 

limb-girdle muscular dystrophy (Bonnemann et al., 1996). Therefore, understanding the 

mechanism of Dag1 regulation during differentiation can benefit in improving the pathology 

of muscle-related diseases. 

1.5. Transcription factors in myogenesis 

Both prenatal and postnatal myogenesis occurs through the coordinated function of a 

combinatorial regulatory network of extrinsic and intrinsic transcription factors and co-factors 

acting temporally and sequentially to ensure appropriate muscle formation. While much of our 

current accumulated knowledge of skeletal myogenesis was gained from loss-of-function and 

gain-of-function experiments performed on mouse, fruit fly, fish and avian models, most of 

these transcription factors and co-factors are well conserved from invertebrates to vertebrates. 

Among these transcription factors are the Pax family, which is expressed and function early in 

myogenesis.  

Pax3 and Pax7 genes regulate the development of early striated muscle arising from 

somites in the trunk. It has been shown that genetic ablation of Pax3 was embryonically lethal 
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and prevented the occurrence of Pax7-positive cells (Hutcheson et al., 2009), suggesting that 

Pax3 is a key factor in the regulation of myogenesis for skeletal muscle (Comai and Tajbakhsh, 

2014). During muscle formation, myogenic commitment and differentiation are associated 

with the expression of a group of transcription factors termed the myogenic regulatory factors 

(MRFs), which includes Myf5, MyoD, myogenin and Mrf4 (Figure 1) (Buckingham and 

Rigby, 2014). Prenatal and postnatal myogenesis share some functional and molecular 

similarities including the chronological appearance of upstream transcription factors (e.g., 

Pax7 and Myf5) and the commitment and differentiation factors (e.g., MyoD, Myog), (Parker, 

Seale, and Rudnicki, 2003). 

Myogenic regulatory factors belong to class II basic-helix-loop-helix (bHLH) family 

of transcription factors that dimerize with sequence-specific binding factors and histone-

modifying enzymes to form transcriptional regulatory complexes in order to promote skeletal 

muscle formation (Blais et al., 2005; Braun et al., 1992; Braun and Arnold, 1995). The bHLH 

family members bind to the DNA consensus sequence known as the E-box (CANNTG), which 

is present on specific myogenic enhancers and promoters (Blackwell and Weintraub, 1990; 

Weintraub et al., 1990). These proteins cooperate with another family of transcription factors 

known to be essential in myogenesis termed Myocyte Enhancer Factor 2 (MEF2) (Davidson 

et al., 1996). Subsequently, the MRFs bind MEF2 family of transcription factors and cooperate 

to repress or activate the expression of an array of skeletal muscle gene (Blais et al., 2005; 

Molkentin et al., 1995; Naidu et al., 1995). For example, myogenin expression is regulated by 

the binding of both MyoD and MEF2 at the myogenin promoter in differentiating myocytes, 

both in vivo and in vitro (Edmondson et al., 1992; Cheng et al., 1993; Rampalli et al., 2007). 

Likewise, it has been shown that MRFs can regulate the transcription of each other and their 

own transcription, creating cross- and auto-regulatory loops, respectively (Thayer et al., 1989; 
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Braun et al., 1989). 

Mutation studies involving the myogenic regulatory factors during embryogenesis 

revealed unique but also redundant roles and expression patterns in skeletal myogenesis 

(Comai and Tajbakhsh, 2014). Overall, these studies concluded two main areas of function for 

MRFs: a myogenic commitment by Myf5, Mrf4 and MyoD, and myogenic differentiation by 

MyoD, myogenin and Mrf4, (reviewed in Fong and Tapscott, 2013; Megeney and Rudnicki, 

1995; Comai and Tajbakhsh, 2014). Myf5 is the first MRF to be expressed during 

embryogenesis, right before myotome formation (Kassar-Duchossoy et al., 2004). Myf5 null 

mice exhibit normal muscle development with mild defects in trunk muscle formation. 

Similarly, mice null for MyoD alleles displayed normal muscle development; however, these 

mice present delayed onset of branchial arches, limbs, tongue and diaphragm muscle formation 

(Kablar et al., 1998), implying a redundant function between Myf5 and MyoD. A later study 

showed that mice lacking both Myf5 and MyoD completely deficient of skeletal muscle 

formation (Rudnicki et al., 1993). However, Kassar-Duchossoy and colleagues showed that 

the methods used to target Myf5 by the previous group also disrupted Mrf4 transcription and 

that a partial rescue of Mrf4 resulted in a rescue of myogenesis (Kassar-Duchossoy et al., 

2004). These results suggest that, during embryogenesis, Mrf4 can function as a muscle 

determination factor to compensate for the absence of Myf5 and MyoD. In fact, this result is 

in agreement with the expression pattern of Mrf4 as it is observed before the expression of 

MyoD in hypaxial and epaxial somites during muscle formation in embryogenesis and it is re-

expressed later during the fetal stage (Kassar-Duchossoy et al., 2004).  
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Myogenin functions downstream of Myf5, MyoD and Mrf4, and has a unique non-

overlapping function that cannot be compensated by other MRFs during embryogenesis. 

Unlike other MRFs, mice lacking myogenin display poorly developed skeletal muscles 

(complete absence of fetal myofibers), whereas the myoblast formation is unaffected 

(Nabeshima et al., 1993; Hasty et al., 1993), which implies a role for myogenin in terminal 

myogenic differentiation. On the other hand, the knockin of myogenin into the Myf5 locus was 

not able to rescue skeletal muscle lineage in the absence of MyoD (Wang et al., 1997). 

Furthermore, expression of normal MyoD levels cannot compensate for the absence of 

myogenin in this context (Davie et al., 2007). These knockout studies imply that Myf5 and 

MyoD have distinctive intrinsic functions to myogenin, rather than merely having different 

sequential expression patterns. Similar to myogenin, the ablation of Mrf4-positive cells results 

in a severe decrease in the number of differentiated myofibers (Haldar et al., 2008). This result 

is further supported by the ability of myogenin-promoter-Mrf4 transgene to partially rescue the 

muscle defect identified in myogenin mutant mice (Zhu et al., 1997).  

MyoD was the first MRF identified to have the ability to enforce the myogenic program 

in non-muscle cells (Davis et al., 1987). The other three MRFs later also displayed similar 

potential in the myogenic conversion of non-muscle cells (Braun et al., 1989; 1990; 

Edmondson and Olson, 1989; Rhodes and Konieczny, 1989; Wright et al., 1989). In brief, 

Myf5, MyoD have roles in muscle lineage determination, and are partially redundant, since 

mice lacking either of them individually exhibit no apparent skeletal muscle defect (Braun and 

Arnold, 1995; Kassar-Duchossoy et al., 2004; Patapoutian et al., 1995; Rudnicki et al., 1992; 

1993; Zhang et al., 1995). Nonetheless, myogenin and Mrf4 are more directly associated to 

myogenic differentiation and trigger the expression of myotube-specific genes (Hasty et al., 

1993; Kassar-Duchossoy et al., 2004).  
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The regulation of skeletal myogenesis by myogenic regulatory factors. 

During progenitor cell differentiation into myotubes, Pax3 and Pax7 play roles in the specification 

of progenitors to the myogenic lineage, while Myf5, MyoD, myogenin and Mrf4 contribute to the 

commitment and further differentiation of myogenic progenitors into myotubes, modified from 

(Bentzinger, Wang, and Rudnicki, 2012). 
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1.6. Adult muscle regeneration  

Satellite cells are adult cells and are considered as muscle stem cells. They are characterized 

by Pax7 expression and are important for postnatal muscle growth and repair (Gros et al., 

2005). The knockout of Pax7 in mice causes the progressive loss of satellite cells although 

Pax7 is not essential for the specification of satellite cells per se (Günther et al., 2013; 

Oustanina et al., 2004; Maltzahn et al., 2013). While satellite cells also express Myf5, they are 

distinct from proliferating myoblasts, which express both Myf5 and MyoD (Cornelison and 

Wold, 1997; Zammit et al., 2004). Thus, satellite cells are a heterogeneous mix of both 

activated proliferating myoblasts and quiescent stem cells, which are predisposed to activation 

upon stimulation (Chang and Rudnicki, 2014). The ablation of satellite cells results in impaired 

muscle tissue formation and infiltration of muscle tissue by inflammatory and adipogenic cells 

(Sambasivan et al., 2011). 

Upon muscle injury, satellite cells can go through symmetric (Chang and Rudnicki, 

2014) or asymmetric (Dumont et al., 2015) division, to generate myoblasts and/or to maintain 

the satellite cell pool for a possible future need (Yin, Price, and Rudnicki, 2013; Biressi and 

Rando, 2010). Muscles are repaired either by sarcolemmal resealing of membrane disruptions 

or cell-mediated repair mechanism through healing the torn membrane or recruiting the 

machinery governing myoblast fusion, respectively, to allow for the survival or formation of 

new muscle fibers (Abmayr and Pavlath, 2012; Kim et al., 2015). When triggered, satellite 

cells begin to proliferate, differentiate and fuse with one another or with existing myofibers to 

generate myoblasts as a response to MRFs and the factors released in the affected area 

(Robertson et al., 1990; 1993). How MRFs regulate gene expression during early myoblast 

differentiation is subsequently affected by their DNA binding partner and through their 
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association with the HATs, histone acetyltransferases (Puri et al., 1997; Sartorelli et al., 1997; 

Roth et al., 2003). 

1.7. Chromatin modification during myogenic differentiation 

During myogenesis, the commitment to and execution of differentiation involve multiple 

changes in the transcriptional program within the cell to enable the development of mature 

myogenic cells. Furthermore, the structural state of the chromatin, along with RNA-pol II, has 

a significant impact on the transcriptional status of the target gene, which is demonstrated by 

the presence of transcriptional co-factors. These changes in the transcriptional program and 

the structural state of the chromatin are regulated by lineage determining and auxiliary 

transcription factors (Ng and Gurdon, 2008). These facts have been explored during the late 

differentiation process represented by myotube formation; however, chromatin features during 

the differentiation of the myoblasts into myocytes, which represents early stages of 

differentiation, has yet to be determined.  

Posttranslational modification of histones, particularly, histone acetylation, is a method 

of epigenetic control involving a direct modification of the amino acid residues on histone 

tails, where the relative charge of the chromatin is altered and thereby, modify the ability of 

chromatin to interact with the underlying DNA and/or proteins required to regulate gene 

expression (Bannister and Kouzarides, 2011). The N-terminal tail is subjected to diverse 

posttranslational modifications such as acetylation, methylation, phosphorylation, 

ubiquitination and/or sumoylation, which occur by modifiers of chromatin (Jenuwein and 

Allis, 2001). In response to external stimuli, modifiers of chromatin containing chromatin-

remodeling complexes are recruited to enhancer and promoter regions by transcription factors 

at the regulatory regions (Sartorelli and Caretti, 2005). These posttranslational modifications 
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may cause chromatin to become accessible or condensed and affect directly on the propensity 

of DNA to be recognized by transcription factors (Zhang et al., 2014). Therefore, the 

eukaryotic genome structure is roughly present as two states, highly condensed chromatin that 

impedes DNA transcription, known as heterochromatin, and relatively less compacted 

chromatin that is more transcriptionally accessible, called euchromatin (Campos and Reinberg, 

2009).  

Histone acetylation occurs on lysine amino acid residues, whereas methylation occurs 

on both lysine and arginine residues. Histone residues can be mono-, di- or tri-methylated and 

each of which is associated with specific transcriptional status (Bernstein et al., 2006). 

Acetylation is generally associated with locus activation while methylation, depending on its 

position and state, is related with locus repression or activation, (reviewed in Berger, 2002; 

2007; Bulger, 2005; Kuo and Allis, 1998; Li et al., 2007; Shahbazian and Grunstein, 2007). 

For example, H3K4me3 has been associated with active transcription via facilitating the 

recruitment of Pol-II complex to gene regulatory regions (Pekowska et al., 2011), whereas 

H3K27me3 has been linked to transcription repression which is mutually exclusive from 

H3K4me3 (Kim et al., 2013). 

Acetylation is a transient process, where an acetyl group is transferred to a lysine 

residue, changing its basic side chain into a neutral residue, and eventually opens chromatin to 

activate transcription (Shahbazian and Grunstein, 2007). On the other hand, deacetylation 

reverses this process by removing the acetyl groups from the lysine residues of histones, 

allowing the histones to condense DNA and thereby repressing gene expression (Ruthenburg 

et al., 2007). Such deacetylation takes place by enzymes called histone deacetylases (HDACs) 

(Cress and Seto, 2000). Thus, distinct histone modifications define the states of chromatin, 
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which creates either a synergistic or antagonistic interaction for chromatin-associated proteins 

(Jenuwein and Allis, 2001).  

Transcriptional gene regulation during muscle formation is a highly complex process 

that requires the contact of transcription factors themselves to their DNA targets. This process 

can be inhibited by the organization of nucleosomes, as DNA on nucleosomes binds tightly to 

histones, which eventually creates an inaccessible transcriptional structure (Kornberg, 1974; 

Tapscott, 2005). Nucleosomes are formed by the wrapping of DNA around octamers of core 

histone proteins comprising H3 and H4 tetramer flanked by H2A and H2B dimers forming an 

approximately 165 bp core. Nucleosomes are arranged linearly as arrays on the DNA and 

folded into higher-order structures with histone H1 as a linker (Luger et al., 1997). 

The myogenic regulatory factors recruit a cascade of cooperating transcription factors 

that remove or incorporate histone variants, alter nucleosome structure and post-translationally 

modify histones (Blum et al., 2012). Particularly, MyoD has been shown to activate muscle 

genes of a variety of differentiated cell types from different species such as human, rat and 

chicken (Weintraub et al., 1989). During myogenesis, coordinated action between these factors 

prevents the expression of differentiation-specific genes in myoblasts and facilitates the 

activation of these genes during differentiation. This regulation is achieved by manipulating 

the chromatin structure of myogenic regulatory sequences, which occurs in both a temporal 

and spatial manner (Creyghton et al., 2010; Alvaro Rada-Iglesias et al., 2011). 
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1.8. p300 HAT and myogenic differentiation  

Activation of gene transcription is the primary mechanism that regulates proliferation, 

differentiation and other cellular processes (Farnham, 2009; Sonenberg and Hinnebusch, 

2009). It is a highly coordinated multistep process that involves the binding of sequence-

specific transcription factors followed by the recruitment of transcriptional coactivators (Puri 

et al., 1997; Sartorelli et al., 1997). One way the coactivators activate transcription is by 

favoring the binding of the general transcription factors (GTFs) to the transcriptional 

machinery that permits the recruitment of RNA polymerase II (Pol-II) on the DNA (Lu et al., 

2009). In addition, coactivators modulate the chromatin state by histone modifications to adjust 

chromatin accessibility (Arvey et al., 2012). Coactivators like p300, CREB binding protein 

(CBP) and p300/CBP-associated factor (PCAF) can form multimeric complexes during 

transcriptional activation (Niederreither et al., 2008; Ogryzko et al., 1996) (Figure 2). 

Since it does not bind DNA directly, p300 is recruited to the genomic regulatory 

regions via interaction with sequence-specific DNA-binding transcription factors (Sartorelli et 

al., 1997; Kim et al., 2009). Interestingly, it has been demonstrated that MyoD directly binds 

p300 (Puri et al., 1997; Sartorelli et al., 1997), suggesting a role of MyoD in recruiting p300 

to the regulatory regions of myogenic genes leading to histone acetylation and activation of 

transcription during myogenic differentiation. p300 is a modular protein that comprises 

multiple well-defined domains such as CH1, KIX, CH3 domains (Figure 3). These domains 

are connected by long stretches of intrinsically random residues to the catalytic core of p300, 

which includes the HAT domain, CH2 and bromodomain. The bromodomain recognizes 

acetylated substrates, whereas the HAT domain acetylates histone and non-histone proteins 

(Figure 3), (Zeng et al., 2008). Both the p300 bromodomain and CH2 region have been shown 

to be required for chromatin binding (Ragvin et al., 2004) 
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 During myogenesis, p300 facilitates muscle-specific gene activation by modulating 

the chromatin structure to be more accessible as it possesses an intrinsic histone 

acetyltransferase (HAT) domain, which is essential for myogenesis (Figure 3), (Chen et al., 

2001; Ogryzko et al., 1996; Roth et al., 2003). Knockout studies have demonstrated that p300 

is essential for normal muscle development in mice (Yao et al., 1998), as well as for the 

expression of Myf5 and MyoD (Roth et al., 2003). In addition, p300, but not CBP, 

acetyltransferase activity is required for Myf5 and MyoD expression in differentiated 

embryonic stem (ES) cells (Roth et al., 2003). Furthermore, deletion of p300, but not PCAF, 

has been shown to dramatically decrease the acetylation levels of H3K18 and H3K27, which 

are hallmarks of active transcription in myogenesis (Jin et al., 2011). Additionally, we have 

illustrated that the HAT activity of p300 is required for H3K27 acetylation specifically at the 

MyoD locus, suggesting that the intact histone acetyltransferase activity of p300 is necessary 

for gene expression during myogenic commitment and differentiation. Thus, investigation of 

the regulatory mechanisms governing loci-specific histone acetylation by p300 recruitment is 

a significant area of interest for understanding the mechanisms of transcription and gene 

expression. The importance of p300 for an array of cellular processes including skeletal 

myogenesis and myotube formation is well established (Blum et al., 2012; Polesskaya et al., 

2001; Sterner and Berger, 2000; Chan and Thangue, 2001). However, the functional mode of 

transcriptional regulation involving p300, especially at the early stage of myoblast 

differentiation, remains less clear, given that lineage-specific enhancers and loci-specific 

acetylation play an essential role in the control of genes pertinent to differentiation. In this 

study, we investigated the association of p300 and loci-specific histone acetylation with 

distinct chromatin states at the onset of myoblast differentiation to discern the concerted action 

of MyoD and p300 in regulating myogenic expression. 
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. A schematic representation of transcriptional activation by p300. 

The transcriptional coactivator p300 regulates gene transcription by acting as: (A) a histone 

acetyltransferase (B) factor acetyltransferase (C) a scaffold for multiple transcription factors on 

chromatin and (D) a bridge connecting the transcription factors to the basal transcriptional 

machinery (Chen and Li, 2011). 
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Figure 3 

 

 

 

 

 

 

 

 

 

Figure 3. Domain organization of p300/CBP protein. 

A schematic structure of p300/CBP protein showing the nuclear localization signal (pink), 

Transcriptional-adaptor zink-finger doamin1 (orange), Kinase inducible domain of CREB 

interacting domain (green), Bromodomain (yellow), Lysine acetyltransferase domain (purple) and 

C-terminal domain, Glutamine-rich region (blue). Modified from (Chan and Thangue, 2001).  



 18 

1.9. Functional genomics and regulatory regions in myogenesis 

Recently, a wealth of information has emerged from high-throughput genomics approaches 

and epigenetics, which enabled us to understand myogenic differentiation through mapping of 

protein-DNA interactions and epigenetic marks in a genome-wide manner at a base-pair 

resolution (Farnham, 2009). Chromatin immunoprecipitation followed by massive 

sequencing (ChIP-seq) has been extensively used in myogenesis in the past decade, 

contributing significantly to our understanding of transcriptional regulation during 

myogenic differentiation. The findings in recent years that certain DNA elements are 

associated with distinct histone modifications have offered a new pathway to identify 

networks of regulatory loci whose activities underpin the control of gene expression. As 

such, lineage-specific enhancers can be identified by promoter-distal enrichment in 

H3K4me1 and/or histone acetyltransferases recruitment (Hon et al., 2009; Krebs et al., 

2011). 

Generally, enhancers can range from 200 bp to 1000 bp of DNA (Istrail and Davidson, 

2005) and are found in long linear distances ranging from a few hundred bases to a few million 

bases from their target transcription start sites (TSS) (Bulger and Groudine, 2010; Heintzman 

et al., 2007; Kim et al., 2015). Enhancer regions are constitutively present but become active 

upon binding of specific transcription factors, which in turn recruit chromatin-modifying 

enzymes to the locus (Giacinti et al., 2006). The function of enhancers is governed by specific 

transcription factors that selectively bind distinct DNA sequences within the enhancer to 

control their activity, leading to activation or repression of target gene transcription (Lee et al., 

1987). Gene expression programs associated with stem cell differentiation are largely 

regulated through distal regulatory elements characterized as enhancers, which can be further 

classified as ‘active’ or ‘poised’ based on the combinations of condition-specific histone 
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modification (Creyghton et al., 2010; A Rada-Iglesias et al., 2011). Studies in hematopoietic 

stem cells have revealed that poised enhancers are established in lineage progenitors before 

their activation and are involved in gene expression during lineage differentiation (Lara-

Astiaso et al., 2014). In addition, poised enhancers marked bivalently by H3K4me1 and 

H3K27me3, are dynamically modified during terminal differentiation and myotube formation 

where H3K27me3 is replaced by H3K27ac (Creyghton et al., 2010; Asp et al., 2011). 

Therefore, enhancers marked by histone acetylation upon differentiation may reflect the 

activation of distinct gene programs regulated by lineage-specific transcription factors. 

On the other hand, promoter regions are better characterized transcriptional regulatory 

sequences, given that their predictable location is approximately 50 to 300 bp upstream of the 

TSS (Butler and Kadonaga, 2002). Similar to enhancers, promoters are featured with 

enrichment of specific histone marks. Through analyzing the qChIP of lysine-acetylation 

marks at 124 E-box-containing promoter regions of a human B-cell line, Martinato and 

colleagues have observed changes in multiple histone marks upon Myc exogenous expression 

and found that the majority of targeted promoters display induction of H3K9ac, H4K8ac and 

H3K18ac (Martinato et al., 2008). Additionally, a later study reported that H3K9ac is further 

enriched at the myogenin promoter following 48-hours of C2C12 myoblast differentiation, 

suggesting that these histone marks are associated with active promoters (Chatterjee et al., 

2016). Moreover, the increase in H3K9 acetylation has been shown to correlate with the 

activation of the nuclear receptor peroxisome proliferator-activated receptors (PPARγ) and has 

been shown to activate target gene expression in 3T3-L1 cells during adipogenesis (Jang et al., 

2017). Interestingly, H4K8ac has also been linked to transcriptional activation (Wang et al., 

2010) and was reported to be associated with p300 HAT activity (Wang et al., 2001). In 
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conclusion, the enrichment of histone acetylation is a highly tissue-specific event that occurs 

in various combinations at regulatory loci.  

In human T-cells, the formerly mentioned histone marks are part of a “backbone” 

among other marks correlated with active promoters at a genome-wide level (Wang et al., 

2008). One should keep in mind that certain chromatin modifications cannot co-exist. For 

instance, an acetyl group must be removed before a methyl group can be added by histone 

methyltransferases (Czermin et al., 2001; Zhang et al., 2002). In conclusion, specific and 

interlinked modification or histone acetylation may dictate distinct genomic states, which 

translates to distinct transcriptional outcomes.  

1.10. Genomic mapping of transcription factors and histone modifications 

Detailed mapping of transcription factor binding sites, coactivators and histone 

modifications is fundamental for deciphering the gene regulatory networks that underlie 

numerous biological processes. Since the invention of ChIP-seq (Johnson et al., 2007), 

various genomic studies have been widely performed to map the global binding sites of 

transcription factors and the deposition of histone marks during myogenic differentiation. One 

of the earliest ChIP-seq attempts mapped p300 genome-wide locations in embryonic stem cells 

(ES) cells to investigate the factors that could be involved in p300 recruitment to enhancer 

regions (Chen et al., 2008). In vivo, ChIP-seq was used to map p300 distribution in mouse 

embryonic forebrain, midbrain and limb tissue to accurately predict the p300-associated 

tissue-specific activity of enhancers. Most of the p300-associated loci were found further 

away from the TSS, indicating that p300 is mostly an enhancer-related coactivator (Visel et 

al., 2009); therefore, p300 occupancy is a critical chromatin signature of enhancers. 
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The human genome largely entails non-protein-coding DNA. Recently, progress has 

been made in annotating these non-coding loci via incorporating multiple chromatin 

modifications in order to generate a tissue-specific chromatin state model, to further 

decipher the molecular mechanism underlying a given cellular process. Therefore, the 

characterization of the chromatin states in myoblasts will help to reveal muscle-specific usage 

of regulatory DNA elements and the activity of muscle-specific enhancers. We previously 

generated a chromatin state model based on genome-wide co-occurrence of different 

epigenetic marks in committed proliferating myoblasts, using a hidden Markov model-based 

method. Through incorporating published ChIP-seq datasets for the promoter-associated mark 

H3K4me3 and RNA polymerase II (RNA Pol-II), enhancer-associated mark H3K4me1, 

transcription-associated mark H3K36me3 and the repressive mark H3K27me3 together with 

our own H3K9ac, H3K18ac, H3K27ac and H4K8ac ChIP-seq data in proliferating C2C12 

myoblasts (GSE94558, Table 3), we established a model with 14-chromatin states, combined 

into five-chromatin states, reflecting diverse activities in gene expression prior to the onset of 

myoblast differentiation (Figure 4) (Hamed et al., 2017). 

Remarkably, studies of histone acetylation in the context of terminal differentiation 

have observed a near-complete loss of H3K9ac in contrast to a high level of H3K18ac, on 

genes activated in myotubes, as compared to proliferating myoblasts (Asp et al., 2011; Blum 

et al., 2012). Furthermore, the association of MyoD to distinct E-box motifs generally 

corresponds to enhancer assembly, marked by H3K27ac, and muscle-specific gene 

expression during myotube formation (Blum et al., 2012; Fong et al., 2012). Therefore, 

MyoD binding is an index of myogenic enhancers (Creyghton et al., 2010), leading to the 

recruitment of histone acetyltransferases, which deposit the acetyl moiety required for 

enhancer activation (Blum et al., 2012). The presence or absence of specific transcription 
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factors and/or histone marks thus depicts global distinctive regulatory regions. For instance, 

the co-occurrence of p300, Pol-II, H3K4me1 and H3K27ac is associated with enhancers 

(Heintzman et al., 2009; Visel et al., 2009; Kim et al., 2015). Nevertheless, the temporal 

association of histone modifications and HATs at specific myogenic loci is less clear. 

We have found earlier that H3K27ac is enriched at the MyoD core enhancer region 

(CER), a critical locus for MyoD expression, in a stepwise manner. In addition, the enrichment 

of H3K27ac at the CER coincides with the enriched occupancy of p300 in differentiating 

myoblasts (Hamed et al., 2013). MyoD expression is largely regulated by two enhancers within 

the Myod1 locus, the CER located at -23 Kb and the distal regulatory region (DRR) located at 

-4 Kb(Asakura et al., 1995; Chen et al., 2004; Goldhamer et al., 1995; 1992; Tapscott et al., 

1992). The CER has been shown to control normal spatiotemporal expression of MyoD to 

direct gene expression in muscle progenitor cells during embryogenesis (Goldhamer et al., 

1995; Kablar et al., 1999), whereas the DRR, along with the proximal regulatory region (PRR 

at -275bp) are myoblast-specific response elements and thereby are important for the 

maintenance of MyoD gene expression (Tapscott et al., 1992; Asakura et al., 1995). Hence, 

enhancers marked with histone acetylation may reveal the activation of a cohort of gene 

programs regulated by distinct transcription factors during myogenic differentiation. 

Epigenetic modifications dictating the transition from myoblasts to late myotubes have been 

explored (Blum et al., 2012); however, we focus on the epigenetic changes in the conversion, 

specifically from myoblasts to myocytes.  

Much of the work discovering the mechanism of muscle differentiation and fusion has 

been done in vitro using direct reprogramming, directed differentiation, or both. Direct 

reprogramming is achieved by converting of non-muscle cells including fibroblasts (Choi et 

al., 1990), into myogenic lineages via cellular manipulation such as the overexpression of 
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specific myogenic transcription factors like MyoD (Choi et al., 1990). On the other hand, 

directed differentiation is used to present specific signaling cues to proliferating cells in vitro 

to mimic the process in vivo during normal development, promoting them to differentiate. This 

is achieved by recapitulating the environment in the embryo during early differentiation to 

make muscle fibers with or without the addition of small molecule modulators, such as 

dimethyl sulfoxide (DMSO) and retinoic acid (RA), which enhance myogenic differentiation 

under specific environmental conditions (Francetic et al., 2012; Hamed et al., 2017). Adherent 

monolayer cultures of pluripotent stem cells (PSCs) have been used to represent more 

homogenous differentiation than embryoid bodies of mouse ES cells, which usually is 

heterogeneous and challenging to control lineage specification (Doetschman et al., 1985; 

Robbins et al., 1990). 

A well-established cell line to study the molecular mechanism involved in myoblasts 

differentiation is C2C12, which is an immortalized myoblast cell line obtained through a 

continuous passaging of primary myoblasts derived from mouse limb muscles (Yaffe and 

Saxel, 1977). C2C12 cells have been extensively used in research, as they share a high 

correlation with transcriptional programs of isolated primary skeletal muscle cells (Szymanska 

et al., 1992). At a genome-wide scale, ChIP-seq analyses of MyoD (Cao et al., 2010) and gene 

expression profiling (Blais et al., 2005) from primary myoblasts is consistent with that of 

C2C12 during differentiation (Asp et al., 2011; Blais et al., 2005). Unlike primary skeletal 

myoblasts, C2C12 cells are less prone to spontaneous differentiation in culture, and they are a 

highly homogenous population of cells (Yaffe and Saxel, 1977), a characteristic that is 

required for genome-wide studies, making C2C12 cells a system of choice to investigate our 

hypotheses. 
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Figure 4  

 

 

 

 

Figure 4. Characterization of the epigenome in proliferating myoblasts.  

The 14-state chromatin state model was generated based on global ChIP-seq read enrichment for 

RNA Pol-II, H3K4me3, H3K9ac, H3K18ac, H3K27ac, H4K8ac, H3K4me1, H3K36me3 and 

H3K27me3 (GSE94558, Table 3). TSS enrichment was calculated as the ratio between the fraction 

of bases in the genome overlapping the feature and state and the joint probability that a base would 

overlap with the feature and state. Enrichment of highly conserved non-coding elements was 

calculated similarly (Hamed et al., 2017).  
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1.11. The retinoid X receptors 

Nuclear receptors stimulate transcription upon activation by their agonists, and consequently, 

recruitment of coactivators at genomic regions takes place (Horwitz et al., 1996; McKenna et 

al., 1999). They are ligand-modulated transcription factors that respond to different 

hydrophobic molecules such as hormones, lipids, steroids and retinoids in order to influence 

gene expression. Upon ligand binding, the ligand binding domain folds into a α-helical 

sandwich, forming the ligand binding pocket, which is lined by hydrophobic specific residues. 

The agonist binding stabilizes the conformation of the ligand binding domain positioning a 

specific set of amino acids adequately for coactivator peptide interaction, and hence, the 

receptor-chromatin complex regulates their downstream transcription-related functions (Wurtz 

et al., 1996).  

Nuclear receptors control transcription through recruiting specific co-regulators, 

transcription factors and components of the transcription initiation complex or RNA Pol-II to 

target regulatory regions (Acevedo and Kraus, 2004). In the absence of their agonists, nuclear 

receptors bind to co-repressors to keep target DNA in tightly coiled conformation, preventing 

accessibility to transacting factors. However, in the presence of agonists, nuclear receptors 

shift from binding co-repressors to coactivators. Subsequently, nuclear receptors bind to 

specific response elements within the DNA, termed hormone response element (HRE), located 

within the regulatory regions of the gene, often at the enhancers of their target genes, thereby, 

transcriptional activity is stimulated (Glass and Rosenfeld, 2000; McKenna and O’Malley, 

2002; Yamada and Kakuta, 2014). Nuclear receptors have a high potential to be targeted 

pharmacologically as they have the ability to sense and respond to small-molecule ligands that 

can be modified to design drugs (Fan et al., 2013).  
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Nuclear receptors play essential roles in several physiological processes such as 

immunity, metabolism, lipid signaling, inflammation and myogenesis (Hollman et al., 2012; 

Lamers et al., 2012; Pascual-García and Valledor, 2012; Verhoeven et al., 2010). Notably, a 

previous study showed that adenoviral vector-mediated expression of the retinoic acid receptor 

(RAR) or RXR was able to induce myosin heavy chain (MyHC) reporter activity (Zhu et al., 

2009), a gene that is continuously expressed during muscle development (Bi et al., 2017). 

Furthermore, studies conducted in our laboratory have reported that RXR-selective signaling 

contributes to the specification of skeletal muscle lineage (Le May et al., 2011). We have 

shown that rexinoid signaling, through RXR, also promotes myogenic differentiation 

(AlSudais et al., 2016). Therefore, we have focused on investigating the effect of RXR 

signaling on myogenic expression in early myoblast differentiation at a genome-wide scale. 

Retinoid X receptors are ligand-inducible transcription factors that belong to the 

nuclear hormone receptor superfamily including non-steroid hormone receptors such as 

vitamin D receptor (VDR) and thyroid hormone receptor (THR), as well as steroid hormone 

receptors including estrogen receptor (ER) and androgen receptor (AR) (Szanto et al., 2004; 

Leid et al., 1992). Three distinctive isoforms of RXR have been identified: RXRα, RXRβ, and 

RXRγ, with RXRα being the predominant subtype expressed in adult skeletal muscle 

(Barbosa-Morais et al., 2012). RXR isoforms have different tissue distributions: RXRα is 

found in muscle, liver, lung, kidney, intestine and epidermis; RXRβ is ubiquitously expressed; 

and RXRγ is expressed in skeletal and cardiac muscles and brain (Dolle et al., 1994; Germain 

et al., 2006). Knockout studies showed that the function of RXR is crucial in early embryonic 

development. RXR null mutants display myocardial and ocular abnormality and die in utero, 

whereas RXR and RXR null mice are viable and appear to be normal (Kastner et al., 1994; 



 27 

Krezel et al., 1996). Just like other nuclear receptors, RXRs harbor multiple distinctive 

domains: N-terminal region (A/B), DNA-binding domain (C), hinge region (D), ligand binding 

domain (E) and C-terminal domain (F), (Figure 5). Within the LBD, there is a transactivation 

functional domain, a ligand binding pocket (LBP), a dimerization surface and a co-regulator-

binding surface groove, (reviewed in Dawson and Xia, 2012; Mangelsdorf et al., 1995). RXRs 

are heterodimeric partners of about one-third of 48 other nuclear receptor superfamily 

members including VDR, THR, RAR, PPARs, liver X receptor (LXR) and farnesoid X 

receptor (FXR) (Mangelsdorf et al., 1995).  

Given RXRs vast heterodimerization potential, they are involved in a broad array of 

cellular processes and signaling pathways. RXR isoforms can form homodimers, permissive 

heterodimers, or non-permissive heterodimers and can be either ligand-dependent or ligand-

independent (Tanaka and Luca, 2009). When RXR forms permissive heterodimers, the 

complex can be indistinctly activated by ligands of either RXR or its partner due to the close 

proximity of the activation domain of the partner to RXR (Aranda and Pascual, 2001). 

However, when RXR forms non-permissive heterodimers, the ligand-induced transcriptional 

activity of RXR is inhibited (Forman et al., 1995). Therefore, RXR ligand binding only 

stimulates RXR homodimers or permissive heterodimers (Mangelsdorf et al., 1995), such as 

PPAR, LXR and pregnane X receptor (PXR). While RXRs, and their partner dimer, are 

constitutively bound to DNA, they require agonist binding to activate gene transcription (Leid 

et al., 1992; Umesono and Evans, 1989).  

Rexinoids are compounds that bind to and modulate RXRs activities (Szanto et al., 

2004; Altucci et al., 2007; Dawson and Xia, 2012; Kagechika, 2002; Nagpal and Chandraratna, 

2000; Pérez et al., 2012). They are complexes that are chemically related to vitamin A, which 

bind to RXRs but not RARs, (reviewed in Yamada and Kakuta, 2014). Bexarotene (LGD1069) 
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is a synthetic rexinoid used in the treatment of mammary carcinogenesis (Orendas et al., 2012). 

Furthermore, it is a RXR-selective ligand and thereby is unable to activate RARs or 

transactivate the RXR-RAR heterodimer (Lehmann et al., 1992). We have shown that 

bexarotene acts through the function of RXR, specifically to enhance myoblast 

differentiation, which coincides with the increase of MyoD and myogenin expressions 

(AlSudais et al., 2016).  

The transcriptional function of nuclear receptors generally depends on the recruitment 

of HATs as part of the transcription complex at target promoters and enhancers in response to 

internal or external stimuli such as synthetic ligands (Shulman and Mangelsdorf, 2005). It has 

been shown that p300 acts as a transcription coactivator for nuclear receptor-mediated 

signaling (Kraus and Wong, 2002). p300/CBP has been associated to the function of 

glucocorticoid receptor, RARs and THR (Chakravarti et al., 1996; Kamei et al., 1996), In 

addition, p300 has been shown to act synergistically with ERα and RAR in order to enhance 

transcription initiation (Kraus and Kadonaga, 1998; Dilworth et al., 2000). Knockout studies 

have highlighted a distinct role of p300-mediated gene activation during induced myogenesis, 

in which p300 is required specifically for H3K18 and H3K27 acetylation (Jin et al., 2011). 

Moreover, previous studies have demonstrated that nuclear receptors are strongly associated 

with H3K18 acetylation (Jin et al., 2011; AlSudais et al., 2016). For example, it has been 

reported that, upon estrogen stimulation, the level of H3K18 acetylation increases at the ER-

targeted promoters (Daujat et al., 2002). Moreover, H3K18ac decreased at targeted-gene 

enhancers after reducing p300 recruitment in the estradiol-stimulated MCF-7 breast cancer cell 

line, which significantly decreased p300-mediated H3K18 acetylation in the cells (Yi et al., 

2017), indicating that p300, as a HAT, plays a vital role in nuclear receptor-targeted gene 
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transcription activation (Jin et al., 2011). Therefore, we focused our study on exploring the 

changes in histone acetylation in response to rexinoid, specifically during early myogenic 

differentiation. 

 

 

Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Nuclear receptor domain organization. 

The structural basis of nuclear receptors shown here is the N-terminal domain (Pink), DNA-binding 

domain (blue), Hinge region (purple), ligand binding domain (green) C-terminal domain (orange) 

and the activation function domains (red) within the N- and C-terminal domains. Adapted from 

(Chandra, et al., 2017) 
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Rationale and hypotheses 

The coactivator p300 is essential for the expression of muscle-specific genes. We have shown 

before that the histone acetyltransferase activity of p300 at the MyoD core enhancer region 

specifically is necessary for the expression of MyoD, implying the significant role of p300 in 

myogenic differentiation. Interestingly, RXR signaling has been shown to induce the 

specification of muscle lineage and to promote myogenic differentiation. Dystroglycan plays 

a role in maintaining muscle integrity along with other DGC complex proteins. However, it 

has been claimed lately that Dag1 expression sustains efficient regenerative ability of satellite 

cells. 

Firstly, the compendium of p300-dependent distal regulatory elements that govern 

myogenic differentiation from myoblasts to myotubes has been explored. However, the 

features of these elements at an earlier stage of differentiation remain less clear. Considering 

that loci-specific acetylation at lineage-specific enhancers play a critical role in the control of 

genes required for differentiation, we hypothesize that p300 associates with distinct histone 

acetylation when occupying early active or poised myogenic enhancer loci. 

In addition, we have shown earlier that rexinoid signaling, through RXR, is required 

for ligand-promoted myogenic differentiation. However, the interplay of rexinoids with 

myoblast-specific chromatin state has not been identified yet. Therefore, we hypothesize that 

rexinoid signaling associates with specific histone acetylation at the active or poised enhancers 

of target genes in early myogenic differentiation. 

Moreover, we identified a potential poised enhancer locus of Dag1 that is occupied by 

p300. Thus, we hypothesize that dystroglycan is a p300-dependent target and is associated 

with specific acetylation upon myoblast differentiation. 
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To address these hypotheses, we have performed ChIP-seq to determine the DNA binding 

profiles of RXR and p300, along with the deposition of histone acetylation marks, 

incorporated with RNA-seq during early differentiation and in response to rexinoid. 

The specific aims of this study were:  

(1) To investigate the molecular mechanisms of myogenic gene activation by p300 at 

the onset of myogenic differentiation 

(2) To explore the mode of action of rexinoid signaling and its relation to myoblast-

specific chromatin states in early myoblast differentiation 

(3) To examine the molecular mechanism underlying the expression of dystroglycan 

in early myogenic differentiation.  
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Chapter 2. Materials and methods 

2.1. Cell culture 

C2C12 myoblasts acquired from the American Type Culture Collection were maintained in 

Dulbecco's Modified Eagle’s Medium (D-MEM, Wisent) supplemented with 10% fetal 

bovine serum (HyClone) and 1% Penicillin/Streptomycin (P/S, Wisent) at 37°C with 5% CO2. 

Similarly, D-MEM supplemented with 2% horse serum (Gibco) and 1% P/S was utilized as 

a differentiation medium. Cells were incubated at 37 °C with 5% CO2. To induce the 

differentiation process, C2C12 cells were grown to a confluency of approximately 80% 

after which, they were switched to differentiation medium for a required amount of time. 

The addition of 50 nM bexarotene (LC Laboratories) was used as needed in the treatment 

condition.  

2.2. shRNA knockdown 

C2C12 myoblasts were grown in D-MEM supplemented with 10% fetal bovine serum to 

about 30% confluence and transduced at a MOI of 30 with lentiviral particles targeting p300 

in the presence of Polybrene (5 μg/ml, Santa Cruz), according to the manufacturer’s protocol 

(Santa Cruz Biotechnology). A nonsilencing shRNA was used as a negative control. 

Puromycin (2 μg/ml) was used to select pooled stable clones beginning two days after infection 

for a total duration of 5-8 days. Puromycin was purchased from Sigma. 
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2.3. Immunofluorescence microscopy 

At the indicated time point, C2C12 cells were fixed with cold methanol for 20 minutes, 

rehydrated in 1X PBS for 5 minutes and incubated overnight with an antibody against myosin 

heavy chain (1:10 MF20, Developmental Studies Hybridoma Bank). Following rapid three 1X 

PBS washes, cells were incubated with 1:200 Alexa Flor®594 secondary antibody (Invitrogen) 

for 2 hours. The cells were also incubated with 0.1 μg/ml of Hoechst (Molecular Probes) to 

stain the nucleus. The coverslips were mounted on slides with 50% glycerol. Axiovert 200M 

microscope, AxioCam HRM camera and AxioVision Rel 4.8 software (Zeiss) were used to 

capture the images through a 10X objective. For each coverslip, five random images were 

analyzed. The myogenic index was determined as the percentage of myocyte nuclei in 

relation to the total number of nuclei. ImageJ software was used for cell counting. The 

student’s t-test was used for statistical analysis. Each experiment was repeated at least three 

times.  

2.4. Western blot analysis 

C2C12 cells were lysed by incubation in whole-cell extract buffer (10% glycerol, 50 mM 

Tris-HCl pH 7.6, 400 mM NaCl, 5 mM EDTA, 1 mM DTT, 1 mM PMSF, 1% NP-40) on a 

rotator for 30 minutes at 4°C, and then the lysate was centrifuged at 14,000 × g at 4°C for 10 

min. Protein concentration was determined by Bradford assay (Bio-Rad), using the Multiscan 

Spectrum Photospectrometer (Thermo Electron Corporation). The proteins were separated 

by 6%-12% SDS-PAGE and transferred to Immun-Blot PVDF membrane (BioRad). After 

transfer, membranes were blocked in 5% milk in PBS supplemented with 1% Tween-20 in 

PBS for 1 hour and then were sequentially probed with indicated primary and secondary 

antibodies. Immunoreactive bands were developed using Western Lightning 
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Chemiluminescence (Perkin Elmer) reagents and quantified using ImageLab software from 

BioRad. Antibodies specific for p300 was obtained from Santa Cruz Biotechnology (1:100, 

sc-584). Antibodies to myogenin (1:100 F5D), β-tubulin (1:100 E7), MyHC (1:100 MF20) 

and -Dag1 (1:100 IIH6) were from Developmental Studies Hybridoma Bank. Antibodies for 

H4K8ac, H3K9ac, H3K18ac, H3K27ac and total H3 were obtained from Abcam (1:200 

ab15823, 1:200 ab4441, 1:200 ab1191, 1:200 ab4729 and 1:200 H3 ab12079, respectively). 

Secondary antibodies used were: 1:2500 Anti-Mouse IgG (H+L) HRP Conjugate (Promega) 

and 1:2500 Anti-Rabbit IgG (H+L) HRP Conjugate (Promega). All experiments were 

repeated at least three times. Data were presented as the mean ± STDEV, where p values were 

determined using student’s t-test. 

2.5. Reverse transcription-quantitative PCR (RT-qPCR) 

Total RNA was isolated from C2C12 myoblasts using Total RNA kit I (Omega) following 

the manufacturer's protocol. Reverse transcription to cDNA was performed using a High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems). Total RNA was quantified 

by Nanodrop (ND-1000). Real-time PCR was conducted using a SYBR® Green and 

HotStarTaq DNA polymerase (Qiagen) on a CFX96 Touch Real-Time PCR Detection System 

(BioRad). Each sample was PCR amplified in triplicates. Results were analyzed by the 

threshold cycle (Ct) comparative method using TATA-Binding Protein (Tbp) or Ribosomal 

Protein S26 (Rps26) as an internal control. The experiments were repeated at least three 

times. Data were presented as the mean ± S.E.M, where p values were determined using 

student’s t-test. MyoD, myogenin, Dag1, Angptl4, Tbp, Gpc6, Tnnt1, Igsf3, Asb2, Sntb1 and 

Tnnc1 gene specific primers are listed in Table1. 
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2.6. Chromatin immunoprecipitation (ChIP) 

C2C12 cells were differentiated for 24 hours after, after which the cells were crosslinked with 

1%  formaldehyde for 20 min at room temperature (RT), lysed with lysis buffer (1% SDS, 50 

mM Tris-HCl pH 8.0, 10 mM EDTA and 0.1% protease inhibitor cocktail (EMD Millipore 

Calbiochem™) and sonicated, followed by chromatin immunoprecipitation. Equal amounts of 

DNA were diluted with dilution buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 

1% Triton X-100 and 0.1% protease inhibitor cocktail) for immunoprecipitation with specific 

antibodies overnight at 4°C. Antibodies used for ChIP-seq were specific for H4K8ac, H3K9ac, 

H3K18ac and H3K27ac and were obtained from Abcam (ab15823, ab4441, ab1191, ab4729), 

whereas those for p300 and RXRα were from Santa Cruz (sc-584x and sc-553x). Other 

antibodies were used for ChIP experiments, p300 and MyoD were obtained from Santa Cruz 

(sc-584 and sc-32758), myogenin F5D was from the Developmental Studies Hybridoma Bank 

and H3K18ac was from Abcam (ab1191). For each batch of immunoprecipitation, 

corresponding normal IgG antiserum was used as a negative control. The 

immunoprecipitants were captured by incubation with dynabeads protein-A or G 

(Invitrogen) for 2 hours at 4°C. The immune complexes were washed sequentially for 20 min 

with washing buffers A (0.1% SDS, 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA 

and 1% Triton X-100), buffer B (0.1% SDS, 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 2 mM 

EDTA and 1% Triton X-100), buffer C (1% sodium deoxycholate, 20 mM Tris-HCl pH 8, 

0.25 M LiCl, 1 mM EDTA and 1% NP-40) and twice for 10 min with TE buffer (10 mM Tris-

HCl pH 8.0 and 1 mM EDTA). The immunocomplexes were then extracted with elution buffer 

T50E10S1 (50mM Tris-HCl, 10mM EDTA and 1% SDS) for 30 min at room temperature. 

Reverse crosslinking was performed at 65°C overnight. DNA for ChIP was purified using the 

DNA purification kit (Qiagen), whereas the DNA for ChIP-seq was purified using the 
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MinElute Spin Columns Kit (Qiagen) and input chromatin DNA was used as control. The 

chromatin DNA was then purified and real-time PCR was performed using a SYBR® Green 

and HotStarTaq DNA polymerase (Qiagen) on a CFX96 or CFX384 Touch Real-Time PCR 

Detection System (BioRad). Each sample was amplified in triplicate PCR reactions. Purified 

input DNA was used to create a standard curve during the PCR amplification for each 

immunoprecipitant. Quantification was analyzed as the abundance of immunoprecipitated 

target DNA as a percentage of input chromatin DNA (enrichment as the percentage of 

input). Each ChIP was repeated at least three times.  

2.7. ChIP-seq data processing 

Purified DNA was sequenced by the McGill University Genome Quebec Innovation Centre 

with Illumina HiSeq 2000 as single-end 50 nucleotide reads, according to Illumina instructions 

with input chromatin DNA used as control. Sequencing reads were mapped to the mouse 

genome build mm9 using Bowtie, allowing for three mismatches and reporting the single best 

alignment per 50 bp read. Picard was used to filter out replicated reads 

(http://picard.sourceforge.net/), and BAM files were converted into BED files with the 

BEDTools suite (Quinlan and Hall 2010). For visualization of ChIP-seq signals in the 

Integrative Genomics Viewer, aligned reads were extended by 125 bp at their 3′ end and 

basewise signal intensity was computed. Peak detection was performed using the model-based 

analysis of ChIP-seq (MACS) software (Zhang et al., 2008) (v1.0.0) with a P-value threshold 

of 1 × 10−5. Peak annotation followed by gene ontology (GO) using GREAT v3.0.0 (McLean 

et al., 2010) utilizing the whole genome as background and the single nearest gene association 

rule. 

 

http://picard.sourceforge.net/
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2.8. Chromatin State Model 

ChIP-seq datasets were obtained from the NCBI Gene Expression Omnibus (GEO) for RNA 

Pol-II under the accession number GSM721286 and H3K4me1 under GSM721288 (Asp et al., 

2011), while H3K4me3 under GSM918415 and for H3K36me3 under GSM918417 (Yue et 

al., 2014). The corresponding input for Pol-II and H3K4me1 were obtained under GSM721306 

(Asp et al., 2011), and for H3K4me3 and H3K36me3 under GSM918421 (Yue et al., 2014). 

Genome-wide binding sites for MyoD and myogenin were obtained for MyoD_GM under 

accession number GSM915186, for MyoD_24h under GSM915183 and myogenin_24h under 

GSM915159 (Yue et al., 2014). The chromatin state model was generated using ChromHMM 

(Ernst and Kellis, 2012). The enrichment of transcription start sites (TSSs), Pol-II binding sites 

and highly conserved non-coding elements (HCNCEs) was calculated as a ratio between the 

fraction of nucleotides overlapping between the feature and state and the joint probability of 

observing the feature and state. HCNCEs for the mm9 build were identified using genomic 

evolutionary rate profiling (Davydov et al., 2010). 

2.9. Analysis of histone enrichment and transcription factor binding sites 

The enrichment of histone acetylation at the MRF binding sites was calculated with ngsplot 

(Shen et al., 2014), which calculates the coverage vectors for each query region based on 

specified alignment files. Following normalization and transformation on the coverage, an 

average profile is created as the number of reads in 20 bp bins within a 2 kb region, centered 

at the peaks and normalized to the total number of mapped reads (in millions) in the dataset. 

Two-sided Wilcoxon signed-rank test was used for statistical analysis. Homer (Heinz et al., 

2010) was used to perform de novo motif analysis for p300 and RXRα ChIP-seq peaks, 

allowing for motif identification within 100 bp region from the peak center. Overlapping peaks 
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were calculated as being located within 100 bp of one another with the mergePeaks tool within 

Homer. 

2.10. Genomic data deposition 

The ChIP-seq and RNA-seq data generated and analyzed for this study have been deposited in 

the National Center for Biotechnology Information Gene Expression Omnibus (GEO) 

database and are accessible through GEO Series accession numbers GSE109636 (p300 ChIP-

seq data), GSE94558 (RXR and histones ChIP-seq data) and GSE94560 (RNA-seq data). 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109636
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE94558
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE94560
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Chapter 3. Results 

3.1. p300 is required for early myogenic differentiation 

To delineate the function of the p300, we used a shRNA knockdown approach in C2C12 

myoblasts to reduce the endogenous levels of p300 protein. Western blotting analyses showed 

that the introduction of p300 shRNA into proliferating myoblasts effectively knocked down 

the level of p300 as well as significantly decreased the expression of myogenin, which is a 

lineage-specific marker of differentiation protein, by roughly 75% (Figure 6A and B). In 

addition, the expression of myogenin mRNA was significantly inhibited as shown by RT-

qPCR analyses (Figure 6C). Immunofluorescence staining of myosin heavy chain (MyHC), a 

marker of terminal myogenic differentiation revealed a decrease in myotube formation in p300 

knockdown cells as compared to control non-silencing shRNA (Figure 6D). Concurrently, 

there was a significant decrease in myoblast differentiation and fusion (Figure 6E). Therefore, 

these data reveal the importance of p300 in C2C12 myogenic differentiation, which agrees 

with previous findings that showed that there was a myogenic differentiation impairment in 

ES cells lacking p300 (Shikama et al., 2003). 
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Figure 6 

 

 

 

 

 

Figure 6. p300 is required during early myogenic differentiation. 

C2C12 cells transfected with p300 shRNA (sh-p300) and non-silencing shRNA as controls (sh-Ctl) 

were differentiated for 24 and utilized for Western blotting. (A) The levels of p300 and myogenin 

proteins were analyzed on day 1 of differentiation. The blots were then stripped and re-probed for 

β-tubulin as loading controls. (B) Quantification of the myogenin blots is presented as the fold 

change relative to the non-silencing shRNA control normalized to β-tubulin (*p < 0.05, n = 3).  (C) 

p300 knockdown cells were subjected to RT-qPCR analysis of myogenin mRNA on day 1 of 

differentiation. Quantification is presented as the fold change relative to proliferating myoblasts 

normalized to TBP as an internal control (*p < 0.05, n=3) and was calculated using the formula 2–

ΔΔCT. (D) Shown are the representative microscopic images of myosin heavy chain (red) and nuclei 

(blue) co-stained after 4 days of differentiation. (E) Differentiation was defined as the percentage 

of myocyte nuclei relative to the total number of nuclei, whereas the fusion rate was defined as the 

average number of nuclei per myocyte. Error bars are the standard deviations of four independent 

experiments (*p < 0.05, **p < 0.01). 
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3.2. Histone acetylation is enriched at p300-associated loci upon differentiation 

Since p300 is a histone acetyltransferase and its HAT activity is necessary for myogenic 

differentiation (Polesskaya et al., 2001; Shikama et al., 2003), we examined the global levels 

of p300, myogenin and also global histone acetylation levels during early myogenic 

differentiation. The levels of myogenin protein increased more than 10-fold upon early 

differentiation, whereas p300 expression remained relatively steady (Figure 7A and B). 

Furthermore, Western blot analysis showed no significant changes in H3K9ac, H3K18ac and 

H3K27ac, whereas H4K8ac was augmented by roughly 2-fold (Figure 7A and B). Therefore, 

our analyses indicate that if there is a differentiation-dependent change in the levels of p300 

and residue-specific histone acetylation, it may occur in a loci-specific manner rather than 

globally. In order to investigate the role of p300 during the early stages of myogenic 

differentiation, we set out to perform ChIP-seq of p300 in C2C12 cells. While maintaining a 

high correlation with transcriptional programs of primary myoblasts, C2C12 myoblasts are 

less prone to spontaneous differentiation (Asp et al., 2011; Blais et al., 2005) and thus they are 

a system of choice for genome-wide studies of histone modification and associated 

transcriptional regulators, including p300 in myotubes and proliferating myoblasts (Blum et 

al., 2012). ChIP-seq was performed in proliferating myoblasts and myoblasts that had been 

allowed to differentiate for 24 hours. Following model-based ChIP-seq analysis (MACS) of 

p300 read enrichment, 5,405 and 2,060 high confidence peaks were identified in proliferating 

and differentiating myoblasts, respectively (Figure 7C). The average PhastCons conservation 

scores of p300-associated sites were analyzed as a measurement of the technical validity of 

the p300 enriched sites identified by MACs (Figure 7D). 
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To further explore the characterization of p300-bound loci, we used a chromatin state 

model based on genome-wide co-presence of different epigenetic marks, in committed 

proliferating myoblasts (Hamed et al., 2017), by incorporating our own ChIP-seq of H3K9ac, 

H3K18ac, H3K27ac, H4K8ac and H3K27me3 (GSE94558) along with published ChIP-seq 

datasets (Asp et al., 2011; Yue et al., 2014; Davydov et al., 2010). Utilizing the chromatin state 

model, we next annotated different categories of p300 read signals through the progression of 

myoblast differentiation and found that p300 peaks are predominantly associated with active 

enhancers (Figure 7E). Additionally, the percentage of poised enhancers escalates from 5% in 

p300 peaks unique to proliferation to 15% in peaks unique to differentiation (Figure 7E), 

supporting a role for p300 in the activation of myogenic-specific loci during early 

differentiation. 

Since histone acetylation is required for the modulation of regulatory regions, we also 

profiled loci-specific changes in histone acetylation during early differentiation (Figure 7E and 

F). We observed a differentiation-dependent enrichment observed not only for H3K18ac and 

H3K27ac, which are known acetylation targets of p300 (Jin et al., 2011) but also in H4K8ac 

and H3K9ac particularly at differentiation-unique p300 loci. Interestingly, H3K9ac showed 

the most prominent relative increase as compared to the other acetylation marks (Figure 7E). 

Therefore, the level of p300 occupancy is closely associated with loci-specific histone 

acetylation during early myoblast differentiation. 
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Figure 7 

  

 

Figure 7. Histone acetylation is enriched at p300-associated loci upon differentiation. 

(A) C2C12 cells were differentiated for 24 hours followed by Western blotting analysis for p300, 

myogenin, and histone marks (H4K8ac, H3K9ac, H3K18ac and H3K27ac) with β-tubulin as a 

loading control. (B) Quantification of the Western blots in panel A is presented as fold change 

relative to proliferating myoblasts (GM) (error bars: SD; n = 3; *p < 0.05). (C) Union analysis of 

p300 peaks in proliferating C2C12 (GM) and myoblasts differentiated for 24 hours (DM). (D) The 

average PhastCons conservation scores of p300 peaks in proliferating (GM) and differentiated 

myoblasts (DM). (E) Chromatin state distribution of p300 loci. The average read enrichment profiles 

of H4K8ac, H3K9ac, H3K18ac, and H3K27ac spanning 2 kb across the indicated p300 loci 

annotated above. (F) Boxplots present a log2-fold change in signal enrichment at the p300 loci. The 

differential median between enrichment at p300 loci unique to differentiation or shared are displayed 

to the right (Wilcoxon signed-rank test, *p < 0.05). 

GM unique 

shared 

DM unique 
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3.3. MyoD and p300 mainly co-localized at enhancers during early differentiation 

As a transcriptional coactivator, p300 does not directly bind to DNA but is recruited by DNA-

binding transcription factors. Thus, we searched for enriched motifs associated with p300-

dependent loci. We first divided the p300-associated loci into groups that were unique to 

proliferation, shared or unique to differentiation as in Figure 7E. De novo motif analysis 

revealed that MyoD and myogenin motifs were found primarily at p300-associated shared or 

unique to differentiation loci but not unique to proliferation (Figure 8A). Collectively, our data 

indicate that p300 might be recruited predominantly by MRFs in order to regulate myogenic 

targets in early differentiation.  

MyoD and myogenin binding sites were found to associate to p300 loci; however, 

since MyoD is involved in the initial step of myoblast differentiation, while myogenin is 

required for terminal differentiation and that MyoD functions upstream of myogenin 

(Moncaut et al., 2013), we analyzed the genome-wide co-localization of p300 and MyoD. 

For this purpose, we used the Caltech published genome-wide MyoD ChIP-seq data in 

proliferating and myoblasts differentiated for 24 hours under the ENCODE project 

consortium (http://encodeproject.org/ENCODE). Intriguingly, our chromatin state analysis 

showed that there is an increase in the occupancy of enhancers by p300 when co-localized 

with MyoD, particularly poised enhancers in differentiating myoblasts from about 8% to 12% 

and no such an increase was apparent in proliferating myoblasts (Figure 8B). Moreover, when 

the distance of p300 peaks to the nearest TSS was analyzed, we found that the majority of 

p300 peaks located in the promoter regions (0 to −1 kb) lacked MyoD overlap (Figure 8C). 

Nevertheless, more p300 peaks co-localized with MyoD were found distal to the promoters 

(−1 to −50 kb), in regions that are more likely to be enhancers, active or poised (Figure 8C). 

http://encodeproject.org/ENCODE
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Thus, an increase in p300 recruitment to MyoD-bound poised enhancers may be important for 

the initiation of myoblast differentiation. (Figure 8B and C). 

To further explore the relationship of p300 and MyoD, we examined the histone 

profiles at p300-associated loci categorized with and without a MyoD overlap. As shown in 

Figure 8B, p300-associated regions displayed an increase in H3K18ac and H3K27ac 

acetylation regardless of the presence of MyoD. In contrast, H4K8 and H3K9 acetylation are 

distinct in that enrichment is only seen when p300 co-localizes with MyoD (Figure 8B). More 

interestingly, quantification of condition matching RNA-seq data (Hamed et al., 2017) 

revealed a significant increase in the expression of genes associated with p300 in 

differentiating myoblasts, but only when co-localized with MyoD (Figure 8D). Therefore, our 

data shed new light into the functional mode of p300 when recruited by MyoD at the early 

stage of myoblast differentiation, in that the changes in loci-specific histone acetylation 

correlate with differentiation-specific myogenic expression.  
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Figure 8 

 

Figure 8. MyoD and p300 co-localization correlates with H4K8ac and H3K9ac enrichment. 

(A) De novo motif analysis was performed for the p300 loci as categorized in Figure 7C. The 

percentage of p300 loci bound by the top-ranked motifs are presented as a bar graph, with p-values 

for the motifs being equal to or lower than the one stated in each category presented at the bottom. 

(B) Chromatin state distribution of p300 loci in proliferating (GM) and differentiating (DM) 

conditions, with or without a MyoD overlap. The average read density of indicated histone 

acetylation spanning 2 kb across corresponding p300 loci is presented below. (C) The distance of 

p300 peaks with and without a MyoD overlap in relation to the closest TSS is quantified as a bar 

graph (D) The expression levels of ENSEMBL genes associated to the indicated categories of 

p300 peaks of panel B are plotted as FPKM measured by RNA-seq analysis (Wilcoxon signed-

rank test, *p <0.05). 
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3.4. Co-occupancy of p300 and MyoD at the enhancers of differentiation-dependent 

genes 

To identify genes bound by and potentially regulated by p300 during myogenic 

differentiation, we examined selected target loci based on the ChIP-seq read coverage 

(Figure 9A) to evaluate the transcriptional dependency of these genes on p300. The 

designated loci for Tnnt1, Igsf3, Asb2 and Gpc6 genes displayed an increase in p300 and 

MyoD binding upon differentiation, as represented by read density (Figure 9A). We next 

performed ChIP for p300 and MyoD with normal IgG antiserum and a random locus as 

negative controls. The ChIP-qPCR analysis shows that the occupancy of p300 to the 

putative regulatory loci of Tnnt1, Igsf3, Asb2, and Gpc6 was significantly enriched by 24 

hours of differentiation, corresponding to a concurrent increase in MyoD binding (Figure 

9B). As poised/inactive lineage-specific enhancers play a determinant role in stem cell 

differentiation (Xu et al., 2009) and MyoD interacts with p300 (Puri, et al., 1997; Sartorelli 

et al., 1997), the recruitment of p300 by MyoD to target loci may thus be important for the 

expression of muscle-related genes. Therefore, examining the chromatin state associated 

with differentiation-specific regulators can be applied to delineate the molecular 

mechanisms by which gene expression is facilitated in a condition-specific manner. To 

assess the requirement of p300 for the expression of these target genes, we employed p300 

shRNA knockdown myoblasts. As shown in Figure 9C, the mRNA expression of the 

indicated genes is significantly augmented within the first 24 hours of differentiation, 

however, their expression was reduced following the p300 knockdown. Together, these data 

suggest that p300 is indeed required for the expression of differentiation-dependent genes. 
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Figure 9 

 

 

 

 

Figure 9. p300 is required for myogenic gene expression. 

(A) Genome browser view of p300, MyoD and histone acetylation including H4K8ac, H3K9ac, 

H3K18ac and H3K27ac read density at Tnnt1, Igsf3, Asb2, and Gpc6 loci (genes fall within the 

categories in panel B of figure 8). Black bars show Refseq gene position and the colors of 

ChromHMM track below correspond to that designated to each chromatin state as illustrated in 

Figure 8B. (B) For validation, ChIP-qPCR analysis was performed for identified target loci, using 

antibodies against p300 and MyoD. Normal IgG antiserum and a random locus (Ctl) were used as 

negative controls. Quantification is presented as the percentage of enrichment in relation to input 

chromatin DNA (error bars: SEM; n=3; *p < 0.05). C2C12 cells were differentiated for 24h 

following the introduction of p300 shRNA and non-silencing shRNA as controls. (C) RT-qPCR 

analysis of gene expression levels for p300-dependent and differentiation responsive targets (from 

panel B) is presented as fold change relative to proliferating myoblasts (GM), normalized to Tbp 

and calculated using the formula 2–ΔΔCT (error bars: SEM; n=3; *p < 0.05). 
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3.5. The effect of bexarotene is mediated through RXR 

We have previously shown that bexarotene enhances myogenic differentiation and fusion 

through the function of RXRα (AlSudais et al., 2016), indicating that RXRα ligand activation 

plays an essential role in augmenting muscle-related gene expression. Following RNA-seq 

analysis, we identified 187 bexarotene-responsive genes, which were upregulated following 

24 hours of differentiation and treatment (Figure 10A), and many of these genes were 

associated with muscle-related functions (Figure 10B). Therefore, to identify direct genetic 

targets of RXR signaling during early myogenic differentiation, we performed ChIP-seq of 

RXRα in proliferating and differentiating C2C12 myoblasts in the presence or absence of 

bexarotene (GSE94558). In addition, to better understand the effects of rexinoid on epigenetic 

modifications, we also performed ChIP-seq for H4K8ac, H3K9ac, H3K18ac and H3K27ac in 

matching conditions (GSE94558).  

Through MACS analysis of the RXRα read enrichment signals, 627 and 1207 RXRα 

high confidence peaks were identified in the treated and untreated condition, respectively. The 

average PhastCons conservation scores of RXRα binding sites represent one measure of the 

technical validity of the RXRα enriched sites identified by MACs (Figure 10C). Following a 

subsequent de novo motif search of RXRα-bound sequences, we identified a consensus nuclear 

receptor-binding motif as the top-ranking motif identified for both conditions (Figure 10D). 

This is in agreement with the functional mechanism of nuclear receptors such as RXRs, which 

are constitutively bound to their DNA sites, despite the absence of ligand (Pazin and 

Kadonaga, 1997; Rosenfeld et al., 2006; Torchia et al., 1998). In relation to this, we also 

identified a RXRα peak on Angptl4, a classical target of RXR signaling, locus in differentiating 

myoblasts regardless of bexarotene treatment (Figure 10E). In order to validate the effect of 
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bexarotene on the expression of Angptl4, we performed RT-qPCR and found that the mRNA 

levels of Angptl4 were indeed enhanced following bexarotene treatment of early 

differentiating myoblasts, however, the positive effects of bexarotene were obstructed by the 

introduction of RXRα shRNA knockdown (Figure 10F). Thus, these sets of data indicate that 

bexarotene-enhanced gene expression is indeed mediated by RXRα function as a transcription 

factor.  
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Figure 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. RXRα ChIP-seq identifies nuclear receptor-regulated loci. 

(A) Overlap analysis of genes categorized as responsive to bexarotene after 12 or 24 hours of C2C12 

differentiation, as identified by RNA-seq. (B) Gene ontology (GO) terms associated with genes that 

were responsive to bexarotene. (C) The average PhastCons conservation scores of RXRα peaks in 

myoblasts differentiated for 24 hours in the presence (Bex) or absence (Ctl) of bexarotene. (D) 

Consensus binding sequences of nuclear receptors were discovered through de novo motif analysis 

of RXRα peaks in myoblasts differentiated for 24h with or without bexarotene. (E) Genome browser 

view of RXRα and indicated histone acetylation signals at the Angptl4 locus. Black bars show Ref-

seq gene position and ChromHMM track colors below correspond to color designated to each 

chromatin state. RXR-knockdown (shRXR) myoblasts were differentiated in the presence or 

absence of bexarotene for 24 hours along with proliferating myoblasts (GM). A non-silencing 

shRNA (shCtl) was used in parallel as a control. (F) C2C12 myoblasts were differentiated for 24 h 

and subjected for RT-qPCR analysis. The mRNA levels of Angptl4 were assessed and plotted as 

fold change in relation to proliferating myoblasts after normalization to Tbp. Data calculated using 

the formula 2–ΔΔCT (error bars: SEM; n=3; *p < 0.05). 
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3.6. RXR directly binds to the MyoD core enhancer region 

Since MyoD is a major myogenic regulatory factor and an early bexarotene-responsive gene, 

as shown by RT-qPCR time-course analysis (Figure 11A), we further explored the role of RXR 

signaling in relation to MyoD. Intriguingly, we observed occupancy of RXRα at the core 

enhancer region of MyoD (Goldhamer et al., 1992; 1995), ∼20 kb upstream of the TSS, as well 

three additional regions  (about 26, 34 and 38 kb upstream of the TSS), (Figure 11B). To 

complement the observation of RXRα binding at the MyoD locus, we assessed the mRNA 

levels of MyoD in differentiating myoblasts in the presence or absence of bexarotene treatment 

using a shRXRα cell line. Similar to Angptl4, the levels of MyoD mRNA were significantly 

augmented upon bexarotene treatment and this positive effect was diminished following 

shRXRα knockdown (Figure 11C). It has been demonstrated previously that H3K18ac is often 

associated with nuclear receptor signaling and rexinoid action (AlSudais et al., 2016; Jin et al., 

2011). By performing qChIP of H3K18ac at Angptl4 and Myod1 regulatory loci, we found a 

significant increase of H3K18ac enrichment following rexinoid activation (Figure 11D). 

Taken together, our data suggest that a common mode of molecular regulation may mediate 

differential gene expression observed in rexinoid-enhanced myoblast differentiation, in that it 

may be reconciled largely through the regulation of MyoD gene expression.  
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Figure 11 

 

 

 

 

Figure 11. RXR regulates MyoD via its occupancy at the MyoD core enhancer region.  

C2C12 myoblasts were differentiated 0, 6, 12 and 24 hours and subjected for RT-qPCR analysis 

(A) Levels of MyoD transcripts were presented as fold change relative to proliferating myoblasts (0 

h), normalized to internal control. Data calculated using the formula 2–ΔΔCT (error bars: SEM; n=3; 

*p < 0.05). (B) Genome browser view of RXR and indicated histone acetylation signals at the MyoD 

locus. Black bars show Ref-seq gene position and ChromHMM track colors below correspond to 

color designated to each chromatin state. RXR-knockdown (shRXR) myoblasts were differentiated 

in the presence or absence of bexarotene for 24 hours along with proliferating myoblasts (GM). A 

non-silencing shRNA (shCtl) was used in parallel as a control. (C) The mRNA levels of MyoD were 

assessed and plotted as fold change in relation to proliferating myoblasts after normalization to TBP. 

Data calculated using the formula 2–ΔΔCT (error bars: SEM; n=3; *p < 0.05). (D) H3K18ac 

enrichments at the Angptl4 and Myod1 loci were examined by qChIP analysis with an intergenic 

region as a control, using C2C12 cells differentiated for 24 hours. Enrichment was quantified as 

percentage to input chromatin DNA (error bars: SEM; n=3; *p < 0.05). 
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3.7. Loci-specific histone enrichment upon bexarotene treatment 

Taking into consideration that rexinoids appear to act through MyoD expression and that 

MyoD and myogenin play sequential roles in the control of myogenic differentiation, we 

analyzed the changes in rexinoid-dependent residue-specific histone acetylation that are 

specifically associated with the two myogenic regulatory factors. For this purpose, we used 

the Caltech publically available MyoD and myogenin datasets under the ENCODE project 

performed in proliferating and myoblasts differentiated for 24 hours. A classification of MyoD 

and myogenin binding sites into distinct chromatin states displayed greater than 60% 

association of MyoD high confidence peaks to enhancer regions, whereas only 36% of 

myogenin binding sites were found to do the same (Figure 12A). Next, by examining the active 

and poised enhancer-associated histone changes of both MyoD and myogenin binding sites, 

we observed a differentiation-dependent enrichment in H3K18ac and H3K27ac at active 

enhancers (Figure 12B). However, there was an additional increase of H4K8ac and H3K9ac 

at MyoD- and myogenin-associated poised enhancers upon differentiation (Figure 12B). 

Intriguingly, we observed a further increase in all indicated histones at MyoD- and myogenin-

associated poised enhancers following bexarotene treatment, whereas no such increase was 

detected at the active enhancer regions (Figure 12B). Our analyses hence suggest a possible 

role for MyoD and myogenin in the regulation of poised enhancers, particularly in the context 

of rexinoid signaling. 

In differentiating myoblasts, the activation of myogenin expression is coupled with the 

binding of MyoD to the promoter and upstream enhancer regions of the myogenin locus 

(Faralli and Dilworth, 2012), which was characterized as poised or inactive regions in 

proliferating myoblasts based on our chromatin state model (Figure 12C). While myogenin 
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has been identified previously as a bexarotene responsive gene (AlSudais et al., 2016), RXR 

occupancy was not detected at the myogenin locus (GSM2478304, GSM2478305) (Hamed et 

al., 2017). However, MyoD associated H4K8ac, H3K9ac and H3K18ac signals at the poised 

enhancers were not only enriched by 24 hours of differentiation but also further increased 

following bexarotene treatment (Figure 12C). Altogether, as a direct RXR genetic target 

(Figure 12), our data underline the importance of MyoD and affiliated histone acetylation in 

the activation of myogenic genes, including myogenin at the commencement of myogenic 

differentiation as well as in mediating the effect of rexinoids signaling in differentiating 

myoblasts.  
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Figure 12 

 

 

 

 

 

 

 

 

Figure 12. Loci-specific histone enrichment associated with MyoD and myogenin binding.  

(A) Genome-wide MyoD and myogenin binding sites in myoblasts differentiated for 24 

hours were associated with distinct chromatin states. (B) The average read enrichment of 

H4K8ac, H3K9ac, H3K18ac and K3K27ac in proliferating myoblasts (GM), and myoblasts 

differentiated for 24 hours in the presence or absence of bexarotene is plotted at regions of 

±1 kb of the MyoD and myogenin peaks (following 24 hours of differentiation) associated 

to active and poised enhancers. (C) Genome browser view of MyoD and histone acetylation 

signals at the myogenin locus. Black bars show Ref-seq gene position and ChromHMM 

track colors below correspond to color designated to each chromatin state.  
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3.8. MyoD and p300 colocalize to the regulatory regions of bexarotene-responsive genes 

To delineate the potential mechanisms of MyoD-mediated rexinoid responsive gene 

expression, we first selected multiple poised enhancers as indicated by our chromatin state 

model, including a previously identified myogenin enhancer (Asp et al., 2011) along with 

Sntb1 and Tnnc1 that display localization of p300 and histone acetylation enrichment in the 

control differentiation condition as well as following bexarotene treatment (Figure 13A). Then, 

we conducted ChIP-qPCR analysis to examine the association of MyoD and p300 to the 

indicated poised enhancers (Figure 13B). The ChIP-qPCR results accurately validated the 

ChIP-seq enrichment profiles of p300 at these sites. As shown in Figure 13B, the association 

of p300 and MyoD was detected at the indicated loci by 24 hours of differentiation. Moreover, 

their enrichment was further significantly increased upon bexarotene treatment. Intriguingly, 

the association of myogenin was also significantly enriched at these poised enhancers to a 

similar degree following differentiation as well as with the addition of bexarotene (Figure 

13B). Normal IgG antiserum and a random locus were used as negative controls in the analysis. 

To complement these findings, we also conducted RT-PCR analyses to assess the mRNA 

expression of these MyoD mediated rexinoid responsive genes upon bexarotene treatment at 

24 hours of differentiation (Figure 13C). Our data show that the activation of the indicated 

genes correlated with the association of p300, MyoD and myogenin to their loci (Figure 13B 

and C). These sets of data suggest that bexarotene-responsive gene expression is mediated 

through the activation of poised enhancers by MyoD and myogenin as transcription factors 

and p300 as a histone acetyltransferase. 
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Figure 13 

 

 
 

 

 

Figure 13. MyoD and p300 contribute to bexarotene-responsive gene regulation.  

(A) Genome browser view of p300 and histone acetylation read density at Myog, Sntb1, Tnnc1 and 

a negative locus. Black bars show Refseq gene position and the colors of ChromHMM track below 

correspond to distinct chromatin states. (B) ChIP-qPCR was performed for poised enhancers 

identified for Myog, Sntb1 and Tnnc1 using antibodies against p300, MyoD or myogenin. Normal 

IgG and a random locus (Ctl) were used as controls. Quantification is presented as the percentage 

of enrichment in relation to the input chromatin DNA (error bars: SEM; n=3; *p < 0.05). (C) RT-

qPCR analysis of gene expression levels for MyoD mediated rexinoid responsive targets was 

calculated using the formula 2–ΔΔCT (from panel A) and is presented as fold change relative to 

proliferating myoblasts, after normalization to internal control (error bars: SEM; n = 3; *p < 0.05).  
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3.9. Bexarotene promotes dystroglycan expression in myoblast differentiation  

Given that Dag1 is a bexarotene-responsive target as shown by RNA-seq analysis, we assessed 

the requirement of RXR for Dag1 expression. First, we utilized primary myoblasts, 

physiologically relevant cells, differentiated for 12 and 24 hours in the presence or absence of 

bexarotene and observed that Dag1 mRNA levels were significantly augmented upon 

bexarotene treatment during primary myoblast differentiation (Figure 14A). As the effect of 

bexarotene is mediated via RXR specifically (AlSudais et al., 2016), we sought to confirm 

whether bexarotene-enhanced Dag1 expression is also mediated through RXR activation. We 

used C2C12 myoblasts co-treated with a RXR antagonist (UVI3003) with or without 

bexarotene treatment on day 1 of differentiation (AlSudais et al., 2016) and assessed the Dag1 

mRNA expression levels. As shown in Figure 14B, the expression of Dag1 mRNA was 

enhanced within 24 hours of differentiation and further increased upon bexarotene treatment. 

Interestingly, co-treatment with UVI3003 mitigated the enhanced effect of bexarotene on Dag1 

mRNA expression determined by RT-qPCR, while treatment with UVI3003 alone exhibited 

no effect. This suggests that bexarotene enhances Dag1 expression through RXR selective 

signaling. To further validate the role of RXR in Dag1 regulation, we used RXR 

knockdown C2C12 cells and found a significant reduction in Dag1 mRNA levels upon the 

introduction of RXRα shRNA knockdown. The knockdown also impaired the enhanced effect 

of bexarotene on Dag1 mRNA expression (Figure 14C). These sets of data suggest that RXR 

activation is required for Dag1 regulation during bexarotene-enhanced myogenic 

differentiation. 
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Figure 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. RXR signaling promotes Dag1 expression. 

(A) Primary myoblasts were differentiated for 12 hours and 24 hours in the presence or absence of 

bexarotene (Bex). The levels of Dag1 mRNA were determined by RT-qPCR and presented as fold 

changes in relation to proliferating primary myoblasts (GM) normalized to Rps26 (*p < 0.05; **p 

< 0.01; n=3). (B) C2C12 cells were differentiated with and without bexarotene (Bex, 50nM) in 

combination with RXR antagonist UVI3003 (UVI, 5uM) for 24 hours. The levels of Dag1 mRNA 

were determined by RT-qPCR and presented as fold changes relative to proliferating myoblasts 

(GM), normalized to Rps26 (*p < 0.05; n=3). (C) RXRα knockdown cells were differentiated for 

24 hours and subjected to RT-qPCR analysis. The levels of Dag1 mRNA were presented as fold 

changes relative to proliferating myoblasts (GM), normalized to TBP (*p < 0.05; n=3). 
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3.10. p300 is involved in Dag1 regulation during myoblast differentiation  

Having identified Dag1 as a RXR target, we utilized comprehensive ChIP-seq data analysis 

including p300 and indicated histone acetylation marks to study a potential p300-dependent 

regulatory region upstream of Dag1 classified as a poised enhancer based on our chromatin 

state (Figure 15A), which is likely to be putative regulatory region as preliminary analyses 

show it to be highly conserved across vertebrate species including humans (Figure 15A). p300 

associated H4K8ac, H3K9ac and H3K18ac signals at the poised enhancer were not only 

enriched by 24 hours of differentiation but also further increased following bexarotene 

treatment (Figure 15A). In order to validate the occupancy of p300 at the Dag1 promoter and 

Dag1 poised enhancer, we employed qChIP analysis. Primers spanning the summits of the 

p300 peaks were designed at -10 Kb of the Dag1 gene TSS. Figure 15B and C show that the 

association of p300 to Dag1 promoter and poised enhancer locus, respectively, was 

significantly enriched by 24 hours of differentiation. Moreover, the occupancy of p300 at Dag1 

loci was further increased upon bexarotene treatment (Figure 15B and C). Since MyoD is 

important for transmitting rexinoid signaling and the MyoD seems to cooperate with p300 to 

regulate gene expression during myogenic differentiation, we also examined the binding of 

MyoD to Dag1 potential regulatory regions through qChIP analysis. Similar to p300, MyoD 

also increased upon differentiation and was further augmented upon bexarotene treatment 

(Figure 15D and E), indicating that p300 and MyoD, indeed, play principal roles in Dag1 

regulation during early enhanced-myogenic differentiation.  

Next, we investigated the requirement of p300 in the regulation of Dag1 further. We 

used p300 shRNA knockdown C2C12 myoblasts to assess the protein and mRNA levels of 

Dag1 during myogenic differentiation. Figure 15F and G show that p300 depletion in C2C12 
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attenuated the levels of Dag1 protein expression by approximately 3- and 4-fold in bexarotene 

treated and untreated cells, respectively, as compared to respective controls (sh-Ctl). As an 

additional reference, myosin heavy chain, a muscle-specific gene, was significantly inhibited 

upon p300 knockdown (Figure 15F and H). Likewise, the bexarotene-enhanced Dag1 mRNA 

expression was attenuated by a knockdown of p300 (Figure 15I). In addition, the p300 

knockdown hindered bexarotene-enhanced myogenin mRNA expression as determined by 

RT-qPCR analysis (Figure 15J). These data suggest that p300 is necessary for the regulation 

of Dag1 likely via the acetylation of histones at Dag1 putative regulatory regions during early 

myogenic differentiation. Taken together, these data suggest that Dag1 has an important role 

in early myogenic differentiation, as being regulated by p300 and MyoD, which are critical 

players in myogenesis.  
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Figure 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. The regulation of Dag1 during myogenic differentiation. 

(A) Genome browser view of p300 and indicated histone acetylation signals at the Dag1 locus. Black 

bars show Ref-seq gene position and the ChromHMM track colors below correspond to color 

designated to each chromatin state. The panel below displays the conservation of the Dag1 locus 

shown from the alignment of multi vertebrates by the UCSC genome browser. (B-D) C2C12 cells 

were differentiated for 24 hours (DM) in the presence or absence of bexarotene (Bex) with 

proliferating myoblasts as controls (GM). ChIP-qPCR analysis was performed at the (B&D) Dag1 

promoter and (C&E) Dag1 locus, using antibodies against p300 or MyoD. Normal IgG antiserum and 

a random locus (Ctl) were used as negative controls. Quantification is presented as the percentage of 

enrichment in relation to input chromatin DNA (error bars: SEM; n = 3; *p < 0.05). (F) The levels of 

α-Dag1, MyHC, and β-Tubulin were analyzed using Western blotting following the introduction of 

p300 shRNA (sh-p300) into the parental C2C12 cells. (G) Quantification of α-Dag1 and (H) MyHC 

protein levels from panel A is presented as fold change in relation to day-1 untreated differentiating 

myoblasts (**p < 0.01; n=3). C2C12 cells for shp300 and shCtl were differentiated and subjected for 

qPCR analysis of myogenin (I) Dag1 and (J) myogenin mRNA. Quantification is presented as fold 

changes relative to undifferentiated myoblasts (GM), normalized to TBP  (n=3).  
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3.11.  Dystroglycan depletion attenuates myogenic differentiation 

Through qRT-PCR of C2C12 myoblasts treated with bexarotene, Dag1 has been identified as 

a bexarotene-responsive gene (Figure 14A-C). Besides, dystroglycan is part of the DGC and 

it has been shown that Dag1 expression sustains efficient regenerative ability of satellite cells 

(Cohn et al., 2002), and thus, we were interested in assessing the functional requirement of 

Dag1 in the differentiation process. For this purpose, we performed an in vitro knockdown 

assay of Dag1, in which we used shRNA system to reduce the expression of Dag1 in C2C12 

cells. As shown in Figure 16A and B, Dag1 protein expression continued to increase on day 1 

and day 2 of differentiation and was further augmented upon bexarotene treatment in the 

control non-silencing shRNA. Additionally, the shDag1 condition shows a significant 

reduction of Dag1 levels. Likewise, a more than 50% decline in myosin heavy chain expression 

was observed by the knockdown of Dag1 expression, particularly on day 1 of differentiation. 

Intriguingly, there was no significant bexarotene-enhanced Dag1 or MyHC expression in 

shDag1 cell line (Figure 16A and B). We then assessed the impact of Dag1 reduction on C2C12 

differentiation and fusion indices and found that there was nearly 50% inhibition in both 

indices. Similarly, bexarotene-enhanced differentiation and fusion were impeded in shDag1 

C2C12 cells, demonstrating that Dag1 protein expression is required for early myoblast 

differentiation and for the enhanced effect of bexarotene on myogenic expression (Figure 16C 

and D). Taken together, these data suggest that Dag1 may be necessary for the rexinoid-

enhanced early myoblast differentiation and fusion.  
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Figure 16 

 

 

 

 

 

 

 

Figure 16. The effects of Dag1 inhibition on myoblast differentiation and fusion. 

(A) C2C12 myoblasts were transfected with a small hairpin RNA targeting Dag1 and a non-

silencing shRNA as control (sh-Ctl) to generate stable shDag1 cells. Myoblasts were then 

differentiated for 24 and 48 hours with and without bexarotene (Bex) treatment and subjected for 

Western blotting. MyHC is used as a marker to represent the differentiation process with β-Tubulin 

as a loading control. (B) Quantification of Dag1 and MyHC protein levels is presented as fold 

change in relation to day-1 untreated differentiating myoblasts (*p < 0.05; **p < 0.01; n=3). (C) 

Representative images stained for myosin heavy chain (red) and myoblast nuclei (blue) for Dag1 

knockdown and related control in the presence or absence of bexarotene after 4 days of 

differentiation. (D) Differentiation was defined as the percentage of myogenic nuclei relative to the 

total number of nuclei. The fusion rate was defined as the average number of nuclei per myocyte 

(**p < 0.01; n=3).  
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Chapter 4. Discussion 

Differentiation signaling pathways are affected by both genetic and epigenetic determinants. 

Given the role of enhancers in driving cell-fate specific gene programs, it is imperative to 

understand the mechanistic action of enhancers that contribute to cellular differentiation. Here, 

we utilize genome-wide chromatin state association to delineate the functional mode of 

transcription regulators in early myogenic differentiation. We define a role for transcriptional 

coactivator p300, when recruited by MyoD, in the establishment and regulation of myogenic 

loci during early myoblast differentiation. Furthermore, we reveal a significant enrichment of 

loci-specific histone acetylation, particularly of H4K8 and H3K9, at p300-associated loci, but 

only when enlisted by MyoD. Our studies provide novel mechanistic insights into the action 

of p300 as a coactivator in early differentiation and its functional mode in the regulation of 

myogenic enhancers.   

In addition, we have examined the molecular pathways associated with rexinoid-

enhanced myogenic differentiation using integral RNA-seq and ChIP-seq analyses. 

Intriguingly, bexarotene-responsive gene expression is mediated through RXR as a 

transcription factor and reconciled largely through direct regulation of MyoD gene expression. 

While histone acetylation at MyoD binding sites associated with different chromatin states 

increases upon differentiation, bexarotene augments the enrichments of H3K9ac and H4K8ac, 

particularly at poised enhancers. Our studies thus provide novel molecular insights into the 

interplay between rexinoid signaling and MRFs-associated chromatin states during early 

myogenic differentiation.    

Many aspects of adult myogenesis resemble the embryonic muscle development 

episodes and related transcriptional and signaling mechanisms, inferring a tight control of the 



 67 

genetic networks that govern cell fate during these processes. The genesis of skeletal muscle 

involves the specification and differentiation of stem and progenitor cells (Gros et al., 2005). 

These processes are regulated by gene transcription, which is regulated by sequence-specific 

DNA-binding transcription factors (Rudnicki et al., 2008), including MyoD which has been 

shown to be essential for myoblast differentiation (Weintraub et al., 1989). Furthermore, in 

vitro studies investigating the role of MRFs during myogenic differentiation demonstrated that 

ectopic expression of MyoD in non-muscle cells, such as fibroblasts, chondrocytes and 

neurons, is sufficient to convert them into myoblasts (Choi et al., 1990; Weintraub et al., 1989), 

through activation of muscle-specific genes. Moreover, mice lacking MyoD display muscle 

regeneration impairments (Asakura et al., 2007), suggesting that MyoD is essential for gene 

expression during myogenesis. Transcription factors, such as the myogenic regulatory factors, 

bind promoter and enhancer regions to activate target gene expression, a process which 

includes the recruitment of transcriptional activators, such as p300 to regulatory loci (Puri et 

al., 1997; Sartorelli et al., 1997). Transcriptional activators have several functions, including, 

but not limited to, recruiting basal transcriptional machinery to the target enhancer or promoter 

(Thomas and Chiang, 2006; Ptashne and Gann, 1997), and/or chromatin remodeling or 

modification (Näär et al., 2001) such as histone acetylation (Kuo and Allis, 1998; Legube and 

Trouche, 2003) (Figure 2). Moreover, nuclear receptor controlled gene expression also relies 

on the recruitment of histone acetyltransferase, as part of multi-protein and transcription-

initiating apparatuses that regulate gene expression (Perissi and Rosenfeld, 2005). 
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4.1. p300 associates with enhancers in early myoblast differentiation 

Genetic and epigenetic modifications have a major influence on the differentiation signaling 

pathways, which provides an additional evolutionary tool for demarcating the dynamic 

changes in transcription. Histone acetylation and deacetylation are catalyzed by HATs and 

HDACs, respectively, and play crucial roles in regulating gene programs (Bayle and Crabtree, 

1997). In addition, transient acetylation and deacetylation occurring on loci marked with 

specific histone modifications suppress, activate or create a poised state in the loci primed for 

future activation when demanded (Wang et al., 2009). Previous studies have examined the role 

of p300 in myotube formation by comparing global p300 occupancy and histone modification 

of mature myotubes generated from C2C12 myoblasts (Blum et al., 2012). Although an in 

vitro system, it parallels the molecular processes in primary myoblasts; however, C2C12 

myoblasts are more synchronized to differentiate and fuse into post-mitotic myotubes (Asp et 

al., 2011; Blais et al., 2005). Comprehensive gene expression analyses have also shown that 

myogenic differentiation ensues in a stepwise fashion, where sequential activation of a specific 

set of genes restructures the cells one step at a time toward the differentiated phenotype 

(Delgado et al., 2003). Nonetheless, at the early stage of differentiation, thousands of genes 

are differentially expressed (Hamed et al., 2017; Trapnell et al., 2010; Doynova et al., 2017), 

mostly within 24 hours of differentiation. As a result, epigenetic changes reflecting the 

alteration of gene programs should occur.  

The HAT function of p300 is specifically essential during myogenic differentiation, 

where it has been shown to be required for the function of the MRFs including Myf5 and 

MyoD during skeletal muscle formation (Roth et al., 2003; Jin et al., 2011). Interestingly, the 

absence of HAT activity of CBP, a closely related transcriptional coactivating protein, did not 
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result in a prominent defect in muscle formation, and ES cells lacking CBP are still capable of 

forming myotubes (Roth et al., 2003). We have assessed the requirement of p300 in C2C12 

myoblasts using a shRNA approach and shown that p300 is required for the differentiation and 

fusion of myoblasts as supported by the reduced expression of myogenin (Figure 6). In 

addition to p300, the involvement of PCAF in myogenic differentiation has been examined 

(Yang et al., 1996; Puri et al., 1997). PCAF is a member of the GNAT family of HATs and 

participates in locus-specific histone acetylation (Nagy and Tora, 2007). PCAF histone 

acetyltransferase activity is required for MyoD-DNA interaction and terminal cell cycle arrest 

during terminal differentiation (Puri et al., 1997; Sartorelli et al., 1999). Intriguingly, Puri and 

colleagues have shown that inhibition of either p300 or PCAF eliminates the myogenic 

program and they cannot compensate for each other, indicating a differential functional role 

of p300 and PCAF during muscle differentiation (Puri et al., 1997). We have investigated the 

temporal events of histones acetylation and histone acetyltransferase associations at MyoD loci 

specifically and found that p300 is sequentially enriched at MyoD regulatory regions, which is 

associated with augmented histone acetylation during myoblast differentiation (Hamed et al., 

2013). Therefore, the focus of our study is not only to examine the transient chromatin 

dynamics that initiate and drive early myoblast differentiation, but also to explore the 

functional mode of p300 in regulating gene expression coupled to specific chromatin states.  
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4.2. p300 is associated with a distinct histone acetylation profile when occupying MyoD-

dependent enhancers in early differentiation 

By mapping global p300-associated loci, we show that a majority of p300 peaks are localized 

to enhancer regions (Figure 7), in agreement with previous reports (Wang et al., 2008; Blum 

et al., 2012). However, a substantial fraction of p300 peaks distributes specifically to the poised 

enhancer, accompanied predominantly by loci-specific histone acetylation in early myoblast 

differentiation (Figure 7). Binding of MyoD to myogenic enhancers in proliferating myoblasts 

leads to concomitant recruitment of p300 and deposition of H3K27ac (Blum et al., 2012). The 

recruitment of p300 principally by MyoD in early differentiation (Figure 8) suggests that 

enhancers identified through chromatin state association reflect the development of the skeletal 

lineage, which provides the rationale for us to explore the genome-wide co-presence of MyoD 

along with p300 in proliferating and early differentiating myoblasts.   

Through co-localization analysis, we show that there is an apparent increase of p300 

association to poised enhancers concurring with a MyoD presence in early differentiating 

myoblasts. However, no such enhancement was found in the undifferentiated state, suggesting 

a collaboration function between p300 and MyoD in activating poised enhancers, at the onset 

of differentiation (Figure 8B). Interestingly, this correlation is characterized by an increase in 

H4K8ac and H3K9ac, primarily in the presence of MyoD, in addition to H3K18ac and 

H3K27ac, which are augmented at p300-dependent loci regardless of the presence of MyoD 

(Figure 8B). Taken together, our data suggest a role for MyoD in p300 recruitment at lineage-

specific enhancers to regulate muscle-related genes, as exemplified by the muscle-specific 

target Tnnt1 (Figure 9).  
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In this study, we have identified a key lineage-specific regulatory signature and present 

a blueprint to explore novel regulators of myogenic differentiation. We provide evidence for 

the enrichment of not only H3K27ac, but also H4K8ac and, specifically, H3K9ac at p300- and 

MyoD-associated enhancers specific to myoblast differentiation (Figure 8B). While some 

parallels between our data and previous genome-wide studies performed in myotubes (Asp et 

al., 2011; Blum et al., 2012) exist, our studies present critical new findings. An example relates 

to the state of global histone acetylation of H3K9 and H3K18. The previous study comparing 

myotubes to proliferating myoblasts (Asp et al., 2011) presents a decrease in global histone 

acetylation levels following 72 hours of differentiation, whereas our studies show no 

significant change in global histone acetylation in myoblasts differentiated for 24 hours. We 

provide evidence that the differentiation process is mediated by transformations in residue-

specific histone acetylation at lineage-specific loci, rather than global histone acetylation 

events. Our data compilation thus reflects the transformations required to drive the 

proliferating myoblasts into differentiation and provide greater insights into epigenetic 

changes that govern myogenic differentiation. 

Thus far, we offer a novel molecular insight into the modification of myogenic 

enhancers by loci-specific histone acetylation in concert with p300 and muscle master 

regulator MyoD. Our data suggest the intriguing possibility that the cellular stage may be 

regulated through alteration of distinct chromatin states. It thus presents a valuable potential 

of driving chromatin state pharmacologically for the treatment of tissue-specific diseases.  
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4.3. MyoD is a direct genetic target of RXR 

In knockout studies, RXRα has been shown to be required for development and its inactivation 

exhibits lethality in vivo, proving the important function of RXRα for early development 

(Sapin et al., 1997; Sucov et al., 1994; Kastner et al., 1994). In vitro, liganded RXRα plays a 

principal role during myogenic determination and differentiation (Le May et al., 2011; 

AlSudais et al., 2016). We have previously shown that bexarotene, a synthetic RXR agonist, 

enhances the commitment to skeletal muscle lineage (Le May et al., 2011). We have reported 

additionally that bexarotene enhances myogenesis at the differentiation and fusion levels, and 

this effect is blocked in cells lacking RXRα (AlSudais et al., 2016). Thus, we aimed to 

investigate the epigenetic changes that lead to the enhanced differentiation and fusion 

following RXRα activation. Being a dimeric partner of many nuclear receptors, RXRα has 

high potential to be involved in a wide range of cellular processes and signaling pathways; 

however, the molecular pathways associated with rexinoid enhanced myogenic differentiation 

are still unexplored. 

The concept that the nuclear receptor superfamily can physically interact with the 

MyoD family (Froeschlé et al., 1998) establishes a mechanism for myogenic gene activation 

by nuclear receptor ligands. Froeschlé and colleagues reported localization of RXRα at E-box 

MyoD DNA-binding sites (Froeschlé et al., 1998), which led us to examine the rexinoid-

responsive transcriptional program during myoblast differentiation. Here, we investigated how 

rexinoids affect global myogenic transcriptional mechanisms via ChIP-seq analyses of 

activated RXR utilizing C2C12 myoblasts. 
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We found that MyoD is an early rexinoid responsive gene, the active enhancer regions 

of MyoD are occupied by RXRα, and knockdown of RXRα hinders MyoD gene expression 

(Figure 11), suggesting that MyoD is a direct genetic target of RXR in early myogenic 

differentiation. At the onset of differentiation, MyoD activates the expression of both muscle-

specific genes and cell cycle inhibitors, allowing irreversible exit from the cell cycle and 

progression into differentiation (Halevy et al., 1995; Weintraub et al., 1989). Given that the 

expression of MyoD is upregulated by bexarotene and RXRα is important for the positive 

effect of bexarotene on MyoD expression (Figure 11) and myoblast differentiation (AlSudais 

et al., 2016), a common mode of molecular regulation may mediate differential gene 

expression observed in bexarotene-enhanced myoblast differentiation.  

Characterization of the chromatin states in proliferating C2C12 myoblasts reveals a 

muscle-specific usage of regulatory DNA elements, and the activity of muscle-specific 

enhancers is marked by local changes in residue-specific histone acetylation at the early stage 

of myoblast differentiation (Figure 12 and 13). While H3K9ac is generally considered as a 

global mark of promoter activity, we identify enrichment of H3K9ac at poised enhancers 

coupled with MyoD at the early stage of differentiation (Figure 12). Thus, H3K9ac may reflect 

the control of a discrete set of genes through the function of MyoD with the cooperation of 

myogenin in early myogenic expression and that MyoD plays important role in the activation 

of poised enhancers particularly in the milieu of rexinoid action. Besides H3K9ac, the 

enrichments of H4K8ac are also strongly coupled with MyoD and myogenin at the poised 

enhancers (Figure 12). Unlike H3K18ac and H3K27ac, which did not show a significant 

change at enhancer regions, H4K8ac was enriched with MyoD and myogenin binding at poised 

enhancers, as it has been known as a marker of active or transcriptionally-competent chromatin 

(Wang et al., 2008) (Figure 12B). This observation implies that MyoD plays key roles, in 
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cooperation with myogenin, in residue-specific histone acetylation in early myogenic 

differentiation. A previous study showed that Myf5 and MyoD share a broad set of binding 

sites; yet, they have different potentials to activate gene transcription (Conerly et al., 2016). 

Here, while we observed cooperation between MyoD and myogenin in regard to the activation 

of gene transcription in the context of rexinoid, we found that MyoD is preferentially 

associated with enhancers, while myogenin binds preferentially to promoters (Figure 12A). 

Furthermore, besides MyoD, we detected a co-localization of p300, particularly at poised 

enhancers of indicated bexarotene-responsive genes (Figure 13). Collectively, our findings 

demonstrate a role for MyoD as a transcription factor and p300 as a HAT in the activation of 

poised enhancers of bexarotene-responsive genes in early myoblast differentiation as well as 

in the interplay with rexinoid signaling to further endorse myogenic differentiation.  

We here demonstrate that specific targeting of RXR signaling promotes the normal 

regulation of gene expression occurring during myoblast differentiation, and describe a novel 

molecular regulation of MyoD gene expression through the activation of RXR. A potential 

direction will be therefore to determine if rexinoids are able to similarly regulate myogenic 

transcription in a specific physiological context or disease models. Moreover, the model of 

rexinoid-enhanced myogenesis also offers an excellent system to identify additional genetic 

targets and molecular interactions for therapeutic development towards muscle wasting 

diseases by directly targeting epigenetic regulating mechanisms to promote efficient muscle 

regeneration in patients affected by muscle-wasting diseases. 
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4.4. RXR signaling promotes dystroglycan expression in myoblast differentiation 

We have shown for the first time through RNA-seq analysis that Dag1 is a bexarotene-

responsive gene targeted in rexinoid signaling in the early differentiation process. Although 

ChIP-seq analysis showed no enrichment of RXR at the Dag1 locus, we postulated that 

RXR indirectly targets Dag1 possibly through the function of MyoD. To validate this 

hypothesis, we examined the expression of Dag1 in C2C12 cells lacking RXR expression 

and found that the bexarotene-enhanced expression of Dag1 was significantly diminished 

(Figure 14C). Hence, we aimed to assess the MyoD dependency of the previously identified 

Dag1 promoter extending from -318 to -207 from the TSS (Rettino et al., 2009), in addition to 

a potential regulatory locus based on the deposition of histone acetylation and p300 occupancy, 

which is a mark of enhancer regions (Visel et al., 2009). 

Enhancers play central roles in regulating tissue-specific gene expression and can be 

found at large distances from the genes they regulate. Based on genomic sequence studies, 

enhancers are primarily associated with RNA polymerase II recruitment and the histone 

acetyltransferase p300 as well as enrichment of distinct histone modifications such as 

H3K27ac and H3K4me1 (Karmodiya et al., 2012). In particular, p300 genome-wide studies in 

combination with cloning p300-associated regions for in vivo reporter assays yielded an overall 

87% success rate in predicting tissue-specific enhancer activity (Visel et al., 2009). Thus, we 

utilized p300 enrichment as well as enhancer-related histone acetylation as predictors of 

enhancer activity. Our preliminary identification of regulatory regions was based on chromatin 

modifications in mouse myoblasts. However, we observed that the coding sequence of Dag1 

is highly conserved across mammalian species, including humans (Figure 15A). Moreover, a 

previous study demonstrated a strong correlation between the conservation of histone 
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modifications of mice and human samples, suggesting the presence of mechanisms involved 

in maintaining histone modifications against genetic changes (Woo and Li, 2012). 

Intriguingly, this study showed that the modifications in promoter regions or intergenic 

enhancer regions to be the most conserved (Woo and Li, 2012). These results support our 

rationale for investigating the indicated Dag1 loci (Figure 15) to investigate its regulation in 

myogenic differentiation. Taking into consideration all these criteria, we were able to identify 

an intergenic putative p300-dependent enhancer, about 10 Kb upstream of Dag1 TSS. We 

observed an enrichment of p300 histone acetylation targets, H3K18ac and H3K27ac, in 

addition to H4K8ac and H3K9ac following 24 hours of differentiation as well as upon 

bexarotene treatment (Figure 15A). Interestingly, the binding profile of MyoD and p300 in 

ChIP-qPCR analysis was strongly correlated, suggesting a role for MyoD and p300 in Dag1 

regulation during myogenic differentiation.  

The data collected from dystroglycanopathies patients, as well as the mutation studies 

of Dag1, reinforce the notion that correct expression and regulation of Dag1 is critical for 

muscle integrity during cycles of contraction and relaxation (reviewed in Whitmore and 

Morgan, 2014). Although an emerging number of studies have considered the function and 

modifications of Dag1 in muscle integrity and maintenance, the regulation of Dag1 is less 

understood. Therefore, we investigated the upstream regulation of Dag1 in myogenic 

differentiation. 
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4.5. p300 is required for dystroglycan expression during myogenic differentiation 

Through genome-wide association and qPCR analysis, we have shown that p300 occupies the 

putative regulatory loci of Dag1. Thereby, we sought to assess the expression of Dag1 in cells 

lacking p300. We verified the use of shRNA previously to knockdown p300 expression in 

C2C12 cells and found that the lack of p300 in myoblasts leads to significant inhibition of 

myoblast differentiation and fusion (Jihong et al., 2015). This result is in agreement with the 

in vivo studies that demonstrated that mice lacking both p300 alleles exhibited apparent defects 

in cell differentiation (Yao et al., 1998). We therefore used shp300 C2C12 cells to assess the 

p300-dependent expression of Dag1. We have shown that Dag1 expression was significantly 

reduced in p300 knockdown cells (Figure 15G and I). Interestingly, bexarotene was not able 

to promote Dag1 expression in cells lacking p300. One could argue that the inhibition of Dag1 

protein expression is due to a defect in the posttranslational modification effect, therefore; we 

also assessed the mRNA expression at the same time points and conditions. Similarly, p300 

knockdown resulted in reduced Dag1 mRNA levels after 24 hours of C2C12 differentiation 

(Figure 15I). In addition, p300 knockdown mitigated the positive effect of bexarotene on Dag1 

mRNA expression (Figure 15I). These data suggest that Dag1 is, at least in part, under the 

control of p300, when recruited by MyoD in early myogenic differentiation. Being an 

acetyltransferase, p300 is anticipated to be involved in the observed enrichment of H3K18ac 

and H3K27ac at putative Dag1 loci as they are p300 targets (Jin et al., 2011). Moreover, p300 

might be responsible for the increase in H4K8ac and H3K9ac at Dag1 enhancer loci, 

particularly in the context of rexinoid. Therefore, the fact that MyoD and p300 co-occupy the 

indicated putative regulatory Dag1 enhancer (Figure 15) infers that p300 regulates myogenic 

genes, when recruited by MyoD, through acetylating specific histone residues at the regulatory 
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loci. Given that Dag1 expression in satellite cells sustains continued efficient skeletal muscle 

regeneration in vivo (Cohn et al., 2002), it is suggested that lack of Dag1 negatively influences 

myogenic differentiation. Interestingly, we showed that the lack of Dag1 in the C2C12 

myoblasts led to a significant decrease in the differentiation and fusion indices. Moreover, 

bexarotene treatment was not able to overcome the inhibition of cell differentiation (Figure 

16). These results suggest that Dag1 expression is indeed essential for the early stages of 

differentiation. 

Concluding remarks 

We here provide novel molecular insight into the regulation of myogenic regions by p300, 

particularly when enlisted by MyoD during early myogenic differentiation. We reveal that the 

occupancy of p300 is accompanied by enrichment of loci-specific histone acetylation. Through 

our study of the molecular regulation of rexinoid responsive gene expression, we found that 

rexinoid signaling, which is mediated through RXR, is largely reconciled via direct regulation 

of MyoD gene expression in early myogenic differentiation. Lastly, although the regulation of 

Dag1 has been explored in myofibers, our work has established a novel mode of regulation of 

Dag1 by p300 as a histone acetyltransferase and MyoD as a transcription factor in early 

myogenic differentiation. Moreover, my Ph.D. work improved the understanding of the mode 

of action of histone acetyltransferases in mediating rexinoid signaling, providing mechanistic 

insight into ligand-activated gene transcription during myogenesis. Utilizing the model of 

rexinoid-enhanced myogenesis, we have uncovered a mechanistic regulation of the active and 

poised enhancers and propose an excellent system to discover molecular interactions for 

therapeutic development toward muscle-related diseases (Figure 17). 
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Figure 17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Summary and proposed models for my Ph.D. findings. 

Upon agonist binding, RXRα binds the core enhancer region of MyoD, which mediates the function 

of rexinoids during the enhanced-myogenic differentiation. MyoD, as a master myogenic 

transcription factor, binds the regulatory regions of its genetic targets to facilitate histone acetylation 

through transcriptional coactivators recruitment. Recruitment of the transcriptional coactivator p300 

is associated with differential lysine (K) acetylation, leading to enhanced gene expression.  
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Significance and future directions  

Muscle wasting can occur as a result of a wide range of diseases such as inflammatory 

myopathies, cerebral palsy, cancer and muscular dystrophies (Meryon, 1852; O’Dwyer, 

Neilson, and Nash, 2008; Henry, Cohen, and Campbell, 2001). Particularly in Duchenne 

muscular dystrophy patients, the type II skeletal muscle fibers are more prone to damage 

(Webster et al., 1988). Interestingly, nuclear receptors, such as PPARδ which regulate 

transcription by heterodimerizing with RXR, play a key role in the regulation of mitochondrial 

respiration (Luquet et al., 2003), skeletal muscle lipid oxidation as well as the determination 

of skeletal muscle fiber types, where an activated form of PPAR was shown to increase the 

proportion of type I fibers (Wang et al., 2004), suggesting that RXR agonists may be able to 

promote muscle regeneration.  

Our data suggest the intriguing possibility that the cellular stage may be regulated 

through alteration of distinct chromatin states. It thus presents a valuable potential of driving 

chromatin state pharmacologically for the treatment of tissue-specific diseases. Future 

prospects will therefore be to determine the functional capacity of the myogenic enhancers 

identified in a specific physiological context. The model of p300-associated cellular stage-

specific enhancers provides an excellent system to initiate the identification of additional 

myogenic targets and molecular interactions for therapeutic development towards muscle-

related diseases. Furthermore, the application of particular nuclear receptor ligands (agonists) 

is a potential avenue of research in muscle-related diseases to promote improved muscle fiber 

formation, metabolism and function (Gaudel et al., 2008).  

 

 



 81 

References 

Abmayr, S, and Grace, P. 2012. “Myoblast Fusion: Lessons from Flies and Mice.” 

Development (Cambridge, England) 139 (4): 641–56. 

https://doi.org/10.1242/dev.068353. 

Acevedo, M, and Lee, K. 2004. “Transcriptional Activation by Nuclear Receptors.” Essays in 

Biochemistry 40 (January): 73–88. 

AlSudais, H, Aabed, K, Nicola, W, Dixon, K, Chen, J, and Li, Q. 2016. “Retinoid X Receptor-

Selective Signaling in the Regulation of Akt/Protein Kinase B Isoform-Specific 

Expression.” The Journal of Biological Chemistry 291 (6): 3090–99. 

https://doi.org/10.1074/jbc.M115.692707. 

Altucci, L, Leibowitz, M, Ogilvie, K, De Lera, A, Gronemeyer, and H. 2007. “RAR and RXR 

Modulation in Cancer and Metabolic Disease.” Nature Reviews. Drug Discovery 6 

(10): 793–810. https://doi.org/10.1038/nrd2397. 

Aranda, A, and Angel, P. 2001. “Nuclear Hormone Receptors and Gene Expression.” 

Physiological Reviews 81 (3): 1269–1304. 

https://doi.org/10.1152/physrev.2001.81.3.1269. 

Arvey, A, Agius, P, Noble, W, Leslie, C. 2012. “Sequence and Chromatin Determinants of 

Cell-Type-Specific Transcription Factor Binding.” Genome Research 22 (9): 1723–34. 

https://doi.org/10.1101/gr.127712.111. 

Asakura, A, Lyons, G, and Tapscott, S. 1995. “The Regulation of MyoD Gene Expression: 

Conserved Elements Mediate Expression in Embryonic Axial Muscle.” Developmental 

Biology 171 (2): 386–98. https://doi.org/10.1006/dbio.1995.1290. 

Asakura, A, Hiroyuki, Boris, K, Shigeru, M, Ishibashi, J, Piras, A, Christ, A, Verma, M, 

Vineretsky, K, and Rudnicki. M. 2007. “Increased Survival of Muscle Stem Cells 

Lacking the MyoD Gene after Transplantation into Regenerating Skeletal Muscle.” 

Proceedings of the National Academy of Sciences of the United States of America 104 

(42): 16552–57. https://doi.org/10.1073/pnas.0708145104. 

Asp, P, Blum, R, Vethantham, V, Parisi, Micsini, M, Cheng, J, Bowman, C, Kulger, Y and 

Cynlacht, B. 2011. “Genome-Wide Remodeling of the Epigenetic Landscape during 

Myogenic Differentiation.” Proceedings of the National Academy of Sciences of the 

United States of America 108 (22): E149-58. 

https://doi.org/10.1073/pnas.1102223108; 10.1073/pnas.1102223108. 

Bannister, J, and Kouzarides, T. 2011. “Regulation of Chromatin by Histone Modifications.” 

Cell Research 21 (3): 381–95. https://doi.org/10.1038/cr.2011.22. 

Barbosa-Morais, N. L., M. Irimia, Q. Pan, H. Y. Xiong, S. Gueroussov, L. J. Lee, V. 

Slobodeniuc, et al., 2012. “The Evolutionary Landscape of Alternative Splicing in 

Vertebrate Species.” Science 338 (6114): 1587–93. 

https://doi.org/10.1126/science.1230612. 

Barresi, R., and Kevin P Campbell. 2006. “Dystroglycan: From Biosynthesis to Pathogenesis 

of Human Disease.” Journal of Cell Science 119 (2): 199–207. 

https://doi.org/10.1242/jcs.02814. 

Bayle, J.Henri, and Gerald R. Crabtree. 1997. “Protein Acetylation: More than Chromatin 

Modification to Regulate Transcription.” Chemistry & Biology 4 (12): 885–88. 

https://doi.org/10.1016/S1074-5521(97)90296-9. 



 82 

Berger, L. 2002. “Histone Modifications in Transcriptional Regulation.” Current Opinion in 

Genetics & Development 12 (2): 142–48. https://doi.org/10.1016/S0959-

437X(02)00279-4. 

Berger, L. 2007. “The Complex Language of Chromatin Regulation during Transcription.” 

Nature 447 (7143): 407–12. https://doi.org/10.1038/nature05915. 

Bernstein, B., Mikkelsen, T, Xie, X, Kamal, M, Huebert, D,  Cuff, J, Fry, B, Meissner, A, 

Wernig, M, Plath, K, Jaenisch, R, Wagschal, A, Schreiber, S, and Lander, E. et al., 

2006. “A Bivalent Chromatin Structure Marks Key Developmental Genes in 

Embryonic Stem Cells.” Cell 125 (2): 315–26. 

https://doi.org/10.1016/J.CELL.2006.02.041. 

Bhat, F, Mir, S, Dar, K, Bhat, Z, Shah, R, and Ganai, N. 2018. “ABC of Multifaceted 

Dystrophin Glycoprotein Complex (DGC).” Journal of Cellular Physiology 233 (7): 

5142–59. https://doi.org/10.1002/jcp.25982. 

Bi, P, Ramirez-Martinez, A, Li, H, Cannavino, J, McAnally, J, Shelton, J, Rhonda, E, and 

Olson, E. 2017. “Control of Muscle Formation by the Fusogenic Micropeptide 

Myomixer.” Science (New York, N.Y.) 356 (6335): 323–27. 

https://doi.org/10.1126/science.aam9361. 

Biressi, S, and Rando, t 2010. “Heterogeneity in the Muscle Satellite Cell Population.” 

Seminars in Cell & Developmental Biology 21 (8): 845–54. 

https://doi.org/10.1016/j.semcdb.2010.09.003. 

Bismuth, K, and Relaix, f 2010. “Genetic Regulation of Skeletal Muscle Development.” 

Experimental Cell Research 316 (18): 3081–86. 

https://doi.org/10.1016/j.yexcr.2010.08.018. 

Blackwell, T K, and Weintraub, H. 1990. “Differences and Similarities in DNA-Binding 

Preferences of MyoD and E2A Protein Complexes Revealed by Binding Site 

Selection.” Science (New York, N.Y.) 250 (4984): 1104–10. 

Blais, A, Tsikitis, M, Acosta-Alvear, D, Sharan, R, Kluger, Y, and Dynlacht, B. 2005. “An 

Initial Blueprint for Myogenic Differentiation.” Genes & Development 19 (5): 553–69. 

https://doi.org/10.1101/gad.1281105. 

Blum, R, Vethantham, V, Bowman, C, Rudnicki, M, Dynlacht, and B. 2012. “Genome-Wide 

Identification of Enhancers in Skeletal Muscle: The Role of MyoD1.” Genes & 

Development 26 (24): 2763–79. https://doi.org/10.1101/gad.200113.112. 

Bonnemann, C., M. Rita Passos-Bueno, Elizabeth M. McNally, Mariz Vainzof, Eloísa de Sá 

Moreira, Suely K. Marie, Rita C. M. Pavanello, et al., 1996. “Genomic Screening for 

Beta-Sarcoglycan Gene Mutations: Missense Mutations May Cause Severe Limb-

Girdle Muscular Dystrophy Type 2E (LGMD 2E).” Human Molecular Genetics 5 (12): 

1953–61. https://doi.org/10.1093/hmg/5.12.1953. 

Brand-Saberi, B, and Bodo, C. 1999. “1 Evolution and Development of Distinct Cell Lineages 

Derived from Somites.” Current Topics in Developmental Biology 48 (January): 1–42. 

https://doi.org/10.1016/S0070-2153(08)60753-X. 

Braun, T, and H H Arnold. 1995. “Inactivation of Myf-6 and Myf-5 Genes in Mice Leads to 

Alterations in Skeletal Muscle Development.” The EMBO Journal 14 (6): 1176–86. 

Braun, T, Bober, E, Winter, B, Rosenthal, N, Arnold, and H. 1990. “Myf-6, a New Member 

of the Human Gene Family of Myogenic Determination Factors: Evidence for a Gene 

Cluster on Chromosome 12.” The EMBO Journal 9 (3): 821–31. 



 83 

Braun, T, Buschhausen-Denker, G, Bober, E, Tannich, E, Arnold, and H. 1989. “A Novel 

Human Muscle Factor Related to but Distinct from MyoD1 Induces Myogenic 

Conversion in 10T1/2 Fibroblasts.” The EMBO Journal 8 (3): 701–9. 

Braun, T, Rudnicki, M, Arnold, H, Jaenisch, and R. 1992. “Targeted Inactivation of the Muscle 

Regulatory Gene Myf-5 Results in Abnormal Rib Development and Perinatal Death.” 

Cell 71 (3): 369–82. https://doi.org/10.1016/0092-8674(92)90507-9. 

Brent, E, and Tabin, C. 2002. “Developmental Regulation of Somite Derivatives: Muscle, 

Cartilage and Tendon.” Current Opinion in Genetics & Development 12 (5): 548–57. 

https://doi.org/10.1016/S0959-437X(02)00339-8. 

Brockington, M, Y Yuva, P Prandini, S C Brown, S Torelli, M A Benson, R Herrmann, et al., 

2001. “Mutations in the Fukutin-Related Protein Gene (FKRP) Identify Limb Girdle 

Muscular Dystrophy 2I as a Milder Allelic Variant of Congenital Muscular Dystrophy 

MDC1C.” Human Molecular Genetics 10 (25): 2851–59. 

Buckingham, M, L Bajard, T Chang, P Daubas, J Hadchouel, S Meilhac, D Montarras, D 

Rocancourt, and F Relaix. 2003. “The Formation of Skeletal Muscle: From Somite to 

Limb.” Journal of Anatomy 202 (1): 59–68. 

Buckingham, M, and P Rigby. 2014. “Gene Regulatory Networks and Transcriptional 

Mechanisms That Control Myogenesis.” Developmental Cell 28 (3): 225–38. 

https://doi.org/10.1016/J.DEVCEL.2013.12.020. 

Bulger, M. 2005. “Hyperacetylated Chromatin Domains: Lessons from Heterochromatin.” 

Journal of Biological Chemistry 280 (23): 21689–92. 

https://doi.org/10.1074/JBC.R500004200. 

Bulger, M, and Groudine, M.. 2010. “Enhancers: The Abundance and Function of Regulatory 

Sequences beyond Promoters.” Developmental Biology 339 (2): 250–57. 

https://doi.org/10.1016/j.ydbio.2009.11.035. 

Butler, F, and Kadonaga, j. 2002. “The RNA Polymerase II Core Promoter: A Key Component 

in the Regulation of Gene Expression.” Genes & Development 16 (20): 2583–92. 

https://doi.org/10.1101/gad.1026202. 

Campos, I, and Reinberg, D. 2009. “X.” Annual Review of Genetics 43 (1): 559–99. 

https://doi.org/10.1146/annurev.genet.032608.103928. 

Cao, Y, Yao, Z, Sarkar, D, Lawrence, M, Sanchez, G, Parker, M, MacQuarrie, K, Davison, J, 

Morgan, M, Ruzzo, W, Gentleman, R and Tapscott, S. 2010. “Genome-Wide MyoD 

Binding in Skeletal Muscle Cells: A Potential for Broad Cellular Reprogramming.” 

Developmental Cell 18 (4): 662–74. 

Cavaldesi, M, Macchia, G, Barca, S, Defilippi, P, Tarone, G, and Petrucci, T. 2001. 

“Association of the Dystroglycan Complex Isolated from Bovine Brain Synaptosomes 

with Proteins Involved in Signal Transduction.” Journal of Neurochemistry 72 (4): 

1648–55. https://doi.org/10.1046/j.1471-4159.1999.721648.x. 

Chakravarti, D, Vickie, J, Nelson, M, Nakajima, T, Schulman, I, Juguilon, H, Montminy, M, 

andEvans, R. 1996. “Role of CBP/P300 in Nuclear Receptor Signalling.” Nature 383 

(6595): 99–103. https://doi.org/10.1038/383099a0. 

Chan, H M, and N B La Thangue. 2001. “P300/CBP Proteins: HATs for Transcriptional 

Bridges and Scaffolds.” Journal of Cell Science 114 (Pt 13): 2363–73. 

Chandra, V, Wu, D, Li, S, Potluri, N, et al., 2017. “The quaternary architecture of RARβ–RXRα 

heterodimer facilitates domain–domain signal transmission.” Nature communications 

8:868. https://doi.org/10.1038/s41467-017-00981-y 



 84 

Chang, C., and Rudnicki, M. 2014. “Satellite Cells: The Architects of Skeletal Muscle.” 

Current Topics in Developmental Biology 107 (January): 161–81. 

https://doi.org/10.1016/B978-0-12-416022-4.00006-8. 

Chatterjee, B, Wolff, D, Jothi, M, Mal, M, Mal, and A. 2016. “P38α MAPK Disables KMT1A-

Mediated Repression of Myogenic Differentiation Program.” Skeletal Muscle 6 (1): 28. 

https://doi.org/10.1186/s13395-016-0100-z. 

Chen, J, Goldhamer, and D. 2004. “The Core Enhancer Is Essential for Proper Timing of 

MyoD Activation in Limb Buds and Branchial Arches.” Developmental Biology 265 

(2): 502–12. 

Chen, J, Love, C, Goldhamer, and D. 2001. “Two Upstream Enhancers Collaborate to Regulate 

the Spatial Patterning and Timing of MyoD Transcription during Mouse 

Development.” Developmental Dynamics : An Official Publication of the American 

Association of Anatomists 221 (3): 274–88. https://doi.org/10.1002/dvdy.1138. 

Jihong, C, Wang, Y, Hamed, M, Lacroix, N, and Li, Q. 2015. “Molecular Basis for the 

Regulation of Transcriptional Coactivator P300 in Myogenic Differentiation.” 

Scientific Reports 5: 13727. 

Chen, X, Xu, H, Yuan, P, Fang, et al., 2008. “Integration of External Signaling Pathways with 

the Core Transcriptional Network in Embryonic Stem Cells.” Cell 133 (6): 1106–17. 

Cheng, T, Wallace, M, Merlie, J, Olson, and E. 1993. “Separable Regulatory Elements 

Governing Myogenin Transcription in Mouse Embryogenesis.” Science (New York, 

N.Y.) 261 (5118): 215–18. 

Choi, J, M L Costa, C S Mermelstein, C Chagas, S Holtzer, and H Holtzer. 1990. “MyoD 

Converts Primary Dermal Fibroblasts, Chondroblasts, Smooth Muscle, and Retinal 

Pigmented Epithelial Cells into Striated Mononucleated Myoblasts and Multinucleated 

Myotubes.” Proceedings of the National Academy of Sciences of the United States of 

America 87 (20): 7988–92. 

Cohn, D, Henry, M, Michele, D, Barresi, R, Saito, F, Moore, S, Flanagan, J,  Skwarchuk, W, 

Robbins, E, Mendell, R, Williamson, A, Campbell, P. 2002. “Disruption of DAG1 in 

Differentiated Skeletal Muscle Reveals a Role for Dystroglycan in Muscle 

Regeneration.” Cell 110 (5): 639–48. 

Comai, G, and Tajbakhsh, S. 2014. “Molecular and Cellular Regulation of Skeletal 

Myogenesis.” Current Topics in Developmental Biology 110 (January): 1–73. 

https://doi.org/10.1016/B978-0-12-405943-6.00001-4. 

Conerly, L, Yao, Z, Zhong, J, Groudine, M, and Tapscott, S. 2016. “Distinct Activities of Myf5 

and MyoD Indicate Separate Roles in Skeletal Muscle Lineage Specification and 

Differentiation.” Developmental Cell 36 (4): 375–85. 

https://doi.org/10.1016/j.devcel.2016.01.021. 

Cornelison, D, and Wold, B. 1997. “Single-Cell Analysis of Regulatory Gene Expression in 

Quiescent and Activated Mouse Skeletal Muscle Satellite Cells.” Developmental 

Biology 191 (2): 270–83. https://doi.org/10.1006/dbio.1997.8721. 

Cress, D, and Seto, E. 2000. “Histone Deacetylases, Transcriptional Control, and Cancer.” 

Journal of Cellular Physiology 184 (1): 1–16. https://doi.org/10.1002/(SICI)1097-

4652(200007)184:1<1::AID-JCP1>3.0.CO;2-7. 

Creyghton, M, Cheng, A, Welstead, G, Kooistra, Carey, BW, Steine, E, Hanna, J, Lodato, M, 

Frampton, G, Sharp, P, Boyer, L, Young, R, Jaenisch, R. 2010. “Histone H3K27ac 

Separates Active from Poised Enhancers and Predicts Developmental State.” 

Proceedings of the National Academy of Sciences of the United States of America 107 



 85 

(50): 21931–36. https://doi.org/10.1073/pnas.1016071107; 

10.1073/pnas.1016071107. 

Czermin, B1, Schotta, G, Hülsmann, BB, Brehm, A, Becker, PB, Reuter, G, Imhof, A. 2001. 

“Physical and Functional Association of SU(VAR)3-9 and HDAC1 in Drosophila.” 

EMBO Reports 2 (10): 915–19. https://doi.org/10.1093/embo-reports/kve210. 

Daujat S, Bauer UM, Shah V, Turner B, Berger S, Kouzarides T. 2002. “Crosstalk between 

CARM1 Methylation and CBP Acetylation on Histone H3.” Current Biology 12 (24): 

2090–97. https://doi.org/10.1016/S0960-9822(02)01387-8. 

Molkentin JD1, Olson EN 1996. “Combinatorial Control of Muscle Development by Basic 

Helix-Loop-Helix and MADS-Box Transcription Factors.” Proc Natl Acad Sci U S A. 

3;93(18):9366-73.  

Davie, K, Cho, J, Meadows, E,  Flynn, J, Knapp, J, and Klein, W. 2007. “Target Gene 

Selectivity of the Myogenic Basic Helix–Loop–Helix Transcription Factor Myogenin 

in Embryonic Muscle.” Developmental Biology 311 (2): 650–64. 

https://doi.org/10.1016/J.YDBIO.2007.08.014. 

Davis, R, Weintraub, H, and Lassar, A. 1987. “Expression of a Single Transfected CDNA 

Converts Fibroblasts to Myoblasts.” Cell 51 (6): 987–1000. 

https://doi.org/10.1016/0092-8674(87)90585-X. 

Davydov, EV, Goode, DL, Sirota, M, Cooper, GM, Sidow, A, Batzoglou, S. 2010. “Identifying 

a High Fraction of the Human Genome to Be under Selective Constraint Using 

GERP++.” Edited by Wyeth W. Wasserman. PLoS Computational Biology 6 (12): 

e1001025. https://doi.org/10.1371/journal.pcbi.1001025. 

Dawson, M I, and Xia, Z. 2012. “The Retinoid X Receptors and Their Ligands.” Biochimica 

et Biophysica Acta 1821 (1): 21–56. https://doi.org/10.1016/j.bbalip.2011.09.014; 

10.1016/j.bbalip.2011.09.014. 

Delgado, I, Huang, X, Jones, S, Zhang, L, Hatcher, R, Gao, B, Zhan,g P. 2003. “Dynamic 

Gene Expression during the Onset of Myoblast Differentiation in Vitro.” Genomics 82 

(2): 109–21. https://doi.org/10.1016/S0888-7543(03)00104-6. 

Dilworth, J, Fromental-Ramain, C, Yamamoto, K, and Chambon, P. 2000. “ATP-Driven 

Chromatin Remodeling Activity and Histone Acetyltransferases Act Sequentially 

during Transactivation by RAR/RXR In Vitro.” Molecular Cell 6 (5): 1049–58. 

https://doi.org/10.1016/S1097-2765(00)00103-9. 

Doetschman, T, Eistetter, H, Katz, M, Schmidt, W, and Kemler, R. 1985. “The in Vitro 

Development of Blastocyst-Derived Embryonic Stem Cell Lines: Formation of 

Visceral Yolk Sac, Blood Islands and Myocardium.” Journal of Embryology and 

Experimental Morphology 87 (June): 27–45. 

Dolle, P, Fraulob, V, Kastner, P, Chambon, and P. 1994. “Developmental Expression of 

Murine Retinoid X Receptor (RXR) Genes.” Mechanisms of Development 45 (2): 91–

104. 

Doynova, M, Markworth, J, Cameron-Smith, D, Vickers, M, O’Sullivan, and J. 2017. 

“Linkages between Changes in the 3D Organization of the Genome and Transcription 

during Myotube Differentiation in Vitro.” Skeletal Muscle 7 (1): 5. 

https://doi.org/10.1186/s13395-017-0122-1. 

Dumont NA, Wang YX, von Maltzahn J, Pasut A, Bentzinger CF1, Brun CE1, Rudnicki MA 

2015. “Dystrophin Expression in Muscle Stem Cells Regulates Their Polarity and 

Asymmetric Division.” Nature Medicine 21 (12): 1455–63. 

https://doi.org/10.1038/nm.3990. 



 86 

Durbeej, M, Henry, M, Ferletta, M, Campbell, K, Ekblom, and P. 1998. “Distribution of 

Dystroglycan in Normal Adult Mouse Tissues.” Journal of Histochemistry & 

Cytochemistry 46 (4): 449–57. https://doi.org/10.1177/002215549804600404. 

Durbeej, M, and Campbell, K. 1999. “Biochemical Characterization of the Epithelial 

Dystroglycan Complex.” Journal of Biological Chemistry 274 (37): 26609–16. 

https://doi.org/10.1074/jbc.274.37.26609. 

Edmondson, D, Cheng, T, Cserjesi, P, Chakraborty, T, Olson, and E. 1992. “Analysis of the 

Myogenin Promoter Reveals an Indirect Pathway for Positive Autoregulation Mediated 

by the Muscle-Specific Enhancer Factor MEF-2.” Molecular and Cellular Biology 12 

(9): 3665–77. 

Edmondson, G, and Olson, N, 1989. “A Gene with Homology to the Myc Similarity Region 

of MyoD1 Is Expressed during Myogenesis and Is Sufficient to Activate the Muscle 

Differentiation Program.” Genes & Development 3 (5): 628–40. 

Ernst, J, and Manolis K. 2012. “ChromHMM: Automating Chromatin-State Discovery and 

Characterization.” Nature Methods 9 (3): 215–16. https://doi.org/10.1038/nmeth.1906. 

Ervasti, M, Ohlendieck, K, Kahl, S D, Gaver, M G, Campbell, and K P. 1990. “Deficiency of 

a Glycoprotein Component of the Dystrophin Complex in Dystrophic Muscle.” Nature 

345 (6273): 315–19. https://doi.org/10.1038/345315a0. 

Fan, W, Atkins, A, Yu, R, Downes, M, Evans, and R. 2013. “Road to Exercise Mimetics: 

Targeting Nuclear Receptors in Skeletal Muscle.” Journal of Molecular Endocrinology 

51 (3): T87–100. https://doi.org/10.1530/JME-13-0258. 

Faralli, H, and Dilworth, J. 2012. “Turning on Myogenin in Muscle: A Paradigm for 

Understanding Mechanisms of Tissue-Specific Gene Expression.” Comparative and 

Functional Genomics 2012: 1–10. https://doi.org/10.1155/2012/836374. 

Farnham, P. 2009. “Insights from Genomic Profiling of Transcription Factors.” Nature 

Reviews.Genetics 10 (9): 605–16. 

Fong, P, and Stephen, T. 2013. “Skeletal Muscle Programming and Re-Programming.” 

Current Opinion in Genetics & Development 23 (5): 568–73. 

https://doi.org/10.1016/J.GDE.2013.05.002. 

Fong, AP, Yao, Z, Zhong, JW, Cao, Y, Ruzzo, WL, Gentleman, RC, Tapscott, SJ 2012. 

“Genetic and Epigenetic Determinants of Neurogenesis and Myogenesis.” 

Developmental Cell 22 (4): 721–35. https://doi.org/10.1016/J.DEVCEL.2012.01.015. 

Forman, B, Umesono, K, Chen, J, and Evans, R. 1995. “Unique Response Pathways Are 

Established by Allosteric Interactions among Nuclear Hormone Receptors.” Cell. Vol. 

81. 

Francetic, T, Le May, M, Hamed, M, Mach, H, Meyers, D, Cole, F, Chen, J, and Li, Q. 2012. 

“Regulation of Myf5 Early Enhancer by Histone Acetyltransferase P300 during Stem 

Cell Differentiation.” Molecular Biology 1 (March). https://doi.org/10.4172/2168-

9547.1000103. 

Froeschlé, A, Séverine, A, Magali, K, Gilles, C, Frédéric, A, Cécile, R, and Anne, B. 1998. 

“Retinoic Acid Receptors and Muscle B-HLH Proteins: Partners in Retinoid-Induced 

Myogenesis.” Oncogene 16 (26): 3369–78. https://doi.org/10.1038/sj.onc.1201894. 

Gao, Q, and Elizabeth M. 2015. “The Dystrophin Complex: Structure, Function, and 

Implications for Therapy.” In Comprehensive Physiology, 5:1223–39. Hoboken, NJ, 

USA: John Wiley & Sons, Inc. https://doi.org/10.1002/cphy.c140048. 

Gaudel, C, Chantal, S, Christian, G, Nada, A, and Paul, A,. 2008. “Pharmacological Activation 

of PPARbeta Promotes Rapid and Calcineurin-Dependent Fiber Remodeling and 



 87 

Angiogenesis in Mouse Skeletal Muscle.” American Journal of Physiology. 

Endocrinology and Metabolism 295 (2): E297-304. 

https://doi.org/10.1152/ajpendo.00581.2007. 

Germain, P, Chambon, P, Eichele, G, Evans, R, Lazar, M, Leid, M, De Lera, A, Lotan, R, 

Mangelsdorf, D, and Gronemeyer, H, 2006. “International Union of Pharmacology. 

LXIII. Retinoid X Receptors.” Pharmacological Reviews 58 (4): 760–72. 

https://doi.org/10.1124/pr.58.4.7. 

Giacinti, C, Bagella, L, Puri, P, Giordano, A, Simone, and C. 2006. “MyoD Recruits the 

Cdk9/Cyclin T2 Complex on Myogenic-Genes Regulatory Regions.” Journal of 

Cellular Physiology 206 (3): 807–13. https://doi.org/10.1002/jcp.20523. 

Glass, C, and M G Rosenfeld. 2000. “The Coregulator Exchange in Transcriptional Functions 

of Nuclear Receptors.” Genes & Development 14 (2): 121–41. 

Goldhamer, D, Brunk, B, Faerman, A, King, et al., 1995. “Embryonic Activation of the MyoD 

Gene Is Regulated by a Highly Conserved Distal Control Element.” Development 

(Cambridge, England) 121 (3): 637–49. 

Goldhamer, D, Faerman, A, Shani, M, Emerson Jr, and C. 1992. “Regulatory Elements That 

Control the Lineage-Specific Expression of MyoD.” Science (New York, N.Y.) 256 

(5056): 538–42. 

Gros, J, Manceau, M, Thomé, V, and Marcelle, C 2005. “A Common Somitic Origin for 

Embryonic Muscle Progenitors and Satellite Cells.” Nature 435 (7044): 954–58. 

https://doi.org/10.1038/nature03572. 

Gu, JM, Wang, DJ, Peterson, JM, Shintaku, J, Liyanarachchi, S, Coppola, V, Frakes, AE, 

Kaspar, BK, Cornelison, DD, Guttridge, DC. 2016. “An NF-ΚB - EphrinA5-

Dependent Communication between NG2+ Interstitial Cells and Myoblasts Promotes 

Muscle Growth in Neonates.” Developmental Cell 36 (2): 215–24. 

https://doi.org/10.1016/J.DEVCEL.2015.12.018. 

Guiraud, S, Aartsma-Rus, A, Vieira, NM, Davies, KE, van Ommen, GJ, Kunkel, LM. 2015. 

“The Pathogenesis and Therapy of Muscular Dystrophies.” Annual Review of 

Genomics and Human Genetics 16 (1): 281–308. https://doi.org/10.1146/annurev-

genom-090314-025003. 

Günther, S, Kim, J, Kostin, S, Lepper, C, Fan, CM, and Braun, T. 2013. “Myf5-Positive 

Satellite Cells Contribute to Pax7-Dependent Long-Term Maintenance of Adult 

Muscle Stem Cells.” Cell Stem Cell 13 (5): 590–601. 

https://doi.org/10.1016/j.stem.2013.07.016. 

Haldar, M, Karan, G, Tvrdik, P, and Capecchi, M. 2008. “Two Cell Lineages, Myf5 and Myf5-

Independent, Participate in Mouse Skeletal Myogenesis.” Developmental Cell 14 (3): 

437–45. https://doi.org/10.1016/j.devcel.2008.01.002. 

Halevy, O, B G Novitch, D B Spicer, S X Skapek, J Rhee, G J Hannon, D Beach, and A B 

Lassar. 1995. “Correlation of Terminal Cell Cycle Arrest of Skeletal Muscle with 

Induction of P21 by MyoD.” Science (New York, N.Y.) 267 (5200): 1018–21. 

Hamed, M, Khilji, S, Chen, J, and Li, Q. 2013. “Stepwise Acetyltransferase Association and 

Histone Acetylation at the Myod1 Locus during Myogenic Differentiation.” Scientific 

Reports 3: 2390. 

Hamed, M, Khilji, S, Dixon, K, Blais, Ioshikhes, I, Chen, J and Li, Q, 2017. “Insights into 

Interplay between Rexinoid Signaling and Myogenic Regulatory Factor-Associated 

Chromatin State in Myogenic Differentiation.” Nucleic Acids Research 45 (19): 

11236–48. https://doi.org/10.1093/nar/gkx800. 



 88 

Hara, Y, Balci-Hayta, B, Yoshida-Moriguchi, T, Kanagawa, M, Beltrán-Valero de Bernabé, 

D, Gündeşli, H, Willer, T, Satz, JS, Crawford, RW, Burden, SJ, Kunz, S, Oldstone, 

MB, Accardi, A, Talim, B, Muntoni, F, Topaloğlu, H, Dinçe,r P, and Campbell KP. 

2011. “A Dystroglycan Mutation Associated with Limb-Girdle Muscular Dystrophy.” 

New England Journal of Medicine 364 (10): 939–46. 

https://doi.org/10.1056/NEJMoa1006939. 

Hasty, P, Bradley, A, Morris, JH, Edmondson, DG, Venuti, JM, Olson, EN, and Klein, WH 

1993. “Muscle Deficiency and Neonatal Death in Mice with a Targeted Mutation in 

the Myogenin Gene.” Nature 364 (6437): 501–6. https://doi.org/10.1038/364501a0. 

Heintzman, N, Stuart, R, Hon, G, Fu, et al., 2007. “Distinct and Predictive Chromatin 

Signatures of Transcriptional Promoters and Enhancers in the Human Genome.” 

Nature Genetics 39 (3): 311–18. https://doi.org/10.1038/ng1966. 

Heintzman, N, Gar,y C, Hon, R, Hawkins, D, Kheradpour, P, Stark, A, Harp, Zhen Ye, et al., 

2009. “Histone Modifications at Human Enhancers Reflect Global Cell-Type-Specific 

Gene Expression.” Nature 459 (7243): 108–12. https://doi.org/10.1038/nature07829. 

Heinz, S, Benner, C, Spann, N, Bertolino, et al., 2010. “Simple Combinations of Lineage-

Determining Transcription Factors Prime Cis-Regulatory Elements Required for 

Macrophage and B Cell Identities.” Molecular Cell 38 (4): 576–89. 

https://doi.org/10.1016/j.molcel.2010.05.004. 

Henry, M, Cohen, M, and Campbell, K. 2001. “Reduced Expression of Dystroglycan in Breast 

and Prostate Cancer.” Human Pathology 32 (8): 791–95. 

https://doi.org/10.1053/HUPA.2001.26468. 

Hollman, D, Milona, A, Van Erpecum, K, Van Mil, and S. 2012. “Anti-Inflammatory and 

Metabolic Actions of FXR: Insights into Molecular Mechanisms.” Biochimica et 

Biophysica Acta 1821 (11): 1443–52. https://doi.org/10.1016/j.bbalip.2012.07.004. 

Hon, G, Hawkins, R, Ren, and B. 2009. “Predictive Chromatin Signatures in the Mammalian 

Genome.” Human Molecular Genetics 18 (R2): R195–201. 

https://doi.org/10.1093/hmg/ddp409. 

Horwitz, K B, T A Jackson, D L Bain, J K Richer, G S Takimoto, and L Tung. 1996. “Nuclear 

Receptor Coactivators and Corepressors.” Molecular Endocrinology 10 (10): 1167–77. 

https://doi.org/10.1210/mend.10.10.9121485. 

Hutcheson, D, Zhao, J, Merrell, A, Haldar, M, Kardon, and G. 2009. “Embryonic and Fetal 

Limb Myogenic Cells Are Derived from Developmentally Distinct Progenitors and 

Have Different Requirements for Beta-Catenin.” Genes & Development 23 (8): 997–

1013. https://doi.org/10.1101/gad.1769009. 

Ibraghimov-Beskrovnaya, O, J M Ervasti, C J Leveille, C A Slaughter, S W Sernett, and K P 

Campbell. 1992. “Primary Structure of Dystrophin-Associated Glycoproteins Linking 

Dystrophin to the Extracellular Matrix.” Nature 355 (6362): 696–702. 

https://doi.org/10.1038/355696a0. 

Istrail, S, and Davidson, E. 2005. “Logic Functions of the Genomic Cis-Regulatory Code.” 

Proceedings of the National Academy of Sciences of the United States of America 102 

(14): 4954–59. https://doi.org/10.1073/pnas.0409624102. 

Jang, MJ, Park, UH, Kim, JW, Choi, H, Um, SJ, and Kim, EJ. 2017. “CACUL1 Reciprocally 

Regulates SIRT1 and LSD1 to Repress PPARγ and Inhibit Adipogenesis.” Cell Death 

& Disease 8 (12): 3201. https://doi.org/10.1038/s41419-017-0070-z. 

Jenuwein, T, and C D Allis. 2001. “Translating the Histone Code.” Science (New York, N.Y.) 

293 (5532): 1074–80. https://doi.org/10.1126/science.1063127. 



 89 

Jin, Q, Yu, LR, Wang, L, Zhang, Z, Kasper, LH, Lee, JE, Wang, C, Brindle, PK, Dent, SY, 

Ge, K. 2011. “Distinct Roles of GCN5/PCAF-Mediated H3K9ac and CBP/P300-

Mediated H3K18/27ac in Nuclear Receptor Transactivation.” The EMBO Journal 30 

(2): 249–62. https://doi.org/10.1038/emboj.2010.318. 

Johnson, D, Mortazavi, A, Myers, R, Wold, and B. 2007. “Genome-Wide Mapping of in Vivo 

Protein-DNA Interactions.” Science 316 (5830): 1497–1502. 

https://doi.org/10.1126/science.1141319. 

Jung, D, Yang, B, Meyer, J, Chamberlain, S, Campbell, and P. 1995. “Identification and 

Characterization of the Dystrophin Anchoring Site on Beta-Dystroglycan.” The 

Journal of Biological Chemistry 270 (45): 27305–10. 

https://doi.org/10.1074/JBC.270.45.27305. 

Kablar, B, A Asakura, K Krastel, C Ying, L L May, D J Goldhamer, and M A Rudnicki. 1998. 

“MyoD and Myf-5 Define the Specification of Musculature of Distinct Embryonic 

Origin.” Biochemistry and Cell Biology = Biochimie et Biologie Cellulaire 76 (6): 

1079–91. 

Kablar, B, K Krastel, C Ying, S J Tapscott, D J Goldhamer, and M A Rudnicki. 1999. 

“Myogenic Determination Occurs Independently in Somites and Limb Buds.” 

Developmental Biology 206 (2): 219–31. 

Kagechika, H. 2002. “Novel Synthetic Retinoids and Separation of the Pleiotropic Retinoidal 

Activities.” Current Medicinal Chemistry 9 (5): 591–608. 

Kamei, Y, Xu L, Heinzel, T, Torchia, J, Kurokaw,a R, Gloss, B, Lin, SC, Heyman, RA, Rose, 

DW, Glass, CK, and Rosenfeld, MG 1996. “A CBP Integrator Complex Mediates 

Transcriptional Activation and AP-1 Inhibition by Nuclear Receptors.” Cell 85 (3): 

403–14. https://doi.org/10.1016/S0092-8674(00)81118-6. 

Karmodiya, K1, Krebs, AR, Oulad-Abdelghani, M, Kimura, H, and Tora, L 2012. “H3K9 and 

H3K14 Acetylation Co-Occur at Many Gene Regulatory Elements, While H3K14ac 

Marks a Subset of Inactive Inducible Promoters in Mouse Embryonic Stem Cells.” 

BMC Genomics 13 (1): 424. https://doi.org/10.1186/1471-2164-13-424. 

Kassar-Duchossoy, L, Gayraud-Morel, B, Gomès, D, Rocancourt, D, Buckingham, M, Shinin, 

V, and Tajbakhsh, S 2004. “Mrf4 Determines Skeletal Muscle Identity in Myf5:Myod 

Double-Mutant Mice.” Nature 431 (7007): 466–71. 

https://doi.org/10.1038/nature02876. 

Kassar-Duchossoy, L, Giacone, E, Gayraud-Morel, B, Jory, A, Gomès, D, and Tajbakhsh, S. 

2005. “Pax3/Pax7 Mark a Novel Population of Primitive Myogenic Cells during 

Development.” Genes & Development 19 (12): 1426–31. 

https://doi.org/10.1101/gad.345505. 

Kastner, P, Grondona, J, Mark, M, Gansmuller, et al., 1994. “Genetic Analysis of RXR Alpha 

Developmental Function: Convergence of RXR and RAR Signaling Pathways in Heart 

and Eye Morphogenesis.” Cell 78 (6): 987–1003.  

Khilji, S., Hamed, M., Chen, J., and Li, Q. (2018). Loci-specific histone acetylation profiles 

associated with transcriptional coactivator p300 during early myoblast differentiation. 

Epigenetics, 13(6), 642–654. https://doi.org/10.1080/15592294.2018.1489659 

Kim, D, Tang, Z, Shimada, M, Fierz, et al., 2013. “Histone H3K27 Trimethylation Inhibits H3 

Binding and Function of SET1-Like H3K4 Methyltransferase Complexes.” Molecular 

and Cellular Biology 33 (24): 4936–46. https://doi.org/10.1128/MCB.00601-13. 



 90 

Kim, J, Jin, P, Duan, R, Chen, and E. 2015. “Mechanisms of Myoblast Fusion during Muscle 

Development.” Current Opinion in Genetics & Development 32 (June): 162–70. 

https://doi.org/10.1016/j.gde.2015.03.006. 

Kim, JR, Kee, HJ, Kim, JY, Joung, H, Nam, KI, Eom, GH, Choe, N, Kim, HS, Kim, JC, Kook, 

H, Seo, SB, and Kook, H 2009. “Enhancer of Polycomb1 Acts on Serum Response 

Factor to Regulate Skeletal Muscle Differentiation.” The Journal of Biological 

Chemistry 284 (24): 16308–16. https://doi.org/10.1074/jbc.M807725200; 

10.1074/jbc.M807725200. 

Kim, T, and Shiekhattar, R. 2015. “Architectural and Functional Commonalities between 

Enhancers and Promoters.” Cell 162 (5): 948–59. 

https://doi.org/10.1016/j.cell.2015.08.008. 

Kobayashi, K, Nakahor,i Y, Miyake, M, Matsumura, K, Kondo-Iida, E, Nomura, Y, Segawa, 

M, Yoshioka, M, Saito, K, Osawa, M et al., 1998. “An Ancient Retrotransposal 

Insertion Causes Fukuyama-Type Congenital Muscular Dystrophy.” Nature 394 

(6691): 388–92. https://doi.org/10.1038/28653. 

Kornberg, R. 1974. “Chromatin Structure: A Repeating Unit of Histones and DNA.” Science 

184: 868–71. 

Kraus, W L, and J T Kadonaga. 1998. “P300 and Estrogen Receptor Cooperatively Activate 

Transcription via Differential Enhancement of Initiation and Reinitiation.” Genes & 

Development 12 (3): 331–42. 

Kraus, W, and J Wong. 2002. “Nuclear Receptor-Dependent Transcription with Chromatin. Is 

It All about Enzymes?” European Journal of Biochemistry. John Wiley & Sons, Ltd 

(10.1111). https://doi.org/10.1046/j.1432-1033.2002.02889.x. 

Krebs, A, Karmodiya, K, Lindahl-Allen, M, Struhl, K, Tora, and L. 2011. “SAGA and ATAC 

Histone Acetyl Transferase Complexes Regulate Distinct Sets of Genes and ATAC 

Defines a Class of P300-Independent Enhancers.” Molecular Cell 44 (3): 410–23. 

https://doi.org/10.1016/J.MOLCEL.2011.08.037. 

Krezel, W, V Dupé, M Mark, A Dierich, P Kastner, and P Chambon. 1996. “RXR Gamma 

Null Mice Are Apparently Normal and Compound RXR Alpha +/-/RXR Beta -/-/RXR 

Gamma -/- Mutant Mice Are Viable.” Proceedings of the National Academy of 

Sciences of the United States of America 93 (17): 9010–14. 

https://doi.org/10.1073/PNAS.93.17.9010. 

Kuo, M, and Allis, C. 1998. “Roles of Histone Acetyltransferases and Deacetylases in Gene 

Regulation.” BioEssays 20 (8): 615–26. https://doi.org/10.1002/(SICI)1521-

1878(199808)20:8<615::AID-BIES4>3.0.CO;2-H. 

Lamers, C, Schubert-Zsilavecz, M, Merk, and D. 2012. “Therapeutic Modulators of 

Peroxisome Proliferator-Activated Receptors (PPAR): A Patent Review (2008-

Present).” Expert Opinion on Therapeutic Patents 22 (7): 803–41. 

https://doi.org/10.1517/13543776.2012.699042. 

Lara-Astiaso, D, Weiner, A, Lorenzo-Vivas, E, Zaretsky, I, Jaitin, DA, David, E, Keren-Shau,l 

H, Mildner, A, Winter, D, et al. 2014. “Chromatin State Dynamics during Blood 

Formation.” Science 345 (6199). 

Lee, W, Haslinger, A, Karin, M, Tjian, and R. 1987. “Activation of Transcription by Two 

Factors That Bind Promoter and Enhancer Sequences of the Human Metallothionein 

Gene and SV40.” Nature 325 (6102): 368–72. https://doi.org/10.1038/325368a0. 

Legube, G and Trouche, D. 2003. “Regulating Histone Acetyltransferases and Deacetylases.” 

EMBO Reports 4 (10): 944–47. https://doi.org/10.1038/sj.embor.embor941. 



 91 

Lehmann, J M, L Jong, A Fanjul, J F Cameron, X P Lu, P Haefner, M I Dawson, and M Pfahl. 

1992. “Retinoids Selective for Retinoid X Receptor Response Pathways.” Science 

(New York, N.Y.) 258 (5090): 1944–46. 

Leid, M, Kastner, P, Chambon, and P. 1992. “Multiplicity Generates Diversity in the Retinoic 

Acid Signalling Pathways.” Trends in Biochemical Sciences 17 (10): 427–33. 

Li, B, Carey, M, Workman, and J. 2007. “The Role of Chromatin during Transcription.” Cell 

128 (4): 707–19. 

Longman, C., Martin Brockington, Silvia Torelli, Cecilia Jimenez-Mallebrera, Colin Kennedy, 

Nofal Khalil, Lucy Feng, et al., 2003. “Mutations in the Human LARGE Gene Cause 

MDC1D, a Novel Form of Congenital Muscular Dystrophy with Severe Mental 

Retardation and Abnormal Glycosylation of  -Dystroglycan.” Human Molecular 

Genetics 12 (21): 2853–61. https://doi.org/10.1093/hmg/ddg307. 

Lu, T Y, C F Kao, C T Lin, D Y Huang, C Y Chiu, Y S Huang, and H C Wu. 2009. “DNA 

Methylation and Histone Modification Regulate Silencing of OPG during Tumor 

Progression.” Journal of Cellular Biochemistry 108 (1): 315–25. 

https://doi.org/10.1002/jcb.22256; 10.1002/jcb.22256. 

Luger, K, Mäder, A, Richmond, R, Sargent, D, Richmond, and T. 1997. “Crystal Structure of 

the Nucleosome Core Particle at 2.8 Å Resolution.” Nature 389 (6648): 251–60. 

https://doi.org/10.1038/38444. 

Luquet, S, Lopez-Soriano, J, Holst, D, Fredenrich, A, Melki, J, Rassoulzadegan, M, and 

Grimaldi, PA. 2003. “Peroxisome Proliferator-Activated Receptor Delta Controls 

Muscle Development and Oxidative Capability.” FASEB Journal : Official Publication 

of the Federation of American Societies for Experimental Biology 17 (15): 2299–2301. 

https://doi.org/10.1096/fj.03-0269fje. 

Maltzahn, Von, J, Jones, A, Parks, R, Rudnicki, and M. 2013. “Pax7 Is Critical for the Normal 

Function of Satellite Cells in Adult Skeletal Muscle.” Proceedings of the National 

Academy of Sciences of the United States of America 110 (41): 16474–79. 

https://doi.org/10.1073/pnas.1307680110. 

Mangelsdorf, D J, C Thummel, M Beato, P Herrlich, G Schütz, K Umesono, B Blumberg, et 

al., 1995. “The Nuclear Receptor Superfamily: The Second Decade.” Cell 83 (6): 835–

39. 

Martinato, F, Cesaroni, M, Amati, B, Guccione, and E. 2008. “Analysis of Myc-Induced 

Histone Modifications on Target Chromatin.” Edited by Edathara Abraham. PLoS 

ONE 3 (11): e3650. https://doi.org/10.1371/journal.pone.0003650. 

Matsumuraa, K, Yamadaa, H, Shimizu, T, Campbellb, and K. 1993. “Differential Expression 

of Dystrophin, Utrophin and Dystrophin-Associated Proteins in Peripheral Nerve.” 

Vol. 334. European Biochemical Societies. 

Mauro, A. 1961. “SATELLITE CELL OF SKELETAL MUSCLE FIBERS.” The Journal of 

Cell Biology 9 (2): 493–95. https://doi.org/10.1083/jcb.9.2.493. 

Le May, M, Mack, H, Lacroix, N, Hou, C, Chen, J and Li, Q, 2011. “Contribution of Retinoid 

X Receptor Signaling to the Specification of Skeletal Muscle Lineage.” The Journal of 

Biological Chemistry 286 (30): 26806–12. https://doi.org/10.1074/jbc.M111.227058. 

McKenna, N, Lanz, R, O’Malley, and B. 1999. “Nuclear Receptor Coregulators: Cellular and 

Molecular Biology 1.” Endocrine Reviews 20 (3): 321–44. 

https://doi.org/10.1210/edrv.20.3.0366. 



 92 

McKenna, Neil J., and Bert W. O’Malley. 2002. “Combinatorial Control of Gene Expression 

by Nuclear Receptors and Coregulators.” Cell 108 (4): 465–74. 

https://doi.org/10.1016/S0092-8674(02)00641-4. 

McLean, C Y, D Bristor, M Hiller, S L Clarke, B T Schaar, C B Lowe, A M Wenger, and G 

Bejerano. 2010. “GREAT Improves Functional Interpretation of Cis-Regulatory 

Regions.” Nature Biotechnology 28 (5): 495–501. https://doi.org/10.1038/nbt.1630 

[doi]. 

Megeney, Lynn A., and Michael A. Rudnicki. 1995. “Determination versus Differentiation 

and the MyoD Family of Transcription Factors.” Biochemistry and Cell Biology 73 (9–

10): 723–32. https://doi.org/10.1139/o95-080. 

Laurin, M, Fradet, N, Blangy, A, Hall, A, Vuori, K, and Côté, J, 2008. “The Atypical Rac 

Activator Dock180 (Dock1) Regulates Myoblast Fusion in Vivo.” 

Mercuri, Eugenio, and Francesco Muntoni. 2013. “Muscular Dystrophies.” Lancet (London, 

England) 381 (9869): 845–60. https://doi.org/10.1016/S0140-6736(12)61897-2. 

Meryon, E. 1852. “On Granular and Fatty Degeneration of the Voluntary Muscles.” Medico-

Chirurgical Transactions 35: 73-84.1. 

Molkentin, J, Black, B, Martin, J, Olson, and E. 1995. “Cooperative Activation of Muscle 

Gene Expression by MEF2 and Myogenic BHLH Proteins.” Cell 83 (7): 1125–36. 

https://doi.org/10.1016/0092-8674(95)90139-6. 

Moncaut, N, Rigby, P, Carvajal, and J. 2013. “Dial M(RF) for Myogenesis.” FEBS Journal 

280 (17): 3980–90. https://doi.org/10.1111/febs.12379. 

Näär, A, Lemon, B, Tjian, and R. 2001. “Transcriptional Coactivator Complexes.” Annual 

Review of Biochemistry 70 (1): 475–501. 

https://doi.org/10.1146/annurev.biochem.70.1.475. 

Nabeshima, Y, K Hanaoka, M Hayasaka, E Esumi, S Li, I Nonaka, and Y Nabeshima. 1993. 

“Myogenin Gene Disruption Results in Perinatal Lethality Because of Severe Muscle 

Defect.” Nature 364 (6437): 532–35. https://doi.org/10.1038/364532a0. 

Nagpal, S, and R A Chandraratna. 2000. “Recent Developments in Receptor-Selective 

Retinoids.” Current Pharmaceutical Design 6 (9): 919–31. 

Nagy, Z, and L Tora. 2007. “Distinct GCN5/PCAF-Containing Complexes Function as Co-

Activators and Are Involved in Transcription Factor and Global Histone Acetylation.” 

Oncogene 26 (37): 5341–57. https://doi.org/10.1038/sj.onc.1210604. 

Naidu, P, Ludolph, D, To, R, Hinterberger, T, Konieczny, and S. 1995. “Myogenin and MEF2 

Function Synergistically to Activate the MRF4 Promoter during Myogenesis.” 

Molecular and Cellular Biology 15 (5): 2707–18. 

Ng, R, and Gurdon, J. 2008. “Epigenetic Memory of an Active Gene State Depends on Histone 

H3.3 Incorporation into Chromatin in the Absence of Transcription.” Nature Cell 

Biology 10 (1): 102–9. https://doi.org/10.1038/ncb1674. 

Niederreither, K, Dollé, and P. 2008. “Retinoic Acid in Development: Towards an Integrated 

View.” Nature Reviews. Genetics 9 (7): 541–53. https://doi.org/10.1038/nrg2340. 

O’Brien, K, and Kunkel, L. 2001. “Dystrophin and Muscular Dystrophy: Past, Present, and 

Future.” Molecular Genetics and Metabolism 74 (1–2): 75–88. 

https://doi.org/10.1006/MGME.2001.3220. 

O’Dwyer, N, Neilson, p, and Nash, J. 2008. “Mechanisms of Muscle Growth Related to 

Muscle Contracture in Cerebral Palsy.” Developmental Medicine & Child Neurology 

31 (4): 543–47. https://doi.org/10.1111/j.1469-8749.1989.tb04034.x. 



 93 

Ogryzko, V, Schiltz, R, Russanova, V, Howard, B, and Nakatani, Y. 1996. “The 

Transcriptional Coactivators P300 and CBP Are Histone Acetyltransferases.” Cell 87 

(5): 953–59. 

Orendas, P, Kubatka, P, Kajo, K, Stollarova, N, Kassayova, M, Bojkova, B, Pec, M et al., 

2012. “Melatonin Enhanced Bexarotene Efficacy in Experimental Mammary 

Carcinogenesis.” Neoplasma 59 (4): 469–74. https://doi.org/10.4149/neo_2012_060. 

Oustanina, S, Hause, G, Braun, and T. 2004. “Pax7 Directs Postnatal Renewal and Propagation 

of Myogenic Satellite Cells but Not Their Specification.” The EMBO Journal 23 (16): 

3430–39. https://doi.org/10.1038/sj.emboj.7600346. 

Parker, M, Seale, P, and Rudnicki, M. 2003. “Looking Back to the Embryo: Defining 

Transcriptional Networks in Adult Myogenesis.” Nature Reviews. Genetics 4 (7): 497–

507. https://doi.org/10.1038/nrg1109. 

Pascual-García, M, and Valledor, A. 2012. “Biological Roles of Liver X Receptors in Immune 

Cells.” Archivum Immunologiae et Therapiae Experimentalis 60 (4): 235–49. 

https://doi.org/10.1007/s00005-012-0179-9. 

Patapoutian, A, J K Yoon, J H Miner, S Wang, K Stark, and B Wold. 1995. “Disruption of the 

Mouse MRF4 Gene Identifies Multiple Waves of Myogenesis in the Myotome.” 

Development (Cambridge, England) 121 (10): 3347–58. 

Pazin, M J, and J T Kadonaga. 1997. “What’s up and down with Histone Deacetylation and 

Transcription?” Cell 89 (3): 325–28. 

Pekowska, A, Benoukraf, T, Zacarias-Cabeza, J, Belhocine, M, Koch, F, Holota, H, Imbert, J, 

Andrau, JC, Ferrier, P, and Spicuglia, S. 2011. “H3K4 Tri-Methylation Provides an 

Epigenetic Signature of Active Enhancers.” The EMBO Journal 30 (20): 4198–4210. 

https://doi.org/10.1038/emboj.2011.295. 

Pérez, E, Bourguet, W, Gronemeyer, H, De Lera, and A. 2012. “Modulation of RXR Function 

through Ligand Design.” Biochimica et Biophysica Acta 1821 (1): 57–69. 

https://doi.org/10.1016/j.bbalip.2011.04.003. 

Perissi, V, and Rosenfeld, M. 2005. “Controlling Nuclear Receptors: The Circular Logic of 

Cofactor Cycles.” Nature Reviews Molecular Cell Biology 6 (7): 542–54. 

https://doi.org/10.1038/nrm1680. 

Petrof, B, Shrager, J, Stedman, H, Kelly, A, Sweeney, and H. 1993. “Dystrophin Protects the 

Sarcolemma from Stresses Developed during Muscle Contraction.” Proceedings of the 

National Academy of Sciences of the United States of America 90 (8): 3710–14. 

Polesskaya, A, Naguibneva, I, Fritsch, L, Duquet, et al., 2001. “CBP/P300 and Muscle 

Differentiation: No HAT, No Muscle.” The EMBO Journal 20 (23): 6816–25. 

https://doi.org/10.1093/emboj/20.23.6816. 

Ptashne, M and Gann, A. 1997. “Transcriptional Activation by Recruitment.” Nature 386 

(6625): 569–77. https://doi.org/10.1038/386569a0. 

Puri, P, Avantaggiati, M, Balsano, C, Sang, N, Graessmann, A, Giordano, A, and Levrero, M 

1997. “P300 Is Required for MyoD-Dependent Cell Cycle Arrest and Muscle-Specific 

Gene Transcription.” The EMBO Journal 16 (2): 369–83. 

https://doi.org/10.1093/emboj/16.2.369. 

Puri, P, Sartorelli, V, Yang, X, Hamamori, et al., 1997. “Differential Roles of P300 and PCAF 

Acetyltransferases in Muscle Differentiation.” Molecular Cell 1 (1): 35–45. 

Quinlan, A, and Hall, I. 2010. “BEDTools: A Flexible Suite of Utilities for Comparing 

Genomic Features.” Bioinformatics (Oxford, England) 26 (6): 841–42. 

https://doi.org/10.1093/bioinformatics/btq033. 



 94 

Rada-Iglesias, A, Bajpai, R, Swigut, T, Brugmann, SA, Flynn, RA, and Wysocka, J. 2011. “A 

Unique Chromatin Signature Uncovers Early Developmental Enhancers in Humans.” 

Nature 470 (7333): 279–83. https://doi.org/10.1038/nature09692. 

Ragvin, A, Valvatne, H, Erdal, S, Arskog, V, Tufteland, KR, Breen, K, ØYan, AM, Eberharter, 

A, Gibson, TJ, Becker, PB, and Aasland, R.2004. “Nucleosome Binding by the 

Bromodomain and PHD Finger of the Transcriptional Cofactor P300.” Journal of 

Molecular Biology 337 (4): 773–88. https://doi.org/10.1016/j.jmb.2004.01.051. 

Rahimov, F, and Kunkel, L. 2013. “The Cell Biology of Disease: Cellular and Molecular 

Mechanisms Underlying Muscular Dystrophy.” The Journal of Cell Biology 201 (4): 

499–510. https://doi.org/10.1083/jcb.201212142. 

Rampalli, S, Li, F, Mak, E, Ge, K, Brand, M, Tapscott, S, and Dilworth, J. 2007. “P38 MAPK 

Signaling Regulates Recruitment of Ash2L-Containing Methyltransferase Complexes 

to Specific Genes during Differentiation.” Nature Structural & Molecular Biology 14 

(12): 1150–56. https://doi.org/10.1038/nsmb1316. 

Relaix, F, Rocancourt, D, Mansouri, A, and Buckingham, M. 2005. “A Pax3/Pax7-Dependent 

Population of Skeletal Muscle Progenitor Cells.” Nature 435 (7044): 948–53. 

https://doi.org/10.1038/nature03594. 

Rettino, A, Rafanelli ,F, Genoves,e G, Goracci, M, Cifarelli, RA, Cittadini, A, and Sgambato, 

A. 2009. “Identification of Sp1 and GC-Boxes as Transcriptional Regulators of Mouse 

Dag1 Gene Promoter.” American Journal of Physiology-Cell Physiology 297 (5): 

C1113–23. https://doi.org/10.1152/ajpcell.00189.2009. 

Rhodes, S J, and S F Konieczny. 1989. “Identification of MRF4: A New Member of the Muscle 

Regulatory Factor Gene Family.” Genes & Development 3 (12B): 2050–61. 

https://doi.org/10.1101/GAD.3.12B.2050. 

Robbins, J, Gulick, J, Sanchez, A, Howles, P, Doetschman, and T. 1990. “Mouse Embryonic 

Stem Cells Express the Cardiac Myosin Heavy Chain Genes during Development in 

Vitro.” The Journal of Biological Chemistry 265 (20): 11905–9. 

Robertson, T, Grounds, M, Mitchell, C, Papadimitriou, and J. 1990. “Fusion between 

Myogenic Cells in Vivo: An Ultrastructural Study in Regenerating Murine Skeletal 

Muscle.” Journal of Structural Biology 105 (1–3): 170–82. 

https://doi.org/10.1016/1047-8477(90)90111-O. 

Robertson, T, Papadimitriou, J, Grounds, and M. 1993. “Fusion of Myogenic Cells to the 

Newly Sealed Region of Damaged Myofibres in Skeletal Muscle Regeneration.” 

Neuropathology and Applied Neurobiology 19 (4): 350–58. 

https://doi.org/10.1111/j.1365-2990.1993.tb00451.x. 

Rosa, G, Ceccarini, M, Cavaldesi, M, Zini, M, Petrucci, and T. 1996. “Localization of the 

Dystrophin Binding Site at the Carboxyl Terminus of β-Dystroglycan.” Biochemical 

and Biophysical Research Communications 223 (2): 272–77. 

https://doi.org/10.1006/BBRC.1996.0883. 

Rosenfeld, M, Lunyak, V, Glass, and C. 2006. “Sensors and Signals: A 

Coactivator/Corepressor/Epigenetic Code for Integrating Signal-Dependent Programs 

of Transcriptional Response.” Genes & Development 20 (11): 1405–28. 

https://doi.org/10.1101/gad.1424806. 

Roth, F, Shikama, N, Henzen, C, Desbaillets, I, Lutz, W, Marino, S. et al., 2003. “Differential 

Role of P300 and CBP Acetyltransferase during Myogenesis: P300 Acts Upstream of 

MyoD and Myf5.” The EMBO Journal 22 (19): 5186–96. 

https://doi.org/10.1093/emboj/cdg473. 



 95 

Rudnicki, M, Braun, T, Hinuma, S, Jaenisch, and R. 1992. “Inactivation of MyoD in Mice 

Leads to Up-Regulation of the Myogenic HLH Gene Myf-5 and Results in Apparently 

Normal Muscle Development.” Cell 71 (3): 383–90. https://doi.org/10.1016/0092-

8674(92)90508-A. 

Rudnicki, M, Grand, L, McKinnell, I, Kuang, and S. 2008. “The Molecular Regulation of 

Muscle Stem Cell Function.” Cold Spring Harbor Symposia on Quantitative Biology 

73: 323–31. https://doi.org/10.1101/sqb.2008.73.064 [doi]. 

Rudnicki, M, Schnegelsberg, P, Stead, R, Braun, et al., 1993. “MyoD or Myf-5 Is Required 

for the Formation of Skeletal Muscle.” Cell 75 (7): 1351–59. 

https://doi.org/10.1016/0092-8674(93)90621-V. 

Ruthenburg, A, Li, H, Patel, D, David, and A. 2007. “Multivalent Engagement of Chromatin 

Modifications by Linked Binding Modules.” Nature Reviews Molecular Cell Biology 

8 (12): 983–94. https://doi.org/10.1038/nrm2298. 

Sambasivan, R, Yao, R, Kissenpfennig, A, Van Wittenberghe, L, Paldi, A, Gayraud-Morel, B, 

Guenou, H, Malissen, B, and Tajbakhsh, S, Galy A. 2011. “Pax7-Expressing Satellite 

Cells Are Indispensable for Adult Skeletal Muscle Regeneration.” Development 

(Cambridge, England) 138 (17): 3647–56. https://doi.org/10.1242/dev.067587. 

Sanes, Joshua R. 2003. “The Basement Membrane/Basal Lamina of Skeletal Muscle*.” 

https://doi.org/10.1074/jbc.R200027200. 

Sapin, V, Dollé, P, Hindelang, C, Kastner, P, Chambon, and P. 1997. “Defects of the 

Chorioallantoic Placenta in Mouse RXRalpha Null Fetuses.” Developmental Biology 

191 (1): 29–41. https://doi.org/10.1006/dbio.1997.8687. 

Sartorelli, V, and Caretti, G. 2005. “Mechanisms Underlying the Transcriptional Regulation 

of Skeletal Myogenesis.” Current Opinion in Genetics & Development 15 (5): 528–35. 

Sartorelli, V, Huang, J, Hamamori, Y, Kedes, and L. 1997. “Molecular Mechanisms of 

Myogenic Coactivation by P300: Direct Interaction with the Activation Domain of 

MyoD and with the MADS Box of MEF2C.” Molecular and Cellular Biology 17 (2): 

1010–26. 

Sartorelli, V, Puri, PL, Hamamori, Y, Ogryzko, V, Chung, G, Nakatani, Y, Wang, JY, and 

Kedes, L 1999. “Acetylation of MyoD Directed by PCAF Is Necessary for the 

Execution of the Muscle Program.” Molecular Cell 4 (5): 725–34. 

Schmidt, N, Akaaboune, M, Gajendran, N, Martinez-Pena Valenzuela I, Wakefield, S, 

Thurnheer, R, and Brenner, HR. 2011. “Neuregulin/ErbB Regulate Neuromuscular 

Junction Development by Phosphorylation of α-Dystrobrevin.” The Journal of Cell 

Biology 195 (7): 1171–84. https://doi.org/10.1083/jcb.201107083. 

Sciandra, F, Bozzi, M, Bigotti, M, Brancaccio, and A. 2013. “The Multiple Affinities of α-

Dystroglycan.” Current Protein & Peptide Science 14 (7): 626–34. 

https://doi.org/10.2174/1389203711209070644. 

Serrano AL, Mann CJ, Vidal B, Ardite E, Perdiguero E, and Muñoz-Cánoves P. 2011. 

“Cellular and Molecular Mechanisms Regulating Fibrosis in Skeletal Muscle Repair 

and Disease.” In Current Topics in Developmental Biology, 96:167–201. 

https://doi.org/10.1016/B978-0-12-385940-2.00007-3. 

Shahbazian, D, and Grunstein, m. 2007. “Functions of Site-Specific Histone Acetylation and 

Deacetylation.” Annual Review of Biochemistry 76 (1): 75–100. 

https://doi.org/10.1146/annurev.biochem.76.052705.162114. 



 96 

Shen, L, Shao, N, Liu, X, and Nestler, E. 2014. “Ngs.Plot: Quick Mining and Visualization of 

next-Generation Sequencing Data by Integrating Genomic Databases.” BMC 

Genomics 15 (1): 284. https://doi.org/10.1186/1471-2164-15-284. 

Shieh, Perry B. 2013. “Muscular Dystrophies and Other Genetic Myopathies.” Neurologic 

Clinics 31 (4): 1009–29. https://doi.org/10.1016/j.ncl.2013.04.004. 

Shikama, N, Lutz, W, Kretzschmar, R, Sauter, et al., 2003. “Essential Function of P300 

Acetyltransferase Activity in Heart, Lung and Small Intestine Formation.” The EMBO 

Journal 22 (19): 5175–85. https://doi.org/10.1093/emboj/cdg502. 

Shulman, I, and Mangelsdorf, D. 2005. “Retinoid X Receptor Heterodimers in the Metabolic 

Syndrome.” New England Journal of Medicine 353 (6): 604–15. 

https://doi.org/10.1056/NEJMra043590. 

Sonenberg, N, and A G Hinnebusch. 2009. “Regulation of Translation Initiation in Eukaryotes: 

Mechanisms and Biological Targets.” Cell 136 (4): 731–45. 

Spence, H, Dhillon, A, James, M, Winder, and S. 2004. “Dystroglycan, a Scaffold for the 

ERK–MAP Kinase Cascade.” EMBO Reports 5 (5): 484–89. 

https://doi.org/10.1038/sj.embor.7400140. 

Sterner, D E, and S L Berger. 2000. “Acetylation of Histones and Transcription-Related 

Factors.” Microbiology and Molecular Biology Reviews : MMBR 64 (2): 435–59. 

Sucov, H M, Dyson, E, Gumeringer, C L, Price, J, Chien, K R, and Evans, R M. 1994. “RXR 

Alpha Mutant Mice Establish a Genetic Basis for Vitamin A Signaling in Heart 

Morphogenesis.” Genes & Development 8 (9): 1007–18. 

Suzuki, A, Yoshida, M, Hayashi, K, Mizuno, Y, Hagiwara, Y, and Ozawa, E. 1994. 

“Molecular Organization at the Glycoprotein-Complex-Binding Site of Dystrophin. 

Three Dystrophin-Associated Proteins Bind Directly to the Carboxy-Terminal Portion 

of Dystrophin.” European Journal of Biochemistry 220 (2): 283–92. 

https://doi.org/10.1111/j.1432-1033.1994.tb18624.x. 

Szanto, A, V Narkar, Q Shen, I P Uray, P J Davies, and L Nagy. 2004. “Retinoid X Receptors: 

X-Ploring Their (Patho)Physiological Functions.” Cell Death and Differentiation 11 

Suppl 2 (December): S126-43. https://doi.org/10.1038/sj.cdd.4401533. 

Szymanska, G, Won Kim, H, Cuppoletti, J, Kranias, and E. 1992. “Regulation of the Skeletal 

Sarcoplasmic Reticulum Ca2+-ATPase by Phospholamban and Negatively Charged 

Phospholipids in Reconstituted Phospholipid Vesicles.” Molecular and Cellular 

Biochemistry 114 (1–2). https://doi.org/10.1007/BF00240299. 

Tanaka, T, and L M De Luca. 2009. “Therapeutic Potential of ‘Rexinoids’ in Cancer 

Prevention and Treatment.” Cancer Research 69 (12): 4945–47. 

Tapscott, S J. 2005. “The Circuitry of a Master Switch: Myod and the Regulation of Skeletal 

Muscle Gene Transcription.” Development (Cambridge, England) 132 (12): 2685–95. 

https://doi.org/10.1242/dev.01874. 

Tapscott, S, Lassar, A, Weintraub, and H. 1992. “A Novel Myoblast Enhancer Element 

Mediates MyoD Transcription.” Molecular and Cellular Biology 12 (11): 4994–5003. 

Thayer, M J, S J Tapscott, R L Davis, W E Wright, A B Lassar, and H Weintraub. 1989. 

“Positive Autoregulation of the Myogenic Determination Gene MyoD1.” Cell 58 (2): 

241–48. 

Thomas, C., and Chiang, C. 2006. “The General Transcription Machinery and General 

Cofactors.” Critical Reviews in Biochemistry and Molecular Biology 41 (3): 105–78. 

https://doi.org/10.1080/10409230600648736. 



 97 

Toda, T, Kobayashi, K, Takeda, S, Sasaki, J, Kurahashi, H, Kano, H, Tachikawa, M, Wang, 

F, Nagai, Y,et al., 2003. “Fukuyama-Type Congenital Muscular Dystrophy (FCMD) 

and α-Dystroglycanopathy.” Congenital Anomalies 43 (2): 97–104. 

https://doi.org/10.1111/j.1741-4520.2003.tb01033.x. 

Torchia, J, Glass, C, and Rosenfeld, M. 1998. “Co-Activators and Co-Repressors in the 

Integration of Transcriptional Responses.” Current Opinion in Cell Biology 10 (3): 

373–83. https://doi.org/10.1016/S0955-0674(98)80014-8. 

Trapnell, C, Williams, BA, Pertea, G, Mortazavi, A, Kwan, G, van Baren, MJ, Salzberg, SL, 

Wol,d BJ,and  Pachte,r L. 2010. “Transcript Assembly and Quantification by RNA-

Seq Reveals Unannotated Transcripts and Isoform Switching during Cell 

Differentiation.” Nature Biotechnology 28 (5): 511–15. 

https://doi.org/10.1038/nbt.1621. 

Umesono, K, and R M Evans. 1989. “Determinants of Target Gene Specificity for 

Steroid/Thyroid Hormone Receptors.” Cell 57 (7): 1139–46. 

Verhoeven, G, Willems, A, Denolet, E, Swinnen, J, De Gendt, and K. 2010. “Androgens and 

Spermatogenesis: Lessons from Transgenic Mouse Models.” Philosophical 

Transactions of the Royal Society of London. Series B, Biological Sciences 365 (1546): 

1537–56. https://doi.org/10.1098/rstb.2009.0117. 

Visel, A, Blow, M, Li, Z, Zhang, et al., 2009. “ChIP-Seq Accurately Predicts Tissue-Specific 

Activity of Enhancers.” Nature 457 (7231): 854–58. 

https://doi.org/10.1038/nature07730. 

Wang, D, Xia, X, Weiss, R, Refetoff, S, Yen, and P. 2010. “Distinct and Histone-Specific 

Modifications Mediate Positive versus Negative Transcriptional Regulation of TSHα 

Promoter.” Edited by Mary Bryk. PLoS ONE 5 (3): e9853. 

https://doi.org/10.1371/journal.pone.0009853. 

Wang, H, Huang, Z, Xia, L, Feng, et al., 2001. “Methylation of Histone H4 at Arginine 3 

Facilitating Transcriptional Activation by Nuclear Hormone Receptor.” Science (New 

York, N.Y.) 293 (5531): 853–57. https://doi.org/10.1126/science.1060781. 

Wang, Y, Jaenisch, and R. 1997. “Myogenin Can Substitute for Myf5 in Promoting 

Myogenesis but Less Efficiently.” Development 124 (13). 

Wang, Y, Zhang, C, Yu, R, Cho, et al., 2004. “Regulation of Muscle Fiber Type and Running 

Endurance by PPARdelta.” Edited by Steve O’Rahilly. PLoS Biology 2 (10): e294. 

https://doi.org/10.1371/journal.pbio.0020294. 

Wang, Z, Zang, C, Cui, K, Schones, et al., 2009. “Genome-Wide Mapping of HATs and 

HDACs Reveals Distinct Functions in Active and Inactive Genes.” Cell 138 (5): 1019–

31. 

Wang, Z, Zang, C, Rosenfeld, J, Schones, et al., 2008. “Combinatorial Patterns of Histone 

Acetylations and Methylations in the Human Genome.” Nature Genetics 40 (7): 897–

903. https://doi.org/10.1038/ng.154. 

Webster, C, Silberstein, L, Hays, A, Blau, and H. 1988. “Fast Muscle Fibers Are Preferentially 

Affected in Duchenne Muscular Dystrophy.” Cell 52 (4): 503–13. 

https://doi.org/10.1016/0092-8674(88)90463-1. 

Weintraub, H, Davis, R, Lockshon, D, Lassar, and A. 1990. “MyoD Binds Cooperatively to 

Two Sites in a Target Enhancer Sequence: Occupancy of Two Sites Is Required for 

Activation.” Proceedings of the National Academy of Sciences of the United States of 

America 87 (15): 5623–27. 



 98 

Weintraub, H, S J Tapscott, R L Davis, M J Thayer, M A Adam, A B Lassar, and A D Miller. 

1989. “Activation of Muscle-Specific Genes in Pigment, Nerve, Fat, Liver, and 

Fibroblast Cell Lines by Forced Expression of MyoD.” Proceedings of the National 

Academy of Sciences of the United States of America 86 (14): 5434–38. 

Whitmore, C, and Morgan, J. 2014. “What Do Mouse Models of Muscular Dystrophy Tell Us 

about the DAPC and Its Components?” International Journal of Experimental 

Pathology 95 (6): 365–77. https://doi.org/10.1111/iep.12095. 

Williams, E., and Goldspink, g. 1971. “Longitudinal Growth of Striated Muscle Fibres.” 

Journal of Cell Science 9 (3). 

Woo, Y. H., and W.-H. Li. 2012. “Evolutionary Conservation of Histone Modifications in 

Mammals.” Molecular Biology and Evolution 29 (7): 1757–67. 

https://doi.org/10.1093/molbev/mss022. 

Wright, W, Sassoon, D, Lin, and V. 1989. “Myogenin, a Factor Regulating Myogenesis, Has 

a Domain Homologous to MyoD.” Cell 56 (4): 607–17. https://doi.org/10.1016/0092-

8674(89)90583-7. 

Wurtz, JM, Bourguet, W, Renaud, JP, Vivat, V, Chambon, P, Moras, D, and Gronemeyer, H. 

1996. “A Canonical Structure for the Ligand-Binding Domain of Nuclear Receptors.” 

Nature Structural Biology 3 (1): 87–94. 

Xu, J, Watts, JA, Pope, SD, Gadue, P, Kamps, M, Plath, K, Zaret, KS, and Smale, ST 2009. 

“Transcriptional Competence and the Active Marking of Tissue-Specific Enhancers by 

Defined Transcription Factors in Embryonic and Induced Pluripotent Stem Cells.” 

Genes & Development 23 (24): 2824–38. https://doi.org/10.1101/gad.1861209. 

Yaffe, D, and Saxel, O. 1977. “Serial Passaging and Differentiation of Myogenic Cells Isolated 

from Dystrophic Mouse Muscle.” Nature 270 (5639): 725–27. 

Yamada, S, and Kakuta, H. 2014. “Retinoid X Receptor Ligands: A Patent Review (2007 - 

2013).” Expert Opinion on Therapeutic Patents 24 (4): 443–52. 

https://doi.org/10.1517/13543776.2014.880692. 

Yang, X J, Ogryzko, V V, Nishikawa, J, Howard, B H, Nakatani, and Y. 1996. “A P300/CBP-

Associated Factor That Competes with the Adenoviral Oncoprotein E1A.” Nature 382 

(6589): 319–24. https://doi.org/10.1038/382319a0. 

Yao, T P, S P Oh, M Fuchs, N D Zhou, L E Ch’ng, D Newsome, R T Bronson, E Li, D M 

Livingston, and R Eckner. 1998. “Gene Dosage-Dependent Embryonic Development 

and Proliferation Defects in Mice Lacking the Transcriptional Integrator P300.” Cell 

93 (3): 361–72. 

Yi, P, Wang, Z, Feng, F, Chou, C, Pintilie, G, Shen, H, Foulds, C, et al., 2017. “Structural and 

Functional Impacts of ER Coactivator Sequential Recruitment.” Molecular Cell 67 (5): 

733-743.e4. https://doi.org/10.1016/j.molcel.2017.07.026. 

Yin, H, Price, F, and Rudnicki, M. 2013. “Satellite Cells and the Muscle Stem Cell Niche.” 

Physiological Reviews 93 (1): 23–67. https://doi.org/10.1152/physrev.00043.2011. 

Yue, F, Cheng, Y, Breschi, A, Vierstra, J, Wu, W, Ryba, T, Sandstrom, R, et al., 2014. “A 

Comparative Encyclopedia of DNA Elements in the Mouse , Genome.” Nature 515 

(7527): 355–64. https://doi.org/10.1038/nature13992. 

Zammit, PS, Golding, JP, Nagata, Y, Hudon, V, Partridge, TA, and Beauchamp, JR. 2004. 

“Muscle Satellite Cells Adopt Divergent Fates: A Mechanism for Self-Renewal?” The 

Journal of Cell Biology 166 (3): 347–57. https://doi.org/10.1083/jcb.200312007. 

Zeng, L, Zhang, Q, Gerona-Navarro, G, Moshkina, N, and Zhou, M. 2008. “Structural Basis 

of Site-Specific Histone Recognition by the Bromodomains of Human Coactivators 



 99 

PCAF and CBP/P300.” Structure (London, England : 1993) 16 (4): 643–52. 

https://doi.org/10.1016/j.str.2008.01.010. 

Zhang, C, McKinsey, T, Olson, and E. 2002. “Association of Class II Histone Deacetylases 

with Heterochromatin Protein 1: Potential Role for Histone Methylation in Control of 

Muscle Differentiation.” Molecular and Cellular Biology 22 (20): 7302–12. 

https://doi.org/10.1128/MCB.22.20.7302-7312.2002. 

Zhang, G, Pradhan, and S. 2014. “Mammalian Epigenetic Mechanisms.” IUBMB Life 66 (4): 

240–56. https://doi.org/10.1002/iub.1264. 

Zhang, W, Behringer, R, Olson, and E. 1995. “Inactivation of the Myogenic BHLH Gene 

MRF4 Results in Up-Regulation of Myogenin and Rib Anomalies.” Genes and 

Development 9 (11): 1388–99. https://doi.org/10.1101/gad.9.11.1388. 

Zhang, Y, Liu, t, Meyer, C, Eeckhoute, J, Johnson, D, Bernstein, B, Nusbaum, C, et al., 2008. 

“Model-Based Analysis of ChIP-Seq (MACS).” Genome Biology 9 (9): R137. 

https://doi.org/10.1186/gb-2008-9-9-r137. 

Zhu, GH, Huang, J, Bi, Y, Su, Y, Tan,g Y, He, BC, He, Y, Luo J, Wang, Y, Chen, L, Zuo, 

GW, Jiang, W. et al., 2009. “Activation of RXR and RAR Signaling Promotes 

Myogenic Differentiation of Myoblastic C2C12 Cells.” Differentiation; Research in 

Biological Diversity 78 (4): 195–204. https://doi.org/10.1016/j.diff.2009.06.001; 

10.1016/j.diff.2009.06.001. 

Zhu, Z, and Boone, M. 1997. “MRF4 Can Substitute for Myogenin during Early Stages of 

Myogenesis.” Developmental Dynamics 209 (2): 233–41. 

https://doi.org/10.1002/(SICI)1097-0177(199706)209:2<233::AID-AJA9>3.0.CO;2-

J. 

 

 

 

 

 

 

 

 

 

 

 



 100 

Table 1. Primer sets used for RT-qPCR analysis. 

 

 

 

Table 2. Primer sets used for ChIP-qPCR assay. 

 

 

 

 

Gene Forward Primer Reverse Primer 

Tnnt1 5’-TCCTGCAGCAAGCCTACC-3′ 5′-ATCGCACCAATATCCTCACC-3′ 

Igsf3 5′-AAGTACAGATCGTTAGCACGGT-3′ 5′-GGTGTGACATTCATACTCGCC-3′ 

Asb2 5′-TCCTGCAGCAAGCCTACC-3′ 5′-ATCGCACCAATATCCTCACC-3′ 

Gpc6 5′-TTTTCGGCCCTACAACCCTG-3′ 5′-TCTGTGACACTGTGCTGCAT-3′ 

Sntb1 5′-GAAGGAGAGATTCAACTGGACC-3′ 5′-CCAAGCCCAGTCGTGTTATC-3′ 

Tnnc1 5′-GGAGCTGCAGGAGATGATTG-3′ 5′-CCTCAGACTTCCCTTTGCTG-3′ 

MyoD 5′-TGCCTTCTACGCACCTGGA-3′ 5′-ATCATGCCATCAGAGCAGTTGG-3′ 

Myog 5′-ATCCAGTACATTGAGCGCCTAC-3′ 5′-AGCAAATGATCTCCTGGGTTGG-3′ 

Dag1 5′-GGTTGGCATTCCAGACGGTA-3′ 5′-CCTGCTGCAGACACCTTGAT-3′ 

Angptl4 5′-GTTTGCAGACTCAGCTCAAGG-3′ 5′-CCAAGAGGTCTATCTGGCTCTG-3′ 

Gene Forward Primer Reverse Primer 

Tnnt1 5′-GTGGTGACAACAGGCAGCTA-3′ 5′-GTTAGAAAGAGGAGGGGCTGG-3′ 

Igsf3 5′-GCTCATCTAGGCCACTCAACA-3′ 5′-GGACCCCGTCTGATGCAAT-3′ 

Asb2 5′-ACCCATTTGGCCCTCTTCAG-3′ 5′-GGATGCTGTATCTCTGGCCC-3′ 

Gpc6 5′-CCAGCTGCTCTGTCAGTCAC-3′ 5′-TGGCATGGAAACAACCAGGA-3′ 

Sntb1 5′-AGTCAGTTTTCTCCCTGCCC-3′ 5′-TACCACATGTGTGGGACAGC-3′ 

Tnnc1 5′-AGTTGGGGGCTTTCAAGGAA-3′ 5′-AATACAGTCACAGGGCGGAG-3′ 

MyoD 5′-TGCTTCTTTCGGCCAAGTAT-3′ 5′-CCAACTGGCTGTGTTGTGAG-3′ 

Myog 5′-GCATTCTGGGAAGGGGTTAC-3′ 5′-CCTGGGTGGAGATGTCTTTT-3′ 

Dag1-promoter 5′-CCTTTCCCAACTTCTCCCGAA-3′ 5′-AGATACCGCTTGCGTTTTGC-3′ 

Dag1-locus 5′-GCTGGATCTTTGTGGGGCAT-3′ 5′-TGAAAGGAGGAGCCATTGGT-3′ 

Angptl4 5′-CCAGCCAGGGAAAGTAGGAGA-3′ 5′-CAGAAAGTGCCTGCATGCC-3′ 

Control 5′-ACAGACAACGCAGAGTACCG-3′ 5′-GCCACACTCCAGACAAGATAGT-3′ 
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Table 3. RNA-seq and ChIP-seq dataset access. 

Organism Cell line Condition Antibody  Data Type Replicate 
GEO 

Accession  
Citation 

mus-musculus C2C12    GM   RNA-seq #1 GSM2478318  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 12h_Ctl   RNA-seq #1 GSM2478320  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 12h_Bex   RNA-seq #1 GSM2478322  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl   RNA-seq #1 GSM2478324  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex   RNA-seq #1 GSM2478326  Hamed, et al., 2017 

mus-musculus C2C12    GM  RNA-seq #2 GSM2478319 Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 12h_Ctl  RNA-seq #2 GSM2478321 Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 12h_Bex  RNA-seq #2 GSM2478323 Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl  RNA-seq #2 GSM2478325 Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex  RNA-seq #2 GSM2478327 Hamed, et al., 2017 

               

mus-musculus C2C12    Input for p300  ChIP-seq 1 GSM2947736 Khilji, et al., 2018 

mus-musculus C2C12    GM   p300 ChIP-seq 1 GSM2947737 Khilji, et al., 2018 

mus-musculus C2C12    Differentiating / 24h   p300 ChIP-seq 1 GSM2947738 Khilji, et al., 2018 

mus-musculus C2C12    Input for RXRα   ChIP-seq 1 GSM2478303  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl    RXRα ChIP-seq 1 GSM2478304  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex    RXRα ChIP-seq 1 GSM2478305  Hamed, et al., 2017 

mus-musculus C2C12    Input for histone marks   ChIP-seq 1 GSM2478289  Hamed, et al., 2017 

mus-musculus C2C12    GM    H4K8ac ChIP-seq 1 GSM2478290  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl    H4K8ac ChIP-seq 1 GSM2478291  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex    H4K8ac ChIP-seq 1 GSM2478292  Hamed, et al., 2017 

mus-musculus C2C12    GM    H3K9ac ChIP-seq 1 GSM2478293  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl    H3K9ac ChIP-seq 1 GSM2478294  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex    H3K9ac ChIP-seq 1 GSM2478295  Hamed, et al., 2017 

mus-musculus C2C12    GM    H3K18ac ChIP-seq 1 GSM2478296  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl    H3K18ac ChIP-seq 1 GSM2478297  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex    H3K18ac ChIP-seq 1 GSM2478298  Hamed, et al., 2017 

mus-musculus C2C12    GM    H3K27ac ChIP-seq 1 GSM2478299  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Ctl    H3K27ac ChIP-seq 1 GSM2478300  Hamed, et al., 2017 

mus-musculus C2C12    Differentiating / 24h_Bex    H3K27ac ChIP-seq 1 GSM2478301  Hamed, et al., 2017 

mus-musculus C2C12    GM    H3K27me3 ChIP-seq 1 GSM2478302  Hamed, et al., 2017 

               

mus-musculus C2C12    Input for RNA Pol II, H3K4me1    ChIP-seq 1 GSM721306 Asp, et al., 2011 

mus-musculus C2C12    GM    RNA Pol II ChIP-seq 1 GSM721286 Asp, et al., 2011 

mus-musculus C2C12    GM    H3K4me1 ChIP-seq 1 GSM721288 Asp, et al., 2011 

mus-musculus C2C12    Input for H3K4me3, H3K36me3   ChIP-seq 1 GSM918421 Yue et al., 2014 

mus-musculus C2C12    GM    H3K4me3 ChIP-seq 1 GSM918415  Yue et al., 201 

mus-musculus C2C12    GM    H3K36me3 ChIP-seq 1 GSM918417 Yue et al., 2014 

mus-musculus C2C12    GM    MyoD ChIP-seq 1 GSM915186 Yue et al., 2014 

mus-musculus C2C12    Differentiating / 24h    MyoD ChIP-seq 1 GSM915183 Yue et al., 2014 

mus-musculus C2C12    Differentiating / 24h    Myogenin ChIP-seq 1 GSM915159 Yue et al., 2014 


