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Abstract 

Myostatin (MSTN) is a TGF-β signaling ligand and a known inhibitor of skeletal muscle 

formation in adults, which inactivation leads to hypermuscular phenotype in animals, and has 

been vigorously researched for its applicability in agriculture and medicine. Some recent studies 

suggested that MSTN utilizes not only molecular signaling but also epigenetics modifications to 

control the gene expression patterns of skeletal muscle. In this study, we developed a mouse line 

overexpressing MSTN prodomain (MSTN-pro), an inhibitor of MSTN at birth to thoroughly 

study its effects on genomic DNA methylation using RRBS analysis contrasted with qPCR-based 

gene expression of selected relevant genes. Surprisingly, DNA methyltransferases and 

demethylases were dysregulated at both global and local levels during fetal periods before 

transgene expression, and not after birth. Such dysregulation was hardly coincidental since 

identified DMRs are highly concentrated into pathways involved in skeletal muscle development. 

Post-natal and post-transgene expression skeletal muscle, on the other hand, had the DNA 

methylome indirectly altered through transcription factors and histone modifications, with 

minimal evidence of a direct relationship between MSTN and DNA methylation-related enzymes. 

Overall, MSTN inhibition of early neonatal skeletal muscle resulted in the activation of TET3 

demethylase to ensure the smooth activation of Wnt and PI3K/Akt/mTOR pathways, both of 

which are direct targets inhibited by MSTN signaling. Additionally, the study revealed an 

unknown process during late fetal development in MSTN-pro transgenic individuals which 

predisposes them to develop the hypermuscular phenotype later in life. 
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Preface 

Skeletal muscle enables voluntary movement in a vertebrate body and is a major 

influencer of the metabolic controls due to its large energy consumption and conservation 

(Westerblad et al., 2010). In agriculture, the skeletal muscle corresponds to the economic values 

of the livestock that contributes to the industrial success and food source sustenance. In humans, 

loss of the skeletal muscle not only limits many essential movements but is also tied with 

metabolic disorders such as diabetes mellitus (Jackman and Kandarian, 2004; Ciciliot et al., 

2013; Powers et al., 2016). 

In addition to the genetic predisposition, the quality and quantity of skeletal muscle 

depend on various environmental factors, including age, hormones, diet, and activity levels. This 

alone suggests strong epigenetic influences on the skeletal muscle and a possibility for muscle-

preservation strategies without gene manipulations, effectively evading the shortcomings and 

social distrusts accompanying gene therapy or production of genetically modified organisms 

(GMOs). The purpose of this study is to explore how myostatin (MSTN) and its inhibition by 

myostatin-pro-domain (MSTN-pro) can affect the composition of skeletal muscle during early 

neonatal growth from epigenetic standpoints. Specifically, DNA methylation status during the 

late fetal and early neonatal stages is evaluated in a transgenic mouse line overexpressing 

MSTN-pro in hopes of further investigating how maternal epigenetic alterations can affect the 

muscle health of the offspring. The overall prospect is thus to take the first step in building a 

possible early-intervention nutritional strategy in improving the musculature without resorting to 

genetic measures. 
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1 Background 

1.1 Skeletal Muscle: Structure, Function, and Development 

The main purpose of the skeletal muscle is to provide voluntary movements essential for 

various life activities. Additionally, the skeletal muscle secretes various myokines that affects not 

only the muscle mass and metabolism but also many other physiological processes (Dos Santos 

et al., 2021; Mengeste et al., 2021) while being an energy reservoir itself, storing lipid droplets 

and glycogen (Seibert et al., 2020; Mengeste et al., 2021). The uniqueness of skeletal muscle lies 

in its multinucleated myofibers, each containing sarcomeres, a specialized structure built from 

myosin and actin chains that contract in reaction to Ca++ ion influx from the sarcoplasmic 

reticulum, triggered by nervous signals at neuromuscular junctions (Endo, 1977; Squire, 1997). 

The sarcomeres are built with high endurance to withstand the contraction and relaxation 

routines which allow complex and fine-tuned movements. Nevertheless, muscle fibers can suffer 

frequent injury, especially after intense activities, requiring satellite cells, a type of muscle stem 

cells, to replenish the loss (Hoppeler, 2016). 

There are two major types of myofibers: fast and slow. The fast myofibers make the 

“sprint” muscle, quickly consuming the energy for short-term explosive power, while the slow 

myofibers, preserve energy usage to allow prolonged contraction (Chemello et al., 2011). Each 

type of myofiber expressed a specialized set of proteins optimized for their functions, including 

different myosin isoforms (Goto-Inoue et al., 2019). Thus, the quality of skeletal muscle lies not 

only in the muscle mass but also in how the different types of myofibers are allocated, each with 

its own metabolic requirements (Dumitru et al., 2018). 
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1.2 Important Biomolecules in Skeletal Muscle Development 

Embryonic skeletal muscle develops from the somites, a segmented structure arising from 

paraxial mesoderm, except for head and neck muscle which originates from cranial mesoderm. 

Formation of somites are mainly regulated by Wnt and FGF signaling; Wnt signaling, in 

particular, can induce various transcription factors to drive the differentiation of anterior somitic 

cells, including Foxc1/2, Meox1/2, Mesp2, and most importantly Pax3, a signature protein 

involved in embryonic myogenesis (Buckingham and Mayeuf, 2012; Chal and Pourquié, 2017). 

As the result, the anterior region of the somites developed into dermomyotome that later 

develops into skin, brown fat, and skeletal muscle tissues, separating itself from posterior 

sclerotome (which develops into skeletal structures and tendons at the axial region) (Chal and 

Pourquié, 2017). Wnt and Sonic hedgehog (shh) signaling gradients then direct the regional 

delamination and differentiation of dermomyotome cells from epaxial and hypaxial lips. The 

cells migrate into the target regions and eventually become limb and trunk muscles (Breiding, 

2017; Nassari et al., 2017). Specifically, Wnt1 and Wnt3a alongside Shh direct the delamination 

of the cells in epaxial lip at the dorsomedial region of the somites, while Wnt7a is responsible for 

the delamination of hypaxial lip from lateral paraxial mesoderm cells (Cossu and Borello, 1999; 

Endo, 2015). 

Differentiation of dermomyotome cells to myogenic progenitor cells (MPCs) is 

orchestrated by a group of basic helix-loop-helix (bHLH)-containing transcription factors called 

myogenic regulatory factors (MRFs) (Asfour et al., 2018). The first transcription factor of the 

cascade, Myf5, is activated by Pax3. Myf5 in turn promotes transcription of MyoD, then two of 

them together signal further activation of downstream MRFs myogenin (Myog) and MRF4 

(Buckingham and Mayeuf, 2012; Kopantseva and Belyavsky, 2016). As bHLH transcription 
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factors, MRFs specifically trigger the expression of muscle-specific proteins, inducing myoblast 

proliferation and eventual fusion to create multinucleated myofibers. In addition to Pax3, Pax7 

expression induces the division of dermomyotome further divides the central domain from 

epaxial and hypaxial lips with specific development lineage for each segment (Lagha et al., 

2008; Buckingham and Mayeuf, 2012). Initially limited to dermamyotome, Pax7 is eventually 

expressed and co-localized with Pax3 in the remaining myotomic cells (Relaix et al., 2005).  

The first skeletal muscle tissue created during embryonic myogenesis is the primary 

myotome, made from the epithelial-to-mesenchymal transition (EMT) of the dermomyotome 

central domain, induced by the decrease in Pax3 expression and production of Myf5 (Chal and 

Pourquié, 2017). Development of myotome marks primary myogenesis; in mice, first 

somitogenesis occurs around E9 (embryonic day 9) reaches the beginning of primary myogenesis 

around E11-12 (Relaix and Zammit, 2012). Cell migration from epaxial/hypaxial 

dermomyotome lips all contributes to the development of embryonic myocytes, which eventually 

fuse to make the primary myofibers (Buckingham and Mayeuf, 2012; Chal and Pourquié, 2017). 

Development of limb muscle can be traced back to the cells delaminated from the hypaxial lip of 

dermomyotome, migrating and settling to the limb buds (Bryson-Richardson and Currie, 2008). 

Secondary myogenesis follows primary myogenesis, occurring around E14.5 in mice 

(Relaix and Zammit, 2012). Considerable changes in gene expression occur in the designated 

MPCs at trunk and limbs, adapting to their new roles in producing secondary myofibers 

(Buckingham and Mayeuf, 2012; Alonso-Martin et al., 2016), including the downregulation of 

Pax3 and upregulation of Pax7 (Chal and Pourquié, 2017). The secondary myofibers are then 

generated from the designated MPCs expressing both Pax3 and Pax7, surrounding the primary 

myofibers (Cossu and Biressi, 2005; Kassar-duchossoy et al., 2005). Additionally, newly 
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developed Pax7+ progenitor cells proliferate, fusing additional myonuclei into the existing 

myofibers (Bryson-Richardson and Currie, 2008; White et al., 2010). Around the same time, the 

basal lamina develops; MPCs now can be positioned in between the myofiber plasma membrane 

and the basal lamina as the precursors of satellite cells (Cossu and Biressi, 2005). 

Satellite cells (SCs), the stem cell population responsible for post-natal skeletal muscle 

maintenance are characterized by the expressions of Pax7 instead of Pax3 (Yablonka-Reuveni, 

2011; LaBarge and Blau, 2013). The formation of satellite cells from the myogenic progenitor 

cells on the basal lamina thus marks the final stage of skeletal muscle formation (Bryson-

Richardson and Currie, 2008; Alonso-Martin et al., 2016), starting from E17.5 in mice (Chal and 

Pourquié, 2017). Such satellite cells remain quiescent in normal conditions and are activated by 

downregulation of Pax7 and induction of MyoD and Myf5 (McFarlane et al., 2008; Schmidt et 

al., 2019). In fact, in post-natal skeletal muscle, the number of myofiber remains the same and 

the increase in muscle mass is only achieved through hypertrophy. The satellite cells instead take 

part in muscle regeneration and repair after injury (Abou-Khalil and Brack, 2010; Yin et al., 

2013). 

Although Pax3 and Pax7 share redundant functions as myogenic transcription factors 

(Chanoine et al., 2004), the Pax3/Pax7 ratio plays an important role in cell-fate determination of 

differentiating myotomes. During embryonic myogenesis, the expression of Pax7 is central in 

trunk muscle development, while Pax3 is essential for dermomyotome migration and muscle 

development in the limbs (Horst et al., 2006; Lagha et al., 2008). In adult muscle, Pax7 takes 

over to become the biomarker of most satellite cells, taking prominent roles in skeletal muscle 

formation and regeneration, although a small portion retains Pax3 expression (Kuang et al., 

2006; Alonso-Martin et al., 2016). 
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1.3 Myostatin 

Myostatin (MSTN), also called growth differentiation 8 (GDF8), is classified as a TGF-β 

signaling molecule (McPherron et al., 1997; Rodriguez et al., 2014; Das et al., 2019). The 

binding target of MSTN is ActRIIB (activin receptor type IIB) and to a lesser extent, ActRIIA 

(activin receptor type IIA), which activates both canonical and non-canonical TGF-β signaling as 

summarized in Figure 1. Either way, the binding of myostatin to ActIIB/A receptors leads to the 

heterodimer formations with Alk4/5 and the activation of Smad2/3, the inner cell messengers. 

Assisted by Smad4, the Smad2/3 complex enters the nucleus to act as a transcription factor, 

inducing the expressions of various essential genes, in this case, to prevent myoblast 

proliferation and differentiation. FoxO1 transcription factor is among the genes induced by 

myostatin signaling, which in turn further induces the expression and secretion of autocrine 

MSTN, creating a positive feedback loop. 

Non-canonical signaling of myostatin involves the activation of TAK1 and ERK1/2 

signaling, which activates TNF-α and IKK signaling, leading to the suppression of the reactive 

oxygen species in muscle, as well as the inhibition of myogenic differentiation factors induced 

by Pax3/7. Additionally, myostatin binding inhibits IGF-1 induced PI3K/mTOR/Akt pathways, 

both through the receptor heterodimers and through Foxo1. Overall, this leads to decreased 

skeletal muscle mass at the site of MSTN expression. 
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Figure 1: Diagram of Myostatin Signaling Pathways 

The image summarizes the myostatin signaling and directly related pathways, leading to the 

decrease in skeletal muscle mass. Red arrows indicate activation, blue arrows indicate 

inhibition of the target protein and subsequent cellular activities. Red arrows indicate 

activation and blue arrows indicate inhibition. Similarly, red letters indicate the increase and 

blue letters indicate the decrease in activities. Overall, MSTN signaling increases muscle 

atrophy while preventing myogenic differentiation and cell proliferation in general (Thomas 

et al., 2000; Jackman and Kandarian, 2004; Gumucio and Mendias, 2013). 
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1.4 Epigenetics in Muscle Formation 

1.4.1 Myostatin and DNA Methylation in Skeletal Muscle: 

Skeletal muscle is a very versatile tissue, receptive to the environmental conditions to 

drastically alter its physical and biochemical properties during development, via the 

accumulations of “epigenetic memories” (Sharples et al., 2016). Unsurprisingly, DNA 

methylation as a stable epigenetic marker, is indispensable in skeletal muscle growth, both in 

embryonic myogenesis and in adult myofiber regenerations. 

In mammalian DNA, the predominant form of methylation occurs at cytosine, in which a 

methyl group is added to the fifth carbon, making 5-methylcytosine (m5C) (Fomby and Cherlin, 

2014). The majority of m5C is found in CpG dinucleotides, where it can take advantage of the 

symmetrical base-pairing to translate the methylation patterns into a newly synthesized daughter 

strand in a process called maintenance methylation, catalyzed by DNA methyltransferase 1 

(Dnmt1) enzymes. Novel deposition of m5C, on the other hand, is performed by Dnmt3a/b, 

called de novo methylation (Cheng and Blumenthal, 2008; Edwards et al., 2017). 

In general, DNA methylation at the promoters or enhancers would hinder the binding of 

the transcription factors, RNA Polymerase II, and other activatory molecules, inhibiting the gene 

expression. Such transcriptional inhibitions are usually achieved not only by the stearic changes 

on the DNA strand itself by the added methyl groups but also by the recognition and binding of 

DNA methylation binding proteins, such as MDB or MeCP2 (Fatemi and Wade, 2006; Schmidt 

et al., 2020). Many genes contain segments with dense CpG called CpG islands (CGI) which 

remain mostly unmethylated, usually at the gene promoter. Unsurprisingly, methylation of the 

CGI almost always means the suppression of the gene expression and subsequent chromatin 

reorganization to make stable gene silencing (Edwards et al., 2017). Interestingly, intragenic 
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DNA methylation, on the other hand, promotes transcription elongation and exon inclusion 

during alternative splicing (Ehrlich and Lacey, 2013; Shayevitch et al., 2018). Additionally, DNA 

methylation can work as an anchor for histone modifications and subsequent chromatin 

remodeling, DNA methylation in turn itself can be influenced by various histone modifications, 

establishing the chromatin landscape and transcriptome (Vaissière et al., 2008). Such interactive 

epigenetic modifications are especially important in cell-type specification during stem cell 

differentiation (Collas et al., 2007; Cantone and Fisher, 2013). 

MSTN, as an inhibitor of skeletal muscle growth, is known to influence the molecular 

pathways relating to muscle stem cell differentiation and myofiber proliferation, but the 

epigenetic effects of myostatin remained relatively unexplored until recently. Surprisingly, some 

studies suggested that reduced MSTN activities correlate with reduced Dnmt3a expressions 

suggesting MSTN pathway may act as a direct modulator of DNA methylation, instead of merely 

setting up the biomolecular environment to passively determine the epigenome (Zhang et al., 

2015; Hitachi and Tsuchida, 2017). Interestingly, unpublished data regarding the MSTN-pro 

domain transgenic mice created by Yang, et al. mentioned earlier showed signs of altered muscle 

epigenomes even before the expression of the transgene, right after the beginning of embryonic 

myogenesis at E9.5. So far, all the research published regarding the effects of myostatin 

inhibition on DNA methylation involves adult satellite cells, and not the embryonic progenitor 

cells. 
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1.4.2 Reduced Representation Bisulfite Sequencing in DNA Methylation Analysis 

Multiple methods can be used to detect the m5C in DNA, including mass spectrometry, 

methylation-sensitive restriction enzyme digestion, and bisulfite treatment (Kurdyukov and 

Bullock, 2016). Among various methods available, whole-genome bisulfite sequencing (WGBS) 

is currently considered the gold standard, enabling the genome-scale mapping of m5C in single-

nucleotide resolution (Wreczycka et al., 2017). The base principle for WGBS and other bisulfite 

conversion-based analyses is that when treated with sodium bisulfite, cytosine residues are 

converted to uracil unless it is methylated (Susan et al., 1994). Thus, by comparing to the base 

genome index, the methylated base can be located. The major limitation of WGBS, however, is 

its high costs. Because of that, various less robust, but much more cost-effective methods have 

been invented, among those is reduced representation bisulfite sequencing (RRBS) (Meissner et 

al., 2005). 

RRBS involved restriction-enzyme (typically MspI)-based elimination of lone CpGs and 

subsequent bisulfite treatment of the remaining high CpG areas. Thus, the subsequent sequencing 

library contains enrichment of CGI regions to evaluate their methylation status (Choudhury and 

Walker). Although the technique typically covers only 70-80% of the whole genome, 

nevertheless it can give the m5C levels of most influential areas on gene expression control and 

chromatin structures in high resolution (Carmona et al., 2017; Liu et al., 2020). 
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2. Hypotheses and Experimental Design 

2.1 Hypotheses 

From the knowledge above, it is hypothesized that:  

DNA methylation is an essential part of skeletal muscle suppression induced by MSTN 

during neonatal growth, solidifying the gene expression patterns to limit the muscle size, which 

could be negated through overexpression of MSTN-pro though. 

 

MSTN acts as a suppressor of muscle growth in adult muscle (Yang et al., 2001; Cleasby 

et al., 2014) although it actually promotes the differentiation of myogenic progenitor cells during 

embryonic development (Manceau et al., 2008). During neonatal growth, the effects of MSTN 

would be similar to that towards the adult muscle; thus, it is expected that suppression of MSTN 

by MSTN-pro overexpressions would result in hypomethylation at gene promoters that involved 

in retaining the stem cell characteristic of MPCs such as Wnt ligands and Pax7. On contrary, 

hypermethylation is expected on genes noting terminal differentiation of MPCs including the 

major myogenic differentiation factors MyoD, Myf5, MRF4, and myogenin. The genes related to 

muscle atrophy should have promoter hypermethylation. Such detected differentially methylated 

regions would be unique to the post natal skeletal muscle from P0 and onward. 

The DNA methylation itself should be the result of MSTN directly altering the 

expressions of the DNA methylation and demethylation enzymes: Dnmt1, Dnmt3a, TET1, TET2, 

TET3 as implied in some recent publications (Zhang et al., 2015; Hitachi and Tsuchida, 2017; 

Gao et al., 2020). Changes in promoter methylation patterns should be expected for those genes, 

reflecting the heightened epigenetic remodeling (Rajavelu et al., 2018). Specifically, de novo 

DNA methylation should be prioritized over maintenance methylation. Additionally, alteration in 
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histone methylation and acetylation should also occur, characterized by the activation of 

participating enzyme complexes (Ji et al., 2008; Wang et al., 2016), creating a total epigenome to 

promote skeletal muscle growth at the local level. Such epigenetic modifications under MSTN-

pro overexpressions are thus expected to form the basis of the gene expression patterns 

appropriate for the hypermuscular phenotype, even before the phenotype becomes apparent. 

2.2 Experimental Design 

The goal of this research is to decipher how the presence of myostatin inhibitor before 

and soon after birth affects the DNA methylation, as well as the subsequent gene expression 

patterns shaping the skeletal muscle phenotypes later in life. The main focus would be the 

comparison between the neonatal skeletal muscle of wild-type and transgenic tissue. Thus, based 

on the hypotheses discussed above, the skeletal muscle samples representing major periods of 

fetal-neonatal muscle developments were examined both in terms of gene expression and 

epigenetics. 

The first part of the research was focused on mRNA expression analysis using 

quantitative PCR. Specifically, several target genes related to MSTN signaling pathway and 

skeletal muscle growth as well as epigenetic modulations such as DNA methylation, histone 

methylation, and histone acetylation were focused on. The gene expression patterns obtained 

were then used to assess not only the signaling effects of MSTN-pro but also the influences of 

DNA methylation alterations in TG tissues. 

The second part of the experiment is to manually test the promoter DNA methylation of 

selected genes that showed differential expression between WT and TG via qPCR analyses. 

Methylation-sensitive restriction enzyme coupled with qPCR (MSRE-qPCR) targeting high CpG 

areas in the promoters was used for this part. For each selected gene, MSRE primers were 
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designed to target moderate-to-high CpG areas in the gene promoter. The assays allows the 

estimation of promoter methylation levels with a high likelihood of direct influences on 

transcriptional accessibility. 

In the last part, whole-genome DNA methylation profiling was conducted using reduced 

representation bisulfite sequencing (RRBS). The technique focuses on the detection of cytosine 

methylation at the CpG-rich areas of the DNA. The sequencing is expected to reveal 

differentially methylated genes beyong the target genes tested in the previous parts. As stated in 

the hypothesis, genes relevant to skeletal muscle differentiation and proliferation are expected to 

be a significant part of DMRs. 
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3. Materials and Methods 

3.1 Animals 

Laboratory mice used in research are maintained following standard animal husbandry 

protocols set by Institutional Animal Care and Use Committee (IACUC), kept in 12 hours 

light/dark cycle in 50% humidity and 21℃, under a regular chow diet. All experimental 

procedures performed on the animals strictly followed ethical guidelines set by the University of 

Hawaii at Manoa. 

3.2 Generation of MSTN-pro transgenic mouse line 

MSTN-pro transgenic line of mus musculus was developed and provided by Dr. Jinzeng 

Yang’s laboratory in the Department of Human Nutrition, Food and Animal Sciences (HNFAS) 

at the University of Hawaii at Manoa. The details of building the transgenic mouse line were 

described previously (Yang et al., 2001). Specifically, the pMEX-NNCS2 vectors containing 

mouse MSTN-pro gene body, rat myosin heavy chain 1 (rMyh1) promoter, SV40, and rMyh1 

enhancer were delivered to the mouse line B6.SJL zygotes via microinjection. Male mice with 

the highest protein expression of the transgene were selectively bred with wildtype females to 

generate a stable MSTN-pro overexpression mouse line. 

Our previous studies showed differences in body weight and muscle morphology 

between the transgenic mice (TG) and the wildtype (WT) littermates (Yang et al., 2001). Here, 

we further assessed the weight differences between TG and WT individuals using 19 males 

(11WT and 8TG) and 18 females (6WT and 12TG) from ages 3 weeks to 5 weeks to clarify the 

timing in which the TG phenotypes first appear. Wilcoxon-Whitney U test was used to determine 

the significance using 95% (p < 0.05) threshold. 
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3.3 Sample Preparation and DNA Extraction 

To eliminate aberrant epigenetic influences imposed by environmental factors and 

parental genotypes, multiple WT females from stable transgenic mouse lines were crossed with a 

single TG+/- male to obtain the offspring consisting of both WT and TG+/- individuals (Table 2). 

Throughout the project, a total of 2 TG+/- males and 9 WT females participated in mating. The 

genotypes of the harvested fetuses or neonates are confirmed by PCR targeting the transgenic 

promoter within the vector (Table 1). Three littermates each of WT and TG fetuses or neonates 

were selected at E9.5, E14.5, P0, and P3, from which skeletal muscle tissues from the hindlimbs 

were isolated (except for the case of E9.5, in whole fetuses were used) for analysis. 

DNA was extracted using the standard Phenol/Chloroform segmentation method. For 

each sample, approximately 10-100 μg of harvested tissue was mechanically homogenized and 

digested by 20μl Proteinase K (800units/ml, New England Biolabs, Cat. P8107S) in 300μl 

digestion buffer (10mM Tris-HCl, 0.1M EDTA, 0.5% (w/v) SDS, pH 8.0) overnight at 50℃. The 

digested slurry was then emulsified in 300μl 1:1 phenol-chloroform mixture (Invitrogen 

UltraPureTM Buffer-Saturated Phenol Cat #15513039 with added chloroform). After centrifuging 

the emulsion (14,000 rpm at 4℃ for 10 min), the top aqueous phase was carefully extracted by 

micropipetting, emulsified in 100% chloroform then extracted again to remove the remaining 

hydrophobic elements. Next, 30μl of 3.0M of sodium acetate (pH 7.8) and 600μl of ice-cold 

100% ethanol were added to the solution and the suspension was stored at -20℃ for at least 2 

hours to maximize the DNA crystal precipitation. The DNA pellet was collected by centrifuging 

the suspension (20,000 rpm, 4℃) and air-dried for 10 min, then resuspended in 10mM Tris-HCl 

(pH 8.0) and stored at -20℃ until further use.  

 



Vu 15 

 

Table1: List of Primers Used in Genotyping, qPCR, and MSRE-qPCRz 

Name Forward Reverse Amplicon Tm 

Genotyping  

MSTN-pro transgene GCACCAACTGTGGATATATCTGAG GCACTGGAGTGGCAACTTCC 450 58 

qPCR Gene Expression Analyses  

MSTN TGCAAAATTGGCTCAAACAG GCAGTCAAGCCCAAAGTCTC 182 58 

MSTN-pro ACAAAACACGAGGTACTCCAGA TCGTCATCTTCCAAAGAGCCA 120 58 

β-Actin GGCACCACACCTTCTACAATG GGGGTGTTGAAGGTCTCAAAC 195 58 

GAPDH CTCCCACTCTTCCACCTTCG GCCTCTCTTGCTCAGTGTCC 133 55/58 

Dnmt1 CTGCGTGGAGTCTGTTCCTG GAAGCCATCCCACTCCAGAC 299 58 

Dnmt3a GCAGCTATTTACAGAGCTTC GCAGCTATTTACAGAGCTTC 158 58 

Myod1 AGCACTACAGTGGCGACTCAGA TCCACTATGCTGGACAGGCAG 199 58 

Pax3 TCGAGAGAACCCACTACCCA TTCCTCCATCTTGCACGG 115 58 

Pax7 GTTCGGGAAGAAAGAGGACGAC GGTTCTGATTCCACATCTGAGCC 138 58 

TET1 TGTTTGGTTCGTGAGCGTGT ATGCCTTGACAGGTGCAGGT 200 58 

TET2 TGGCTACTGTCATTGCTCCA TTCCTTCAGACCCAAACAGC 107 58 

TET3 ACCAGAACGCCAAGGTCAGT GGGACAATCCACCCTTCAGA 246 58 

SIRT1 TGACGCTGTGGCAGATTGTTAT GCAAGGCGAGCATAGATACCG 199 58 

SIRT2 GGAGGTGGCATGGATTTTGACTCC GGACTTTCCAGGGGAGATGGTAG 207 58 

IGF2 TGTGCTGCATCGCTGCTTAC GCCTGAGAGGTAGACACG 240 58 

NF-kB1 TGGACTTCTGGTGCATTCTG CTCCAGTCTCCGAGTGAAGC 196 58 

KMT2 CGATGACAACCGACAGTGTGCA GCTGACCACAAAGCACAGTTCAC 123 58 

qMethy-PCR  

MSTN GCATGTGCGTGGAGACAA TCACTGCTGTCATCCCTCTG 188 60 

Dnmt1 GCAGGTTGCAGACGACAGA CACTCCCTTCGGGCATAG 151 60 

Dnmt3a AGCTGGAGAGGTGAGCACTA CAGGTGGGCTCTGGAAAGAT 166 60 

SIRT1 CCGCGGTGGTTCAAGTTT CAAGGCAGGTGGAGGAGTT 170 60 

Myod1 GACAGGGAGGAGGGGTAGAG  GAGTGGCGGCGATAGAAG  165 60 

Pax3 GTGACGAGGCAGGAACAC TAGCTTCTGTCGCCCAATC 183 60 

Pax7 GCCAGAAGTTAAGCCGAATG GAGTCCGAGCCAGAGAATAAA 180 60 
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3.4 Endpoint PCR genotyping 

The genotype of each individual is determined by analyzing the DNA extract by endpoint 

PCR using DreamTaq DNA Green PCR master mix 2X (Thermo Fisher, Cat. K1081) targeting 

the inserted MSTN-pro transgene inserted sequences (Forward: 5'-

GCACCAACTGTGGATATATCTGAG-3'; Reverse: 3'-GCACTGGAGTGGCAACTTCC-5'). 

After 1 minute of 95℃ initial denaturation, the heat cycle was repeated 35 times as follows: 

95℃ denaturation – 1 min; 58℃ annealing – 30 sec; 72℃ extension – 1 min. Lastly, 5 minutes 

of the final extension was held at 72℃ before the results were visualized on 2% agarose gel with 

0.1% ethidium bromide. 

3.5 RNA extraction from sample tissue  

Trizol® reagent (Thermo Fisher, Cat# 15596018) was used for RNA extraction for the 

samples following the company protocol. 10-100μg tissue from each sample was homogenized 

and incubated in 500μl Trizol® reagent at room temperature for 10 min. Then 0.1μl chloroform 

was thoroughly mixed into the resulting slurry to form an emulsion. The emulsion was then 

centrifuged (14,000 rpm, 15 mins) to separate aqueous and organic phases. Similar to DNA 

extraction, the aqueous phase was extracted and purified using chloroform. 250μl of isopropanol 

was then added to the purified aqueous phase and the mixture was incubated for 10 min at 4℃ 

until full precipitation was observed. The Precipitates were separated into pellets by centrifuging 

the suspension for 10 min at 20,000 rpm and the supernatant was discarded, while the pellet was 

washed twice using 75% ethanol. The pellet was then air-dried for 10 minutes before being 

resuspended in UltraPureTM DNAse/RNAse free distilled water (Invitrogen, Cat # 10977015). 

The RNA solution was stored at -80℃ until use. 
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Significant genes related to protein signaling pathways involving myostatin signaling, 

myoblast proliferation and differentiation, DNA methylation, histone modification, and 

chromatin remodeling were selected to quantify the mRNA transcription levels by qRT-PCR. 

Specifically, expressions of the following genes were assessed: myostatin, myostatin pro-domain, 

MyoD, Pax3, Pax7, Dnmt1, Dnmt3a, SIRT1, SIRT2, TET1, TET2, TET3, KMT2, IGF2, and NF-

κB1. The list of primers used is summarized in Table 1. 

3.6 Gene Expression of Target Genes in Wildtype and Transgenic Skeletal Muscle 

For cDNA construction, SuperScriptTM II Reverse Transcriptase (RT) kit (Invitrogen, Cat. 

1806-4022). Three biological replicates each for wildtype and transgenic RNA at E9.5, E14.5, P0, 

and P3 were normalized to 100ng/ml. For each microcentrifuge tube, 5μl of RNA solution was 

then mixed with 1μL of 50μM random hexamers (Invitrogen, Cat. N8080127), 1μL dNTP mix, 

and 5μl UltraPureTM water. The mixture was incubated at 65℃ on a heat block for 5 minutes and 

quickly cooled on a cold rack. 4μl of 0.1M DTT and 2μl of 40units/ml DNAseOUTTM (Thermo 

Fisher, Cat. 10777019) was then added to the mixture, which was then incubated at 25℃ for 2 

min before adding 1μl (200 units) of RT. The remaining incubation went as 10 min at 25℃, 42℃ 

at 50 min, and 42℃ at 15 min. The resulting cDNAs were then stored at -20℃. 

For qPCR, Power SYBRTM Green PCR Master Mix was used. On a 96-well plate, 

reaction mix was distributed among each well, consisting of 5μl Master Mix, 0.5μl mixture of 

forward and reverse primers, 2.15μl nuclease-free water. 1μl each of sample RNA with 0.25μl 

yellow sample buffer was then added to react well to make 10μl qPCR mixture. The qPCR is run 

on QuantStudioTM 3 (Thermo Fisher, Waltham, MA) and results are recorded. Thermal cycling 

was set as follows: initial hold (50℃ – 2 min, 95℃ – 10 min), 40 cycles (95℃ – 15 sec, TA – 1 

min), melt curve (95℃ – 15 sec, 60℃ – 1min, and dissociation at 95℃ for 15 sec). Fluorescent 
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signal was measured at the elongation step of each cycle and right before the final dissociation. 

All Ct values obtained were normalized by Ct of GAPDH, which expression is unaffected by 

myostatin levels (Zhao et al., 2009). Gene expression fold changes are assessed using pcr 

package (Ahmed and Kim, 2018), following 2-ΔΔCt method (Livak and Schmittgen, 2001), in 

which: 

𝛥𝐶𝑡 = 𝐶𝑡,𝑡𝑎𝑟𝑔𝑒𝑡 − 𝐶𝑡,𝐺𝐴𝑃𝐷𝐻 

−𝛥𝛥𝐶𝑡 = −(𝛥𝐶𝑡,𝑇𝐺 − 𝛥𝐶𝑡,𝑊𝑇) 

The results are visualized using R packages ggpubr to directly compare the relative 

expression of wt and transgenic tissues. 

3.7  Methylation-sensitive Restriction Enzyme and quantitative PCR (MSRE-qPCR) 

MSRE-qPCR analysis is performed using qMethyl-PCR kit (Zymo Research, Irvine, CA). 

DNA extracted from WT and transgenic muscle at E14.5, P0, and P3 were digested by 

methylation-sensitive restriction enzyme cocktail (AccII, HpaII, and HpyCH4IV). qPCR is 

performed for digested products, targeting CpG islands (CGIs) of selected significant genes to 

assess comparative methylation levels in wildtype and transgenic samples. The results are used 

to approximately quantify CGI methylation levels, which goes on par with RRBS results. 

3.8 Reduced Representation Bisulfite Sequencing (RRBS) 

3.8.1 RRBS library preparation and sequencing 

RRBS sequencing library was constructed using RRBS, Zymo-Seq RRBSTM Library kit 

(Zymo Research, Irvine, CA; Product Cat. D5460). Extracted genomic DNA was normalized to 

200ng/ml and digested by MspI (10U) at 37℃ for 4 hours. P5/P7 adapters were ligated to the 

resulting DNA fragments. using 400U T4 DNA ligase at the sticky ends. Gaps in ligated 
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segments were filled by incubating at 74℃ for 30 min with 0.5μl Taq DNA polymerase (2U/μl) 

and 1.5μl m5C dNTP mix (10mM). After washing, the sequencing samples were transferred to 

clean 1.5ml tubes purified using Zymo-SpinTM IC columns, collected in 20μl elution buffer. 

The sample library was then treated with sodium bisulfite and desulphonated again 

following the kit protocol. To eliminate the potential primer dimers and undigested sequences, 

the samples were run on size-selection agarose gels and purified before being processed by 

MiSeq Illumina Sequencing (Illumina, San Diego, CA). 

3.8.2 RRBS library preparation and sequencing 

Sequencing read was conducted using Illumina MiSeq as paired-end and non-directional. 

The quality of the reads was assessed using FastQC for RRBS library with default settings. Trim 

Galore was then used to normalize strand sizes and eliminate low-quality reads. Specifically, the 

150 bases were trimmed at 5’end, followed by additional trimming at 3’ end to make 120bps 

fragments. The quality trimming further removed 5 bps each from both sides while removing the 

low-quality reads, resulting in the sets of 110bps long reads. The DNA fragment reads are then 

aligned to mm10 mouse genome index (UCSC) using Bismark after the genome index was 

appropriately converted to make bisulfite-modified and unmodified references. The output .bam 

files were SAMTools to allow the statistical analyses of the aligned data.  

R package methylKit was used for peak calling and DMR extraction. After being 

appropriately sorted using SAMTools (default setting), the .bed files were imported as 

methylRawList objects then divided into 100bp tiles using tileMethylCount() function with 

win.size and step.size of 100. Although methylKit has an option to ignore the duplicates in 

paired-end reads, due to the small sample size (further diminished after quality control trimming), 

all the remaining reads were retained to ensure maximum coverage. To ensure the integrity of the 
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samples, Pearson correlation between the samples was also calculated for each time point using 

Ward’s minimum variance (ward.D) method.   

Peak calling by methylKit was conducted under the default setting, based on the CpG 

methylation rate within the aforementioned 100bp tiles. The statistical significance of 

methylation peaks between TG and WT were calculated using Fisher’s Exact Test, which results 

were filtered to identify DMRs larger than 25% threshold with q < 0.05. DMRs detected were 

then assigned the gene location annotation according to RefSeq mRNA index by genomation 

package, with gene promoters defined as -2000bps upstream and 1000bps downstream of the 

transcription start sites (TSSs).  

The annotation of the extracted DMRs was performed using genomation and 

ChIPpeakAnno package (Zhu et al., 2010) following RefSeq genomic data obtained from UCSC 

Genome Database. For each segmental tile, the nearest overlapping gene elements were assigned. 

DMRs detected above are further filtered to generate a list of genes with significant methylation 

differences. Furthermore, such significant DMRs are contrasted with the list of all annotated tiles 

to assess GO pathway enrichment, using GOrilla algorithm (Eden et al., 2009) to identify the 

direction of DNA methylation modulation. 
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4. Results 

Table 2: Sample Harvest of fetal-neonatal and adult mice: 

Age WT TG Total 

E9.5 5 4 9 

E14.5 9 8 17 

P0 9 6 15 

P3 6 14 20 

Adult Male Female Male Female  

(3 – 5 w.o) 11 6 8 12 37 

Fetal-neonatal individuals: 

 

Figure 2: Weight Comparison Between Wildtype and Transgenic Mice 

Growth curve following sexual maturity to adulthood in transgenic (TG) compared to wildtype 

(WT) individuals from the same inbred mouse line at different developmental periods, from 

fetal-neonatal stages to post-puberty at each week of age (weeks old, w.o.).  

The number of samples used is shown in Table 2. Statistical significance was assessed by the 

Wilcoxon-Whitney U test (* p < 0.05) 

  

Post-puberty individuals: 

Female 3 – 5 weeks (NWT = 6, NTG = 12)       Male 3 – 5 weeks (NWT = 11, NTG = 8) 
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Figure 3: Fetus harvesting and morphological analyses 

A heterogenous transgenic male from an inbred transgenic line is bred with multiple wild-type 

females. The resulting wildtype and heterogenous transgenic offsprings are harvested to examine 

gene expression and DNA methylation in the limb skeletal muscle. Morphology of the wildtype 

(WT) and transgenic (TG) individuals was compared in size (fetuses) and weight (fetuses and 

neonates). The results obtained showed no significant differences between WT and TG samples 

(data not included). 

 

 

Figure 4: Example PCR-based genotyping of the harvested samples 

Primers used as shown in Table 1. TG+/- samples show a band around 500 bps. (Thermo Fisher 

50bps DNA ladder, 2% Agarose gel with 0.01% EtBr, DreamTaq PCR Master Mix) 
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3.9 Genotype Detection and Phenotype Statistics 

In the original publication, the hypermuscular phenotype of the MSTN-pro transgenic 

mice was confirmed by monitoring the total weight of the animals from young ages to maturity. 

The results confirmed that the transgenic phenotype only becomes apparent in adults, while 

immunohistochemistry revealed that muscle hypertrophy, not hyperplasia, is accountable for the 

inflated muscle (Yang et al., 2001). 

The same transgenic mouse line was used in this study, and a partial growth curve 

showed that the initial hypermuscular trait was retained even after generations of inbreeding 

(Figure 2). Here, end-point PCR was used to distinguish the wildtype and transgenic samples 

with primers in Table 1 (example results shown in Figure 4). Consistent with Yang et al. 2001, 

the first sign of the morphological difference between WT and TG appeared around 5 weeks old 

(w.o.) of age in both males and females. No samples before 5 w.o., either fetal or neonatal, 

showed weight or size differences, and it was virtually impossible to distinguish WT and TG 

individuals without PCR analyses (Figure 3). 

3.10 Influences of MSTN Inhibition on Gene Expression 

3.10.1 Target Gene Selection 

To assess the effects of transgenes on mRNA expression, significant genes related to 

muscle development, DNA methylation, and histone modifications with direct and indirect 

connections to MSTN signaling were selected for qPCR analyses. The potential relationship 

between the selected target genes with each other, including additional genes involved in MSTN 

signaling, is summarized in Figure 5. For genes essential to muscle growth, Pax3, Pax7, Myod1, 

and IGF2 were selected for their pivotal roles in muscle stem cell differentiation with strong 

connections to myostatin (Kopantseva and Belyavsky, 2016; Hitachi and Tsuchida, 2017). Two 

major DNA methyltransferases, Dnmt1 and Dnmt3a2 were also included, especially since the 
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relationship between Dnmt3a2 and MSTN has been implied in multiple studies (Zhang et al., 

2015; Hitachi and Tsuchida, 2017). A recent study also suggested inhibition of MSTN altered 

expressions of TET DNA demethylases, (Gao et al., 2020). Thus, TET1, TET2, and TET3 

expressions were tested as well. Primers targeting MSTN and MSTN-pro were listed to confirm 

transgene expression. Between two housekeeping genes, Actb and GAPDH, GAPDH was 

selected as the reference, as its expression is unaffected by the MSTN-Pro levels (Zhao et al., 

2009).  

Histone methylation is another epigenetic marker influenced by myostatin signaling. 

Specifically, methylations at H3K4 and H3K27 have strong ties to Pax7 activation, in which 

H3K4me3 ensures active transcriptions of Pax7, MyoD, and Myf5, while H3K27 is involved in 

the inhibition of Myog expression (Massenet et al., 2021). Here, KMT2 (also called MLL2) was 

selected as a potential target of MSTN via Pax7 deactivation (McKinnell et al., 2008), which 

potentially leads to a Pax7 feed-forward loop (Massenet et al., 2021). Additionally, histone 

deacetylase Sirtuin1 (Sirt1) was included as a differentiation activator for mouse myoblast cells 

(Wang et al., 2016) together with Sirtuin 2 (SIRT2), another protein in Sirt2 family interacting 

with DNA methylation enzymes alongside Sirt1 (Li et al., 2020). 
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Figure 5: Selected genes for qPCR gene expression analyses and their assumed 

relationship typing myostatin signaling and epigenetic modulation 

Relationship diagram between MSTN, protein signaling pathways, and epigenetics based 

published literature regarding muscle development, DNA methylation, and histone 

modifications directly or indirectly related to MSTN signaling pathway. The solid arrow 

represents experimentally tested interactions, while theoretical interactions are shown as 

dotted arrows (Snijders et al. 2015; Hitachi and Tsuchida 2017; Zhang et al. 2015; Hitachi, 

Nakatani, and Tsuchida 2014; McKinnell et al. 2008; L. Gao et al. 2020; Kopantseva and 

Belyavsky 2016; Massenet et al. 2021). 
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Figure 6: Heatmap representation of qPCR gene expression analysis 

Each square represents an individual sample used in the qPCR analysis (color shading 

representing 2-ΔCt of each sample compared to GAPDH) to testify the individual differences 

between biological replicates. 
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Figure 7: Gene Expression Fold Changes in TG VS WT  

Gene expression fold changes of selected genes at each time point in TG leg muscle compared to WT. Error bar indicate standard 

error, significant assessment by Wilcoxon test. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** P < 0.0001) 
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Figure 8: Gene Expression Fold Changes (TG vs WT) of Target Genes Sorted by Biomolecular Functions 

mRNA expression fold changes at each time point sorted by genes. Fold changes are calculated as 2-ΔΔCt in reference to GAPDH. The 

dotted line indicates the expression level at WT tissue.  
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3.11 Influences of MSTN Inhibition on Promoter Methylation of Target Genes 

By using methylation-sensitive restriction enzymes, MSRE-qPCR enables the estimation 

of CpG methylation percentage of a short promoter segment (Melnikov et al., 2005). Here, 

promoter methylation of seven genes: MSTN, Myod1, Pax3, Pax7, Dnmt1, Dnmt3a, and Sirt1 

was assessed using MSRE-qPCR at E14.5, P0, and P3 (Figure 9). Although epigenetics 

modification at the promoter can have direct consequences for RNA Polymerase binding, the 

actual relationship between promoter methylation and gene expression is more case-dependent, 

influenced by other epigenetics factors such as histone modifications and chromatin remodeling 

(Choi, 2010). For instance, MSTN promoter appeared to be constantly hypermethylated in TG 

tissues at all time points (Figure 9), while the expression of MSTN itself was higher in P0 and 

P3 (Figures 7-8). Dnmt1 promoter at E14.5 was also hypermethylated, despite the mRNA being 

upregulated. Instead, Dnmt1 was downregulated at earlier E9.5. Additionally, demethylation of 

Dnmt1 promoter occurred after birth, while there was no significant differential expression of 

Dnmt1 detected. Myod1 promoter is hypomethylated at E14.5 and hypermethylated at P0, but 

the only instance of Myod1 downregulation was at E9.5. Dnmt3a, on the other hand, was 

hypomethylated at E14.5 and hypermethylated at P3, which expression was significantly 

upregulated at E9.5 and seemingly downregulated (not significant) at P3, following the classic 

understanding of DNA methylation leading to reduced gene expression. Pax7, which expression 

was significantly downregulated at P3, also had promoter hypermethylation in TG samples. 

SIRT1 promoter was constantly unmethylated, and Pax3 promoter was constantly methylated, 

both of which had no visible relations to their mRNA expression patterns. 
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Figure 9: Methylation levels (%) of promoter high-CpG regions for selected genes 

Two biological replicates are selected from the samples used in qPCR; the plots indicate the promoter methylation percentage 

detected by MSRE-PCR for each target gene. Only E14.5, P0, P3 samples were used for the assay. Primers targeting promoter 

regions are summarized in Table 1. 
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4.4 RRBS-based Methylation Screening of MSTN-Pro Transgenic Skeletal Muscle 

The RRBS raw sequencing output contained read fragments between 20-300bps in length, 

with sequence counts ranging from 150k to 250k reads (Table 3). FastQC Screen detected 

virtually no genomic contaminations in the samples used, which representative genomic 

scanning results are shown in Figure 10. CpG percentage was consistent for all samples 

(approximately 30%), as expected from bisulfite-converted data. To eliminate the low-quality 

reads and M-bias, first sequencing reads were hard-trimmed at both sides to make 100bps 

fragments, then further processed to remove low-quality reads, adapters, and poly-Ns, both using 

Trim Galore! (--rrbs --paired --non-directional --quality 20). After the trimming, the data was 

aligned to GRCm38/mm10 mouse genome index using Bismark as non-directional reads, 

yielding .bed files for methylation peak calling. According to the methylation extraction results, 

the coverage efficiency is around 80% (60% unique and 20% non-unique alignment). The total 

read counts and CpG methylation rates are summarized in Table 3. To summarize, total 

sequencing reads range around 1-2 million, and mapping efficiency to the genome index is 

approximately 80% for all samples, of which 60% corresponds to unique reads. The methylation 

rate of CpG is around 20-25% for all samples, and no significant differences in total methylation 

were found between WT and TG samples (Fig 10). 
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Table 3: Sequence Mapping Read Counts Based on Bismark Alignment 

Age Sample Sequence pairs 

analyzed in total 

Paired-end 

alignments with 

unique best hit 

Paired without 

alignments under any 

condition 

Pairs that did not 

map uniquely 

Genomic 

sequence content 

not extractable 

E14.5 WT1 1031232 618686 178309 234237 0 

E14.5 WT2 1439880 859742 290157 289981 0 

E14.5 WT3 2005030 1219673 354108 431249 0 

E14.5 TG1 1624017 958935 321963 343119 0 

E14.5 TG2 1504197 894890 283122 326185 0 

E14.5 TG3 1750714 1032425 373556 344733 0 

P3 WT1 1424896 909369 227578 287949 0 

P3 WT2 1253748 786367 207883 259498 0 

P3 WT3 2147158 1335910 317816 493432 0 

P3 TG1 1861456 1189413 286071 385972 0 

P3 TG2 1459751 933248 240455 286048 0 

P3 TG3 1581237 1015356 250414 315467 0 

 

The RRBS library sequences are processed and aligned to mm10 mouse genome (GRCm38) using Bismark Aligner using default 

settings optimized to RRBS library. The read counts are based on Bismark report generated from the alignment data. For each time 

point (E14.5 and P3), three biological replicates each for wildtype (WT) and transgenic (TG) littermates were included. The quality of 

the sample alignment was simultaneously tested to ensure consistent M-bias of %CpG for sequential length. 
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As seen in Figure 11, there seems to be definitive clusterization between methylation 

patterns of WT and TG tissue. However, the overlapping is also large, as the methylation pattern 

itself tends to have a wider range of individual methylation. The segregation between biological 

replicates was especially prominent in E14.5 and somewhat alleviated in P3 after the transgene 

expressions. Nonetheless, WT and TG at neither time-points showed complete overlaps, further 

suggesting that despite the transgene insertion itself might have influenced the overall 

epigenetics, MSTN-pro likely have large influences in setting up the DNA methylation patterns 

in skeletal muscle, consistent with the observation that individual variations were larger in WT 

than TG samples. The results are hardly conclusive, however, especially since there were only 

three biological replicates each for WT and TG at both time points. Still, this implies definitive 

contributions of transgene expression and subsequent myostatin inhibition on setting up the 

specialized epigenetic landscapes. 

The numbers of total DMRs detected at E14.5 and P3 were respectably 954 and 1168 

sites (Fig.12). Among them, the numbers of DMRs located at gene promoter (defined as -

2000bps upstream and 500bps downstream of TSS) at E14.5 and P3 were 110 and 119. Thus, the 

promoter methylation made up around 10% of total CpG methylation at both time points. The 

majority of DMRs identified were located at intragenic regions, including both exons and introns.  

Puzzlingly, assessing the promoter sites evaluated by MSRE-qPCR revealed that the 

results given by MSRE-qPCR and RRBS did not completely align with each other (Figure 13). 

RRBS reads from overlapping promoter regions were available for Dnmt1, Pax3, and Pax7 in 

E14.5 data, as well as Myod1 and Pax7 in P3 data. Among those, only Dnmt1 and Pax7 had 

similar promoter methylation patterns detected by both RRBS and  MSRE-qPCR. In general, 

methylation detected by MSRE-qPCR tends to give a higher percentage than RRBS. The 
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discrepancies could be the results of biases introduced by each method, especially since RRBS 

and MSRE-qPCR use different principles to detect DNA methylation. Furthermore, MSRE-

qPCR is unable to evaluate the methylation sites not covered by the restriction-enzyme-based 

recognition while in RRBS, loss of DNA segments due to MspI-CpG enrichments, bisulfite 

conversion, and quality trimming can skewer the results. Such biases can lead to missed or 

overrepresented CpGs and inconsistent results. Notably, MSRE-qPCR is a semi-quantitive 

method with much lower sensitivity than RRBS, thus the discrepancies might not be a surprise 

after all. For better confirmation of the RRBS results, a bisulfite conversion-based methylation-

specific qPCR (MS-qPCR) might be more accurate. Still, even MS-qPCR would have a far lower 

resolution compared to RRBS. Either way, an improved strategy in ensuring the sequencing 

quality would be essential in future studies. 
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Figure 10: Sample FastQC Screen of total RRBS library and Total CpG Methylation of 

WT and TG Samples.  

 

A) The graph indicates the FastQ-Screen result of a single RRBS library. The majority of 

library segments are matched with the mouse genome, with a small amount matching rat, 

human, PhiX, and MT genomes. However, with exception of PhiX (a control used in 

Illumina sequencing), the majority of the matches overlap with those of the mouse 

genome indicating that those are simply the shared sequences between species.  

 

B-C) Total CpG methylation at B) E14.5 and C) P3, based on Bismark alignment and 

CpG extraction. The vertical axis represents the percentage of methylated CpG in the 

library. Error bars indicate standard error. No significant differences were found between 

WT and TG samples at either time point. 
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Figure 11:  

Pearson Correlation between samples, Cluster correlation, and PCA scatter plots 

Above displays the interrelatedness of WT and TG samples at each time point. The PCA 

distribution and correlation clustering revealed a certain degree of methylation pattern 

segregation between WT and TG at both time points, although that segregation is slightly 

larger in P3 compared to E14.5, which suggests higher specialization of gene expression. 
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E14.5       P3 

Figure 12: Pie Chart of Total DMR Annotation between TG and WT in E14.5 and P3 

here shows the distribution of gene annotation area within each time point. The numbers of 

DMRs associated with each gene element are indicated within the pie slices. Total numbers of 

DMRs are indicated outside the pie charts. Overall, there are minimal differences between the 

total DMRs at E14.5 and P3. The annotation distribution of genomic elements is roughly the 

same at both time points as well. 
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Figure 13: Promoter methylation of overlapping areas in RRBS and MSRE-qPCR 

Promoter methylations in RRBS are manually calculated as the number of unconverted cytosine in the sequencing divided by the 

total number of cytosine and thymine in the designated segment.  
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Figure 14: Methyltion by Tile: Pax3 and Pax7 

Heatmap representing CpG methylation percentage of each 100bp tiles for Pax3 and   Pax7. 

The regions shown covers promoter, TSS and gene body including both introns and exons. 
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One advantage of RRBS is that it enables larger evaluation coverage, revealing the 

changes in DNA methylation both in and outside of the promoter regions. Figure 14 shows the 

heatmaps of methylation pattern across Pax3 and Pax7 genes at E14.5 and P3 based on RRBS 

results, in which each block represents a 100bps tile and the colors indicate CpG methylation 

percentage within that tile. At both E14.5 and P3, neither Pax3 nor Pax7 had differential 

expressions between WT and TG; the only instance in which both genes were upregulated in TG 

was at E9.5 (Figure 8). Understandably, the methylation patterns of Pax3 and Pax7 were mostly 

similar between TG and WT samples, aside from a few tiles in which statistical significances 

were detected. At E14.5, a hypermethylation at TSS (Chr1:78,197,101-78,197,200), with 

methylation difference of +25.0% (q = 2.4e-3), and another hypermethylated tile at exon 2 of 

Pax7 (Chr4:139,830,201-139,830,300), difference being +25.5% (q = 0.015) were detected. At 

P3, Pax3 was significantly hypermethylated at promoter regions upstream of the TSS (Chr1: 

78,217,601-78,217,700), with methylation difference of +31.2% (q = 2e-9) and Px7 was 

significantly hypermethylated at intron 4, Chr4:139,821,701-139,821,800, difference being 

+23.1% (q = 0.016). 

Overall, 66 DMRs at E14.5 and 67 DMRs at P3 were identified to be overlapping with 

the promoter regions in immediate proximity with TSS (Supp. 1 & 2). Among the promoter 

DMRs identified, many genes were directly or indirectly related to myogenesis or epigenetics. 

For instance, Lrg1 (Leucine-rich alpha-2 glycoprotein), an inducer of angiogenesis (Wang et al., 

2014), is hypomethylated at both E14.5 and P3. Fgf8 (fibroblast growth factor 8), an important 

component of limb development (Eloy-Trinquet et al., 2009) involved in forming muscle/tendon 

boundary, was also hypomethylated. Since promoter hypomethylation most likely leads to 

enhanced gene expression, DMRs at Lrg1 and Fgf8 imply the formation of the epigenetic 
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environment to actively promote muscle growth, despite the expression differences of MSTN-

pro not visible between WT and TG tissue at this time point. Other DMRs detected include 

hypomethylation of Suv39h1, Jmjd1c, and Jmjd6, all involved in H3K9 methylation (Smith and 

Denu, 2009; Hyun et al., 2017). Among them, HeK9 methyltransferase Suv39h1 has ties to both 

DNA methylation and skeletal muscle, capable of interacting with DNA methyltransferases to 

solidify transcriptional canceling (Fujita et al., 2003; Fuks et al., 2003; Vaissière et al., 2008), 

and is a repressor of MyoD which inhibits muscle formation (Mal, 2006).  

In P3 samples, in addition to Lrg1, promoter and enhancer DMRs in other regulatory 

genes were detected as well. Among those were Cited1, a transcriptional co-activator that 

interacts with Smad4 and p300 of TGF-β signaling (Xu et al., 2018), and Pparg, an adipogenesis 

inducer directly activated by MSTN in satellite cells (Zhang et al., 2015). Promoter 

hypomethylation of Taf1 and intragenic hypermethylation of Eef1g, the components of gene 

transcriptional machinery, suggests heightened protein transcription and cell proliferation in TG 

tissue compared to the WT to induce skeletal muscle hypertrophy (Nader, et al., 2002). Looking 

beyond promoter methylation, a hypermethylated DMR was found at the first exon of myog, one 

of four most significant myogenic differentiation factors (Hernández-Hernández et al., 2017). 

Since exon methylation usually leads to enhanced gene expression, this is again consistent with 

increased muscle formation and hypertrophy.  
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GO pathway analysis of all DMRs detected using GOrilla algorithm (Eden et al., 2009) 

was summarized in Figure 15. The graph shows hypermethylation and hypomethylation 

pathway enrichments in contrast to background annotation of all the gene segments covered by 

RRBS, with the statistical significance was tested using the exact minimum highgeometric 

(exact-mHG) method. Strikingly, there was little overlap between the DMR enrichment between 

E14.5 and P3. At E14.5, hypermethylation predominantly occurred at genes related to positive 

regulation of proteoglycan biosynthesis, negative regulation of GTP-binding, and branchiometric 

skeletal muscle development, while hypomethylation occurred at negative regulation of 

ripoptosome assembly involved in necroptotic process, negative regulation of renal sodium 

excretion, somite development, and Eph/ephrin signaling. If associating hypermethylation with 

downregulation and hypomethylation with upregulation of gene expressions, the pathway 

enrichment patterns shown are surprisingly directional yet paradoxical, despite the lack of 

transgene expression. Although branchiomeric muscle development-related genes were 

hypermethylated since the sample DNA was extracted from limb muscle, the process could 

actually facilitate the appropriate differentiation of the stem cells. hypomethylation and supposed 

downregulation of branchiometric skeletal muscle development, proteoglycan is an important 

component of ECM, which inhibition can hinder the proper differentiation of myogenic 

progenitor cells (Melo et al., 1996; Osses and Brandan, 2002). At the same time, Aside from 

negative regulation of necroptosis directly related to the prevention of cell loss (Morgan et al., 

2018), Eph/ephrin signaling is crucial in orchestrating myogenic progenitor cell migration and 

myofiber formation (Stark et al., 2011).   

At P3, the pathway enrichments had higher diversity but fewer magnitude compared to 
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E14.5. Most of the enriched pathways were hypomethylated, unlike E14.5 in which 

hypomethylation was much scarcer. Hypermethylated pathways were mostly related to 

neurodevelopment and nucleotide biosynthesis while hypomethylation is noted at many key 

pathways related to skeletal muscle development directly tied to MSTN signaling pathways, such 

as Wnt, BMP, and TGF-β signaling (Zhao and Hoffman, 2004; Ismaeel et al., 2019; Borok et al., 

2020). The enrichment pattern is thus likely the effect of transgene expression, leading to the 

strengthening of the gene pathways related to enhanced satellite cell activation and cell 

proliferation, leading to the muscle hypertrophy phenotype in adulthood. 
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Figure 15: GO Pathway 

Enrichment Analysis of DMR 

distribution  

GO pathway enrichment of 

hypermethylated and 

hypomethylated DMRs. The size of 

bubble indicates enrichment fold 

changes. All enrichments noted here 

have p < 0.01. Exact-mHG test is 

used for significance testing. 
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5. Discussion 

5.1 Influences of the transgene on the mouse morphology and gene expression 

By design, the transgenic MSTN-pro is tied to rat myh1 promoters, a major component of 

myofiber expressed at birth (Chemello et al., 2011). Because of that, theoretically, suppression of 

MSTN only occurs at P0 and forward, and thus theoretically there would be no morphological 

differences between WT and TG tissue during fetal development (Yang et al., 2001). Myostatin 

itself primarily suppresses the myofiber differentiation from adult satellite cells, and thus its 

inhibition is tied to inflated skeletal muscle only after birth (Yang et al., 2001; McCroskery et al., 

2003).  

In this study, a list of relevant genes involved in myostatin signaling, myogenesis, and 

epigenetic modulations of DNA and histones were selected to monitor their expression patterns 

during late fetal and early postnatal skeletal muscle in MSTN-pro transgenic mice (Figure 1). 

Here, qPCR gene expression analyses confirmed that the MSTN-pro overexpression in TG tissue 

only occurs at P0 and onward, consistent with how the transgenic line was originally designed 

(Yang et al., 2001). Overexpression of MSTN-pro led to increased expression of MSTN itself as a 

result of a feedback activation loop (Forbes et al., 2006; Gao et al., 2013). Aside from MSTN, 

TET3 and Crebbp were also upregulated following the increased transgene expression, both of 

which are strongly tied to epigenetics: TET3 is a DNA demethylase (Melamed et al., 2018),  and 

Crebbp, a ubiquitously expressed gene, plays significant roles in transcription factor binding, 

histone acetylation, and chromatin remodeling (Dutto et al., 2018). This alone suggests inhibition 

of MSTN leads to major epigenetics remodeling, both directly and indirectly influencing DNA 

methylome. Nevertheless, no correlation between MSTN inhibition and Dnmt3a2 expression was 

found at either P0 or P3, although there seemed to be a non-significant trend of Dnmt3a2 
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downregulation at P3 (Figure 7). 

Puzzlingly, some of the target genes were differentially expressed at E9.5 and E14.5, 

before the significant differences in MSTN-pro expression were detected. One possible 

explanation for this phenomenon is that the transgene insertion had disrupted key regulators or 

enhancers, resulting in both genetic and epigenetic alteration. However, it should be noted that 

mRNA expression dysregulation at E9.5 occurred in both DNA-methylation and myogenesis-

related genes including Dnmt1, Dnmt3a2, TET2/3, SIRT1, Myod1, and Pax3/7 despite the whole 

fetuses were assessed (Figures 6-8). Since Dnmts most likely act on the available genomic 

sequences indiscriminately, such strong directionality towards skeletal-muscle-related genes 

suggests that the gene expression patterns detected here are not merely coincidental, although 

more precise measures such as targeted locus amplification (TLA) (Cain-hom et al., 2017) would 

be required to locate the transgenic sites to draw any conclusions. 

5.2 Integrative Analyses: MSRE-PCR and RRBS 

To further investigate the effects of MSTN inhibition on DNA methylation, the promoter 

DNA methylations of significant genes were assessed using MSRE-qPCR. Despite the general 

understanding that promoter methylation leads to gene expression inhibition (Antequera, 2003; 

Kalish et al., 2014), however, little correlation was found between promoter methylation and 

gene expression of the genes evaluated (Figures 8&9). Specifically for Dnmt1 and Dnmt3a2, 

neither of them had differential promoter methylation at E14.5. However, when compared with 

the gene expression patterns at E9.5, the promoter methylation overlaps with decreased mRNA, 

implying the transcriptional regulation of the genes precedes promoter methylation. Interestingly, 

MSTN seemed to be constantly hypermethylated in TG tissue at all time points (Figure 9), 

despite its heightened expression at P3. Since MSTN gene promoter is a binding target of MyoD 
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(Spiller et al., 2002), this is likely the effect of MyoD mRNA downregulation at E9.5. 

Additionally, the decrease in MSTN promoter methylation at P3 TG samples compared to the 

E14.5 and P0 is consistent with significant upregulation of TET3 as the only DNA-methylation-

related gene differentially expressed in P3 (Figure 7) although the exact mechanism of targeted 

MSTN promoter demethylation remains unknown.  

The RRBS DNA methylation screening confirmed the hypomethylation of Dnmt3a at 

E14.5 and Pax3 at P3 near the TSS. However, no DMRs were detected near Dnmt1 or Myod1 at 

either time point. Similarly, promoter hypomethylation of Dnmt3a at P3 was not found in RRBS 

analysis. One explanation for this discrepancy is the reduced accessibilities of the restriction 

enzymes to these promoter regions due to DNA binding proteins, resulting in the overestimation 

of the DNA methylation rate. In the other words, this might suggest other means of gene 

expression influencing these genes, such as transcription factor bindings or histone modifications. 

Despite the discrepancies, the RRBS results still have an overall trend of an epigenetic 

environment better suited to create the muscle hypertrophy phenotype in adulthood, as shown in 

DMR extraction and GO pathway analyses (Figure 15). Although there were no significant 

differences between total CpG methylation of WT and TG at either time point (Figure 10), the 

DMR distribution seemed to favor hypermethylation of relevant pathway-related genes at E14.5 

and hypomethylation at P3 (Figure 15). Most strikingly, the DMR pathway enrichment at E14.5 

was highly directional and concentrated while that of P3 was more dispersed into the regulation 

of various processes despite that: 1) At P3, skeletal muscle tissue has a higher degree of 

differentiation in which specialized gene expression patterns are expected; and 2) There should 

be no transgene expression at E14.5, and the chance of gene insertion effects directed solely 

toward skeletal muscle development is very slim. Yet, at E14.5, DMR enrichments occurred 
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predominantly at pathways indispensable to skeletal muscle development including 

hypermethylation of genes related to brachiomeric skeletal muscle development and ripoptosome 

formation crucial to skeletal muscle ECM, as well as hypomethylation of genes related to 

negative regulation of necroptosis, somite development, and eph/ephrin signaling, all in favor 

specifically for limb muscle development (Melo et al., 1996; Osses and Brandan, 2002; Stark et 

al., 2011; Morgan et al., 2018). 

At P3, the effects of MSTN inhibition are much more visible since, at this point, MSTN-

pro transgene is fully expressed (Figure 8). In addition to BMP and TGF-β, Wnt and 

PI3K/Akt/mTOR pathways directly connected to MSTN signaling are all hypomethylated (Zhao 

and Hoffman, 2004; Ismaeel et al., 2019; Borok et al., 2020). Pathways related to 

neurodevelopment, and interestingly, genes related to positive regulation of muscle relaxation 

were hypermethylated. Compared to E14.5, the DMR pathway enrichment at P3 are thus more 

clear-cut despite its diversity, setting up the epigenetic landscape for the hypermuscular 

phenotype. Still, the phenotype won’t fully manifest until adulthood (Figure 2). Any epigenetics 

modulations here are preparatory, shedding light on how MSTN signaling itself influences 

methylation. 

5.3 Epigenetic Modulation by MSTN 

So far, the experimental results support the hypothesis that MSTN modifies epigenome to 

induce long-term effects on skeletal muscle morphology as early as the generation of the first 

adult myofibers. At a glance, minimal evidence was identified in this study connecting MSTN to 

DNA methyltransferases as initially expected. However, considering that Dnmt3a was 

overexpressed in fetal tissues, there is still a possibility that the transgenic MSTN-pro and MSTN 

inhibition negates that overexpression, consistent with previous studies in which MSTN is 
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connected to increased Dnmt3a2. Still, if this is true, the effects on DNA methylation enzymes 

during fetal development occur independently of MSTN-pro expression. In the postnatal tissue, 

DNA methylome rearrangement observed here most likely occurs due to the activities of DNA 

binding proteins including various skeletal muscle-related transcription factors (Hernández-

Hernández et al., 2020) and histone modifications, many of which have known interactions with 

DNA methyltransferases (Combes and Whitelaw, 2010).  

The most unexpected finding was that the dysregulation of DNA methyltransferases and 

demethylases seemed to be much more prominent, and target-specific at E14.5, before the 

transcriptional activation of the MSTN-pro transgene. In theory, there should be no differential 

gene expressions (DGEs) between TG and WT during fetal development. However, the qPCR 

gene expression analysis result tells otherwise, with Dnmt1, Dnmt3a2, TET2, and TET3 

dysregulated at E9.5 and E14.5. Figure 16 summarizes the pathways in MSTN signaling affected 

by such differential expressions of DNA methylation enzymes. As indicated, many genes directly 

or indirectly related to MSTN signaling and skeletal muscle development are specifically 

upregulated or downregulated in transgenic tissue almost mimicking the effect of MSTN 

inhibition, despite the occurrence of actual inhibition. The limitation of this study didn’t allow 

further investigations to identify the cause of this enigma. So far, the most credible explanation is 

that the transgene insertion site disrupted the delicate balances of epigenetics regulations. 

However, the observations made here clearly show a potential worth investigating in the future, 

when both gene expression and DNA methylation show clear patterns, consistent with the 

hypermuscular phenotype of TG individuals. 
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Figure 16: Interrelation between DEGs during Fetal Development 

The diagram above summarizes differentially expressed genes between TG and WT skeletal 

muscle tissue at E9.5. Genes enclosed in red have significantly increased expressions; Genes 

enclosed in blue have significantly decreased expression. The size of the arrows represents the 

influence of MSTN-pro and its subsequent MSTN inhibition. The large arrow means the 

pathway is enhanced, the small arrow means the pathway is suppressed, correlating to the 

expression pattern of the genes involved. 
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Figure 17: Influence of MSTN on Muscle Epigenetics 

A diagram summarizing the influences of MSTN and epigenetics in muscle generation during 

fetal and neonatal development, from changes in DNA methylation-related enzymes to DNA 

methylation pathway enrichment, and the subsequent gene expression patterns of genes related 

to the significant genes. Red letters indicate increased mRNA expression. Blue letters indicate 

decreased mRNA expression. Pathways in red boxes are hypermethylation-enriched. Pathways 

in blue boxes are hypomethylation-enriched 
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Figure 17 summarizes the effects of MSTN-pro transgene before and after birth, 

incorporating the results from qPCR gene expressions and MSRE-qPCR as well as RRBS DNA 

methylation analyses. As explained earlier, during both late-fetal and early neonatal 

developmental stages, gene expression and DNA methylation direct the skeletal muscle to build a 

developmental basis, which wouldn’t manifest into the actual phenotypes much later on. 

However, there is a clear distinction between the regulations before birth (no transgene 

expression) and after birth (transgene expression): during fetal development, DNA methylation 

enzymes are highly dysregulated while in post-natal skeletal muscle, other epigenetics 

modulators seems to be more active in TG tissue. This begs for closer investigations not only to 

specifically identify which DGEs and DMRs are the direct results of MSTN inhibition but also to 

reveal the unknown biomolecular mechanism causing the initial DNA methylation dysregulation 

during fetal development. 

5.4 Future Developments 

This study revealed the direct influences of MSTN on DNA methylation alongside its 

effects as an inhibitory myokine of skeletal muscle generation. In past studies, the relationship 

between MSTN and epigenetics including DNA methylation and histone modification has been 

suggested but the exact mechanism was unknown. The results showed that the alterations in 

DNA methylome occurred both pre- and postnatally in the transgenic skeletal muscle tissue, even 

before the transgene expression, suggesting the effects of transgene insertion site that happened 

to influence the myogenic progenitor cells. Still, since there were little overlaps between E14.5 

and P3, it is safe to assume that the DMRs distribution in P3 is mostly influenced by MSTN-pro 

overexpression and subsequent MSTN inhibition, although the extent of which might be 

somewhat negated due to the lesser degrees of Dnmt3a2 inhibition due to the decreased MSTN 
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activities. 

Still, we weren’t able to fully explore the gene expression and DNA methylation 

influenced by MSTN inhibition by MSTN-pro during fetal muscle development. RRBS 

technique excludes low-CpG segments of the genes, which methylation can influence the gene 

expressions, nonetheless. The expression of many genes containing identified DMRs, on the 

other hand, wasn’t tested to confirm their effects. Thus, addition qPCR and possible RNA-seq to 

further assess the epigenetically regulated genes following MSTN inhibition would be necessary 

to fully understand the picture. Another concerning factor about the mouse model used is that 

due to the transgenic mice generated via microinjection of plasmid vectors, the transgene was 

randomly inserted and its exact location in the genome is unknown. Because of that, the 

possibility of the inserted transgene disrupting important genes or enhancers cannot be ruled out. 

Thus, the correct identification of the transgene site is a necessity in future research. At the same 

time, the gene expression and DNA methylation patterns in E14.5 seem to be highly specific for 

the effect of random transgene insertion. Although serendipity cannot be ruled out, the effects are 

clearly directional and thus require further evaluation.  

Consistent with past studies, downregulation of KMT2 at P3 was yet another evidence of 

MSTN triggering H3K9 methylation through PI3K/Akt/mTOR pathway, leading to P300 

silencing (Ji et al., 2008; Wei et al., 2015; Sharples et al., 2016) as well as inhibition of KMT2, a 

subunit in H3K4 methyltransferase complex. Interestingly, prenatal tissue also showed 

upregulation of SIRT1 and subsequently, NF-κB1, with possible effects on histone acetylation 

alongside DNA methylation. The changes in histone modification patterns can be further 

explored through ChIP-chip or ChIP-Seq. Another histone modification (Figure 8). Overall, 

what matters the most would be the chromatin structure and the genomic distribution of 
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euchromatins and heterochromatins. This can be studied via ATAC-Seq, which isolates and 

enriches tightly-packed chromatin segments for sequencing (Buenrostro et al., 2016; Spektor et 

al., 2019). 

A potential application of the epigenetic-based approaches in making enhanced skeletal 

muscle is through maternal nutrition. The addition of methyl donors in food sources during 

pregnancy had shown influences mostly at adipogenesis and energy metabolism of the offspring 

(Bishop and Ferguson, 2015; Pauwels et al., 2017). Still, a recent study showed that methyl 

donor supplementation can promote skeletal muscle growth in foetal swine (He et al., 2020). A 

comprehensive study of the influences of altered DNA methylation on skeletal muscle during 

different developmental stages, which allows medical and agricultural applications in improving 

muscle size and quality. The effects of the identified DMRs can be further studied by targeted 

methylome editing utiltizing CRISPR technique (Jeffries, 2018). This method can potentially be 

developed into a non-GMO option to increase agricultural product, or potentially develop 

epigenetic therapy to treat muscle diseases in human. 
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6. Conclusion 

The core of this study is to evaluate the effects of MSTN inhibition on DNA methylation 

in fetal and neonatal muscle development. The mouse model used is overexpressing MSTN-pro, 

an MSTN inhibitor, exclusively at skeletal muscle tissue. The influences of MSTN inhibition 

were clearly demonstrated in DNA methylation patterns which are consistent with the pathways 

directly connected to MSTN signaling. Unexpectedly, both the gene expression patterns and 

DNA methylome drastically differed during fetal development, even before the expression of 

MSTN-pro transgene with surprising directionality. Although the effects of gene insertion sites 

were speculated, additional studies would be required. The knowledge of how DNA methylation 

is altered by MSTN can be further expanded to develop targeted epigenome editing of skeletal 

muscle that allows enhanced muscle growth during different developmental stages, especially 

since the CRISPR technique has become widely available. Direct DNA methylome editing in 

addition to the administration of dietary supplements and muscle-exclusive deactivation of 

Dnmts or TET enzymes would further reveal new insights on early muscle development to build 

novel strategies in increasing and maintaining healthy skeletal muscle, both in humans and 

animals. 
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Appendix A – TSS region DMRs detected by RRBS for E14.5 samples 

chr start end pvalue qvalue meth. diff 
Dist. to 
TSS 

symbol genename 

chr1 13590601 13590700 0.006645 0.034966 -27.2727 690 Tram1 translocating chain-associating membrane protein 1 

chr1 90914901 90915000 0.000261 0.003534 35.01401 84 Mlph melanophilin 

chr1 153414401 153414500 0.001564 0.012717 36.75214 167 
E330020D12
Rik 

Riken cDNA E330020D12 gene 

chr2 29889001 29889100 0.005972 0.032439 -27.451 120 Odf2 outer dense fiber of sperm tails 2 

chr2 73580201 73580300 0.000128 0.002123 -45.4545 37 Chrna1 cholinergic receptor, nicotinic, alpha polypeptide 1 (muscle) 

chr2 77172101 77172200 0.001828 0.014196 -37.5 1464 Ccdc141 coiled-coil domain containing 141 

chr2 103303601 103303700 0.001551 0.012664 -27.3657 322 Ehf ets homologous factor 

chr2 119112701 119112800 0.000513 0.005726 26.4881 0 Rad51 RAD51 recombinase 

chr2 119328101 119328200 2.26E-11 1.12E-08 -48.587 1906 Gm14207 predicted gene 14207 

chr3 66979801 66979900 0.000315 0.004043 35.29412 1489 Rsrc1 arginine/serine-rich coiled-coil 1 

chr4 52594401 52594500 0.001487 0.012266 29.62963 1773 Toporsl topoisomerase I binding, arginine/serine-rich like 

chr4 118210901 118211000 2.20E-05 0.000587 -28.5714 336 Mir7226 microRNA 7226 

chr4 130101401 130101500 0.000195 0.002868 -31.0662 1057 Pef1 penta-EF hand domain containing 1 

chr4 134060701 134060800 1.53E-06 8.19E-05 64.98316 14 Crybg2 crystallin beta-gamma domain containing 2 

chr4 137663601 137663700 0.003754 0.023442 37.5 1025 Rap1gap Rap1 GTPase-activating protein 

chr4 150067101 150067200 0.006617 0.034852 39.70588 1253 Mir34a microRNA 34a 

chr4 151932701 151932800 0.000578 0.006242 34.16149 890 Dnajc11 DnaJ heat shock protein family (Hsp40) member C11 

chr5 37027401 37027500 0.003257 0.021289 25.92593 834 Jakmip1 janus kinase and microtubule interacting protein 1 

chr5 67463801 67463900 7.68E-06 0.000274 29.40789 0 
C330024D21
Rik 

RIKEN cDNA C330024D21 gene 

chr5 122780001 122780100 0.006531 0.03457 -28.5714 591 Camkk2 
calcium/calmodulin-dependent protein kinase kinase 2, 
beta 

chr6 52204901 52205000 0.000247 0.003398 -26.6667 313 Hoxa5 homeobox A5 

chr6 52209501 52209600 0.000972 0.009005 -40.5128 778 Hoxa6 homeobox A6 
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chr6 113471201 113471300 0.007328 0.037385 -26.4758 126 Il17rc interleukin 17 receptor C 

chr6 124995101 124995200 0.001252 0.010827 41.66667 1493 Pianp PILR alpha associated neural protein 

chr6 125236401 125236500 0.002223 0.016321 31.11111 1588 Mir8113 microRNA 8113 

chr7 27553301 27553400 4.67E-08 5.98E-06 30.23256 82 Pld3 phospholipase D family, member 3 

chr7 45639601 45639700 1.14E-06 6.55E-05 38.03354 835 
A030001D20
Rik 

RIKEN cDNA A030001D20 gene 

chr7 45639601 45639700 1.14E-06 6.55E-05 38.03354 276 Mamstr 
MEF2 activating motif and SAP domain containing 
transcriptional regulator 

chr7 73377401 73377500 0.001491 0.012289 35.06922 1626 
A730056A06
Rik 

RIKEN cDNA A730056A06 gene 

chr7 102100401 102100500 0.001371 0.011538 -28.5714 1242 Art1 ADP-ribosyltransferase 1 

chr7 107209301 107209400 1.07E-05 0.000351 -25.3032 44 Rbmxl2 RNA binding motif protein, X-linked-like 2 

chr7 139248101 139248200 0.000365 0.004483 33.33333 281 Pwwp2b PWWP domain containing 2B 

chr8 35590201 35590300 3.31E-06 0.000145 -31.0345 1228 Gm16793 predicted gene, 16793 

chr8 107056601 107056700 5.41E-08 6.71E-06 27.45098 176 Nip7 NIP7, nucleolar pre-rRNA processing protein 

chr8 107056601 107056700 5.41E-08 6.71E-06 27.45098 0 Cog8 component of oligomeric golgi complex 8 

chr8 120539001 120539100 0.007077 0.036481 -30 1274 
1700016A09 
Rik 

RIKEN cDNA 1700016A09 gene 

chr9 7838201 7838300 0.002197 0.01619 -31.25 1143 Birc2 baculoviral IAP repeat-containing 2 

chr9 70011701 70011800 0.000421 0.004927 -26.9231 749 Gtf2a2 general transcription factor II A, 2 

chr9 96752701 96752800 0.000932 0.008755 25.46584 30 Zbtb38 zinc finger and BTB domain containing 38 

chr9 96752701 96752800 0.000932 0.008755 25.46584 0 
E030011O05
Rik 

RIKEN cDNA E030011O05 gene 

chr9 106445701 106445800 1.24E-05 0.000387 75 1658 Abhd14b abhydrolase domain containing 14b 

chr9 108081201 108081300 0.009022 0.043123 -44.9275 197 Mir7088 microRNA 7088 

chr10 81268101 81268200 3.12E-11 1.40E-08 -33.8028 1166 Mrpl54 mitochondrial ribosomal protein L54 

chr10 81385801 81385900 0.001115 0.00998 27.70416 446 Mir6913 microRNA 6913 

chr11 6446101 6446200 0.001121 0.01001 -30 1657 H2az2 H2A.Z histone variant 2 

chr11 52284001 52284100 0.000643 0.00675 -34.1176 669 Tcf7 transcription factor 7, T cell specific 
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chr11 116843201 116843300 7.85E-07 5.03E-05 -26.3736 0 Mettl23 methyltransferase like 23 

chr13 58128601 58128700 2.36E-13 1.85E-10 -45.9016 44 Hnrnpa0 heterogeneous nuclear ribonucleoprotein A0 

chr13 73732601 73732700 0.000619 0.006559 50.75758 393 Slc12a7 solute carrier family 12, member 7 

chr13 108043301 108043400 0.001801 0.014043 -39.3043 1045 Smim15 small integral membrane protein 15 

chr15 83779301 83779400 0.002443 0.017431 45.83333 66 Mpped1 metallophosphoesterase domain containing 1 

chr15 95830101 95830200 0.006228 0.033431 -28.3816 28 Gm17546 predicted gene, 17546 

chr15 95830701 95830800 0.004577 0.026922 -30.4348 628 Gm17546 predicted gene, 17546 

chr17 27523301 27523400 0.008487 0.041413 -42.5 1897 Grm4 glutamate receptor, metabotropic 4 

chr17 56124001 56124100 6.70E-07 4.51E-05 -27.3649 1999 Lrg1 leucine-rich alpha-2-glycoprotein 1 

chr19 10603701 10603800 0.000199 0.00292 -32.2817 1526 Ddb1 damage specific DNA binding protein 1 

chr19 33752101 33752200 0.005305 0.029842 -27.25 741 Lipo2 lipase, member O2 

chr19 45744001 45744100 0.00778 0.038992 -27.037 1085 Fgf8 fibroblast growth factor 8 

chr19 60889201 60889300 0.009907 0.045956 -34 448 Grk5 G protein-coupled receptor kinase 5 

chrX 10715001 10715100 0.002217 0.016289 -27.2727 0 Mid1ip1 
Mid1 interacting protein 1 (gastrulation specific G12-like 
(zebrafish)) 

chrX 48463301 48463400 2.25E-08 3.41E-06 -28.5714 168 Elf4 E74-like factor 4 (ets domain transcription factor) 

chrX 53670401 53670500 0.000953 0.008877 -40 0 Rtl8b retrotransposon Gag like 8B 

chrX 58030401 58030500 6.74E-08 8.01E-06 -29.3509 142 Zic3 zinc finger protein of the cerebellum 3 

chrX 60892001 60892100 1.62E-07 1.60E-05 -37.5 1552 Gm38438 predicted gene, 38438 

chrX 133898401 133898500 7.99E-05 0.001498 -33.3333 0 Tspan6 tetraspanin 6 

chrX 162829501 162829600 2.43E-09 5.48E-07 -33.3333 46 Txlng taxilin gamma 

chrX 166238901 166239000 1.99E-12 1.28E-09 -31.4286 0 Gpm6b glycoprotein m6b 
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Appendix B - TSS region DMRs detected by RRBS for P3 samples 

chr start end pvalue qvalue meth. diff1 
Dist. to 
TSS2 

symbol genename 

chr1 91145101 91145200 7.28E-05 0.001916 -25.4545 0 Rbm44 RNA binding motif protein 44 

chr1 91320701 91320800 0.000257 0.004624 -46.0317 1274 Espnl espin-like 

chr1 184734201 184734300 0.001202 0.013622 -27.5862 1581 Hlx H2.0-like homeobox 

chr2 29845701 29845800 0.00011 0.002558 -36.2644 0 Mir219a-2 microRNA 219a-2 

chr2 32741601 32741700 3.22E-13 3.28E-10 33.61718 584 
6330409D20 
Rik 

RIKEN cDNA 6330409D20 gene 

chr2 73580301 73580400 6.39E-05 0.001743 31.25 0 Chrna1 
cholinergic receptor, nicotinic, alpha polypeptide 1 
(muscle) 

chr2 118113101 118113200 0.000877 0.010997 -26.1765 1898 Gm13986 predicted gene 13986 

chr2 165493901 165494000 0.000243 0.004434 -50 576 Trp53rka transformation related protein 53 regulating kinase A 

chr3 67892201 67892300 8.73E-05 0.002165 -26.9144 0 Iqschfp Iqcj and Schip1 fusion protein 

chr3 67892201 67892300 8.73E-05 0.002165 -26.9144 0 Iqcj IQ motif containing J 

chr3 94413501 94413600 8.18E-05 0.002075 -29.0323 581 
1700040D17 
Rik 

RIKEN cDNA 1700040D17 gene 

chr3 152342301 152342400 0.003239 0.026424 -27.2727 1893 Miga1 mitoguardin 1 

chr4 114908701 114908800 7.37E-17 1.42E-13 -36.5854 456 Foxd2os forkhead box D2, opposite strand 

chr4 134451001 134451100 0.000878 0.011001 -28.178 829 
1700021N21 
Rik 

RIKEN cDNA 1700021N21 gene 

chr4 152158901 152159000 4.34E-06 0.000252 25.35792 33 Hes2 hes family bHLH transcription factor 2 

chr5 24591601 24591700 0.000301 0.005204 -33.3333 413 Mir671 microRNA 671 

chr5 115643601 115643700 0.000294 0.005104 -25.4902 1872 Mir7030 microRNA 7030 

chr5 137640301 137640400 0.000669 0.009051 -58.9286 1543 Sap25 sin3 associated polypeptide 

chr7 19085301 19085400 7.54E-05 0.001961 -63.3333 1427 Mir3100 microRNA 3100 

chr7 27257301 27257400 1.12E-05 0.000504 28.43137 1032 Numbl numb-like 

 
1 Differential methylation ratio of TG vs WT 
2 Bps from TSS as in Refseq index 
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chr7 48386801 48386900 3.30E-08 5.93E-06 70.83333 1625 Mrgprb8 MAS-related GPR, member B8 

chr7 73377601 73377700 0.004736 0.033931 -25.6993 1826 
A730056A06
Rik 

RIKEN cDNA A730056A06 gene 

chr7 110625801 110625900 0.002347 0.021205 -28.0148 1760 Adm adrenomedullin 

chr8 3665701 3665800 0.00019 0.003739 27.81818 0 Mcemp1 mast cell expressed membrane protein 1 

chr8 84178701 84178800 0.000217 0.004111 -40.0932 0 Mir181d microRNA 181d 

chr8 85025701 85025800 0.003827 0.029456 -28.5714 419 Get3 guided entry of tail-anchored proteins factor 3, ATPase 

chr8 85025701 85025800 0.003827 0.029456 -28.5714 1022 Trir telomerase RNA component interacting RNase 

chr8 85025801 85025900 0.00138 0.014948 -25.0554 519 Get3 guided entry of tail-anchored proteins factor 3, ATPase 

chr8 85025801 85025900 0.00138 0.014948 -25.0554 922 Trir telomerase RNA component interacting RNase 

chr8 108936801 108936900 0.001646 0.016771 -31.5164 0 Mir3108 microRNA 3108 

chr9 56027401 56027500 8.39E-07 7.63E-05 27.00472 241 Gm7444 ring finger protein 19A pseudogene 

chr10 39163701 39163800 1.66E-08 3.48E-06 -76.0943 0 Ccn6 cellular communication network factor 6 

chr10 81134801 81134900 0.003636 0.028464 -28.0632 319 Zbtb7a zinc finger and BTB domain containing 7a 

chr11 22971901 22972000 0.000914 0.011283 26.75325 4 Zrsr1 
zinc finger (CCCH type), RNA binding motif and 
serine/arginine rich 1 

chr11 58960301 58960400 5.34E-20 1.26E-16 -27.4848 1411 H3f4 H3.4 histone 

chr11 100097901 100098000 0.007849 0.047314 33.92857 1659 Krt35 keratin 35 

chr11 117199201 117199300 0.000913 0.011274 -25.1451 360 Septin9 septin 9 

chr11 120796801 120796900 0.000553 0.00792 -39.2045 397 Dus1l dihydrouridine synthase 1-like (S. cerevisiae) 

chr12 4841901 4842000 0.000751 0.009836 -27.2331 309 Fkbp1b FK506 binding protein 1b 

chr12 4841901 4842000 0.000751 0.009836 -27.2331 1302 Wdcp WD repeat and coiled coil containing 

chr12 109540601 109540700 0.000242 0.004423 -34.9206 300 Meg3 maternally expressed 3 

chr13 95480201 95480300 0.002005 0.019151 26.31579 1479 S100z S100 calcium binding protein, zeta 

chr14 118593001 118593100 0.000411 0.006468 30 528 Mir6391 microRNA 6391 

chr15 4025601 4025700 0.000159 0.003332 29.12442 682 Oxct1 3-oxoacid CoA transferase 1 
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chr15 76234501 76234600 0.008076 0.048246 -30.4945 1930 Plec plectin 

chr15 76694701 76694800 0.001983 0.01901 34.05797 915 Gpt glutamic pyruvic transaminase, soluble 

chr15 78803501 78803600 0.000438 0.006733 -35.6419 458 Card10 caspase recruitment domain family, member 10 

chr15 83172901 83173000 0.005333 0.036727 -30.5882 308 Cyb5r3 cytochrome b5 reductase 3 

chr15 83512701 83512800 0.00043 0.006656 -30.8962 1807 Ttll1 tubulin tyrosine ligase-like 1 

chr15 89321501 89321600 0.001347 0.014707 28.45614 1119 Adm2 adrenomedullin 2 

chr17 56123801 56123900 0.000157 0.00329 -35.4701 1799 Lrg1 leucine-rich alpha-2-glycoprotein 1 

chr18 66022601 66022700 0.000897 0.011174 32.0598 20 Lman1 lectin, mannose-binding, 1 

chr19 8770901 8771000 0.003207 0.026244 -25.9091 0 Tmem223 transmembrane protein 223 

chr19 8928101 8928200 0.000422 0.006578 41.45455 1351 Eml3 echinoderm microtubule associated protein like 3 

chr19 8965301 8965400 0.001028 0.01221 32 1640 Eef1g eukaryotic translation elongation factor 1 gamma 

chr19 44988601 44988700 0.004113 0.030919 26.47059 400 Sema4g 
sema domain, immunoglobulin domain (Ig), 
transmembrane domain (TM) and short cytoplasmic 
domain, (semaphorin) 4G 

chrX 7657101 7657200 0.001009 0.012047 -37.8497 59 Prickle3 prickle planar cell polarity protein 3 

chrX 7841601 7841700 1.02E-05 0.000472 -25.7692 130 Otud5 OTU domain containing 5 

chrX 7899501 7899600 9.78E-06 0.000457 -27.0968 231 Pqbp1 polyglutamine binding protein 1 

chrX 53670301 53670400 0.005829 0.039026 -34.6154 7 Rtl8b retrotransposon Gag like 8B 

chrX 75416201 75416300 1.20E-07 1.61E-05 38.46154 327 Brcc3 BRCA1/BRCA2-containing complex, subunit 3 

chrX 94123601 94123700 4.19E-06 0.000247 -26.9841 1 Zfx zinc finger protein X-linked 

chrX 101532401 101532500 0.00131 0.014438 -35.7143 233 Taf1 TATA-box binding protein associated factor 1 

chrX 134601301 134601400 0.002163 0.02013 -25.8253 175 Gla galactosidase, alpha 

chrX 140814701 140814800 0.001635 0.016688 28.07018 1267 Tex13b testis expressed 13B 

chrX 154995901 154996000 0.000974 0.011769 -26.8182 50 Magea8 MAGE family member A8 
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Appendix C – Raw Data for qPCR Gene Expression Analyses of Mstn and DNA 

Methylation Related Genes 
C1.1: Ct values3 - E9.5 Plate 1 

Actb GAPDH Mstn Prod Crebbp 

21.249 21.786 30.673 29.936 25.801 

21.335 21.465 30.899 29.154 24.688 

21.422 21.625 30.447 29.545 24.673 

22.157 23.164 30.548 31.141 26.239 

23.364 23.963 30.726 30.698 25.753 

22.500 23.652 30.637 30.796 26.724 

21.904 23.028 31.880 30.212 25.756 

21.930 22.137 31.723 30.103 25.607 

21.850 23.446 31.220 29.994 25.398 

20.459 22.526 28.471 29.367 25.068 

20.859 22.377 28.513 30.065 25.690 

20.880 22.267 28.622 28.966 24.954 

21.169 21.504 30.651 30.142 23.689 

21.247 21.607 31.057 31.032 23.956 

20.652 21.401 30.245 30.284 24.223 

21.538 22.279 30.129 28.977 25.555 

21.934 21.733 30.942 30.536 25.756 

22.329 21.405 30.698 30.189 25.355 

 

3 All the numbers in qPCR results indicate the raw Ct value measured during the experiments. 
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/ 
C1.2: E9.5 Plate 2 

GAPDH SIRT1 SIRT2 TET1 

20.730 27.200 26.855 27.564 

20.946 27.345 27.029 27.654 

20.514 27.489 27.203 27.474 

20.599 28.083 30.687 29.956 

21.316 28.096 30.040 29.864 

21.104 27.639 30.470 29.407 

22.034 28.801 30.006 28.711 

22.033 28.118 29.959 28.602 

22.120 28.616 30.004 28.582 

21.977 28.159 30.013 28.946 

22.063 28.008 29.739 28.831 

22.237 28.610 29.699 28.981 

22.044 28.114 29.719 29.209 

22.327 28.703 29.188 28.850 

22.331 28.993 29.196 28.706 

21.704 27.689 29.500 28.277 

21.950 27.235 29.961 28.053 

21.728 27.639 29.736 28.038 
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C1.3: E9.5 Plate 3 

Actb GAPDH Dnmt1 KMT2 

19.058 21.156 27.634 27.704 

19.274 21.380 27.420 27.593 

19.271 21.196 27.217 27.646 

19.948 21.156 26.431 28.887 

20.150 21.380 27.131 28.076 

20.102 21.196 26.879 28.235 

19.568 21.295 27.511 28.256 

19.812 21.328 27.235 28.444 

19.491 21.227 27.328 28.469 

20.373 21.597 30.018 28.838 

20.302 21.366 29.435 28.579 

20.336 21.405 29.788 28.681 

19.771 21.328 27.528 28.562 

19.731 21.263 27.343 28.055 

19.735 21.159 27.359 28.218 

19.489 21.328 27.694 27.804 

19.536 21.263 27.804 27.507 

19.676 21.159 27.912 28.057 
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C1.4: E9.5 Plate 4 

GAPDH Crebbp IGF2 TET3 

18.203  25.020  20.213  25.332  

18.221  24.277  20.310  25.605  

18.123  24.462  20.175  25.318  

20.188  25.546  21.410  26.346  

20.307  25.565  21.653  26.295  

19.998  25.431  21.519  26.406  

19.808  25.233  20.930  25.878  

20.235  25.301  20.968  25.651  

20.153  25.201  21.031  25.769  

20.456  25.447  21.881  26.145  

20.491  25.687  22.187  26.302  

20.332  25.740  22.191  26.198  

20.636  25.969  21.647  26.147  

20.645  25.653  21.722  26.001  

20.601  25.530  21.630  26.518  

20.370  25.281  21.443  25.765  

20.203  25.272  21.483  25.736  

20.275  25.515  21.363  25.594  
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C1.5 e9.5 Plate 5 

GAPDH Dnmt3a NF-kB1 Pax3 Pax7 

19.471 28.134 27.497 27.734 29.758 

19.241 27.990 27.673 27.660 29.357 

19.337 28.423 27.504 27.806 29.489 

21.746 31.316 28.170 28.648 29.965 

21.580 30.934 28.660 29.342 29.660 

21.506 30.552 28.144 28.947 29.957 

22.358 30.996 28.375 30.324 30.608 

22.359 30.911 28.044 30.586 31.325 

22.574 31.216 28.812 30.063 30.564 

21.146 29.586 27.793 28.631 29.357 

21.202 30.100 27.999 28.285 29.147 

21.145 29.825 27.685 28.549 29.378 

21.835 30.390 27.979 29.061 29.885 

21.847 30.723 27.846 29.362 30.413 

21.829 29.939 27.837 29.884 30.644 

22.392 30.784 28.613 29.053 30.178 

22.177 30.295 28.595 29.707 30.057 

22.316 30.771 28.198 29.115 30.279 
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C2.1 E14.5 Plate 1: MSTN, MSTN-pro, Crebbp 

GAPDH MSTN 
MSTN-
pro Crebbp 

24.302 29.223 30.224 29.423 

24.281 28.926 29.919 28.944 

24.359 29.521 30.460 29.021 

24.514 28.790 29.695 29.376 

24.346 28.993 30.541 28.849 

24.477 29.197 29.684 29.004 

23.365 28.946 28.880 28.084 

23.292 28.652 28.823 28.158 

23.365 28.799 28.997 28.320 

24.051 29.766 30.090 28.158 

24.868 29.719 29.696 27.664 

24.460 29.813 29.893 27.911 

23.861 29.141 28.575 29.650 

23.719 28.830 28.401 29.350 

23.576 28.185 28.224 29.049 

23.342 28.737 28.563 28.470 

23.321 28.139 28.771 28.442 

23.276 27.978 28.978 28.092 
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C2.2: E14.5 Plate 2: SIRT1, SIRT2, TET1 

GAPDH SIRT1 SIRT2 TET1 

23.846 28.682 27.120 29.907 

23.838 28.124 27.448 30.422 

23.905 28.782 26.644 30.164 

24.597 27.993 29.032 30.694 

24.437 28.109 29.783 30.902 

25.082 28.225 28.628 30.486 

23.854 28.965 29.634 30.461 

23.582 28.930 29.676 29.694 

23.429 28.947 29.718 29.997 

23.597 28.997 29.923 29.118 

23.659 29.128 28.980 29.348 

23.987 29.409 28.443 29.060 

23.979 29.340 28.919 31.257 

24.060 29.454 29.381 30.334 

24.089 29.078 28.943 30.658 

23.707 28.619 28.974 30.110 

23.708 29.135 29.238 29.853 

23.732 28.615 29.388 29.802 
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C2.3: E14.5 Plate 3: Actb, IGF2, TET3 

Actb GAPDH IGF2 TET3 

21.542 22.961 21.629 29.685 

21.709 22.774 21.552 29.789 

21.621 22.901 21.743 29.580 

22.174 23.318 21.586 28.463 

21.855 23.410 21.738 29.267 

21.670 23.363 21.679 28.746 

20.146 21.774 20.404 27.814 

20.162 21.784 20.405 27.325 

20.253 21.796 20.501 27.535 

19.873 22.258 20.338 27.148 

19.936 22.257 20.418 26.775 

19.851 22.210 20.291 26.563 

21.477 22.853 21.482 28.179 

21.576 22.631 21.419 27.466 

21.537 22.589 21.467 28.263 

20.577 22.240 20.879 27.59963 

20.601 22.292 20.796 27.368 

20.721 22.281 20.875 27.522 
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E2.4: E14.5 Plate 4: Dnmt1, NF-κB1, KMT2 

GAPDH Dnmt1 NF-κB1 KMT2 

23.754 30.516 30.495 30.505 

23.845 30.230 30.705 30.007 

24.040 30.887 31.080 30.554 

22.947 30.205 30.966 29.773 

23.617 30.329 30.458 29.075 

22.962 30.464 30.248 28.922 

23.170 30.674 30.124 29.200 

23.268 31.138 29.997 29.494 

23.092 30.472 29.741 29.201 

22.869 31.635 30.255 28.318 

23.851 30.304 29.667 28.488 

24.139 30.067 29.890 29.705 

23.744 28.707 30.675 29.883 

23.655 29.528 29.969 29.815 

24.102 29.292 30.217 29.683 

23.216 27.844 30.426 29.569 

23.193 29.886 29.898 29.731 

23.177 29.601 29.414 29.435 
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C2.5: E14.5 Plates 5 & 6: TET2, Pax3, Pax7 

GAPDH TET2 Pax3 GAPDH Pax7 

23.612 30.229 30.471 23.612 29.988 

22.839 30.581 29.631 22.839 30.471 

23.443 30.079 29.988 23.443 29.631 

22.269 28.795 28.879 22.269 28.836 

22.499 28.068 28.605 22.499 28.879 

22.293 28.136 28.836 22.293 28.605 

22.743 29.469 29.321 22.743 28.469 

22.403 29.128 28.520 22.403 29.321 

22.540 28.628 28.469 22.540 28.520 

22.488 28.412 28.259 22.488 28.259 

22.395 28.442 28.282 22.395 29.176 

21.631 28.563 28.304 21.631 28.304 

22.475 28.758 28.992 22.475 29.916 

22.183 28.782 28.910 22.183 28.910 

21.741 29.205 29.073 21.741 29.073 

22.222 29.131 29.012 24.455 29.012 

22.662 29.067 29.564 22.662 29.564 

21.781 29.099 28.803 21.781 28.803 
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C3.1: P0 Plate 1: MTSN-MSTN-pro, Crebbp 

GAPDH MSTN MSTN-pro Crebbp 

19.675 27.729 27.475 25.801 

18.917 28.689 27.218 24.688 

18.964 28.209 28.480 24.673 

17.610 26.111 24.996 26.239 

17.486 26.016 25.292 25.753 

17.668 26.194 24.935 26.724 

17.861 27.057 26.692 25.756 

17.858 26.546 27.051 25.607 

18.566 26.801 26.999 25.398 

18.182 26.382 23.557 25.068 

18.059 26.330 23.720 25.690 

18.319 26.575 23.882 24.954 

16.859 25.036 22.811 23.689 

16.978 25.239 22.805 23.956 

17.276 25.028 22.715 24.223 

17.667 25.188 23.451 25.555 

17.717 25.157 23.256 25.756 

18.167 25.614 23.905 25.355 
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C3.2: P0 Plate 2: Actb, GAPDH, Dnmt1 

Actb GAPDH Dnmt1 KMT2 

19.489 18.251 29.141 28.609 

18.888 18.243 29.228 28.466 

19.186 18.643 29.316 28.075 

18.778 16.605 28.795 27.237 

18.970 16.699 28.438 27.134 

18.733 16.512 29.502 27.341 

18.655 16.714 28.567 27.637 

19.660 16.587 28.538 27.698 

19.625 16.841 29.590 28.314 

17.155 16.358 28.559 26.503 

17.392 16.467 28.614 26.698 

17.274 17.185 28.505 26.309 

17.044 16.544 28.671 27.187 

17.363 16.367 28.857 27.297 

17.086 16.440 28.784 27.077 

17.304 16.419 28.105 27.737 

17.537 16.455 28.451 27.216 

16.596 16.436 28.814 27.589 
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C3.3: P0 Plate 3: Dnmt3a, Pax7, TET2 

GAPDH Dnmt3a Pax7 TET2 

17.178 31.636 26.939 23.793 

16.797 31.164 26.887 23.945 

16.817 30.847 27.322 23.780 

14.829 31.269 24.918 21.958 

14.789 30.722 24.594 21.931 

14.620 31.193 25.162 21.856 

15.037 31.330 24.787 21.690 

15.216 31.106 24.802 21.896 

15.261 30.933 24.552 22.591 

16.388 30.486 26.544 23.469 

16.170 30.941 26.900 23.472 

17.110 30.671 26.370 23.168 

14.437 30.266 24.540 22.300 

14.714 29.209 23.872 22.516 

14.681 29.508 24.206 22.607 

14.587 30.298 25.215 22.575 

14.529 30.494 25.008 22.557 

14.345 30.252 25.198 22.617 
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C3.4: P0 Plate 4: IGF2, NF-κB1, TET3 

GAPDH IGF2 NF-kB1 TET3 

18.396 27.482 19.032 28.123 

18.577 27.172 19.164 27.858 

18.857 27.565 19.160 28.131 

17.430 26.431 19.131 27.186 

17.469 26.604 19.207 27.055 

17.292 26.710 19.051 27.441 

17.777 26.955 18.581 27.444 

17.713 27.050 18.477 27.599 

17.775 27.354 18.637 27.672 

17.252 26.711 17.972 27.136 

18.047 27.222 17.672 27.416 

17.607 27.273 17.935 27.695 

17.252 26.937 16.387 25.832 

16.885 26.862 16.580 25.966 

17.343 26.907 16.619 25.899 

17.252 26.770 16.641 26.689 

16.710 26.882 17.004 26.668 

16.740 26.497 16.984 26.456 
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C3.5: P0 Plate 5: SIRT1, SIRT2, TET1 

GAPDH SIRT1 SIRT2 TET1 

18.981 26.307 26.181 29.199 

18.913 26.563 25.947 29.187 

19.271 26.804 25.911 29.175 

17.169 26.200 25.412 28.553 

17.438 26.145 25.071 29.007 

17.482 26.256 25.529 28.569 

17.671 27.221 25.873 28.362 

18.214 26.851 25.836 28.873 

17.943 26.674 25.101 29.197 

18.665 25.830 26.355 27.854 

18.407 25.720 26.711 27.772 

18.924 26.415 26.213 27.690 

17.141 26.222 24.973 28.341 

17.736 26.237 25.062 28.677 

17.233 26.569 25.137 28.005 

16.706 25.097 24.955 27.548 

17.319 25.801 25.300 28.101 

16.853 25.740 25.154 27.368 
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C4.1: P3 Plate 1: MSTN, MSTN-pro, Crebbp 

GAPDH Mstn Prod Crebbp 

18.864 28.660 26.564 28.245 

18.154 28.757 26.600 27.350 

18.317 28.708 26.636 27.897 

19.877 27.297 25.373 26.963 

20.211 27.053 25.406 26.998 

20.391 26.809 26.023 27.211 

18.689 26.564 26.208 26.188 

18.858 25.933 25.507 26.497 

19.046 26.874 25.843 26.806 

19.586 26.745 25.065 27.241 

19.574 26.618 23.961 27.284 

19.068 26.910 23.321 27.198 

20.705 26.692 23.734 26.344 

21.058 26.323 22.975 27.156 

20.353 26.072 23.158 26.750 

19.862 27.006 24.265 25.918 

20.830 26.635 24.101 26.052 

20.346 26.666 24.484 26.186 
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C4.2: P3 Plate 2: SIRT1, SIRT2, TET1 

GAPDH SIRT1 SIRT2 TET1 

18.316 26.440 25.867 26.578 

18.088 26.305 25.763 27.201 

18.358 25.232 25.284 27.824 

19.455 26.685 26.422 28.430 

19.163 26.589 26.178 28.540 

19.381 26.782 26.705 28.026 

19.211 25.951 26.515 29.556 

18.921 27.044 26.656 28.942 

19.066 25.369 26.500 28.826 

18.705 25.384 25.615 28.395 

18.830 26.009 26.397 28.455 

18.580 26.894 26.319 28.514 

18.650 26.176 26.216 28.343 

18.623 26.799 25.599 28.070 

17.612 26.510 25.642 28.616 

18.814 25.815 26.068 28.889 

19.093 25.601 26.120 28.663 

19.177 27.019 26.137 29.239 
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C4.3 P3 Plate 3: Actb, Dnmt1, KMT2 

Actb GAPDH Dnmt1 KMT2 

19.664 19.645 30.726 29.893 

20.154 19.076 30.241 29.872 

20.465 19.360 29.755 29.852 

19.532 18.110 30.584 27.848 

19.964 18.299 29.408 27.268 

19.715 18.021 29.622 27.252 

17.423 16.900 28.814 27.378 

17.188 16.746 29.115 27.211 

17.470 16.714 28.679 27.587 

18.155 17.963 28.849 28.909 

18.151 17.580 28.565 28.643 

18.231 17.841 29.133 28.666 

17.211 17.245 29.082 27.450 

17.644 17.103 29.398 27.420 

17.651 17.207 29.240 27.481 

17.840 17.319 29.168 28.678 

17.875 17.455 28.438 28.329 

17.938 17.150 28.543 28.071 
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C4.4: P3 Plate 4: IGF2, NF-κB1, TET3 

GAPDH IGF2 NF-kB1 TET3 

30.440 32.336 36.817 41.309 

30.616 32.221 36.350 40.416 

30.264 32.423 36.800 41.582 

29.803 30.698 35.628 41.358 

29.746 30.879 36.071 38.263 

29.860 30.798 36.429 39.173 

28.544 31.135 35.656 41.145 

27.813 30.896 34.974 41.094 

27.621 31.373 35.654 41.043 

30.022 31.557 36.848 39.302 

30.208 31.537 36.405 38.713 

29.837 31.472 37.291 39.008 

29.316 30.652 37.044 39.582 

28.802 30.538 36.703 39.221 

28.530 30.496 36.585 39.401 

30.718 30.949 35.173 40.389 

29.951 31.011 34.936 38.498 

29.733 30.717 36.365 39.414 
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C3.5: P3 Plate 5: Dnmt3a, Pax3, TET2, Myod1 

GAPDH Dnmt3a Pax3 TET2 Myod1 

16.657 32.171 33.843 23.700 26.819 

16.568 32.372 33.379 23.712 27.156 

16.621 31.970 34.306 23.819 27.408 

17.705 32.792 33.181 24.430 28.288 

17.584 32.695 32.402 24.567 28.058 

17.295 32.598 33.298 24.507 28.173 

16.134 33.259 33.339 23.579 27.637 

16.019 33.097 32.963 23.700 27.623 

15.936 33.178 33.151 23.549 28.055 

16.143 32.150 33.181 23.678 26.964 

16.121 31.814 33.439 23.708 27.140 

16.008 32.513 33.310 23.580 27.301 

16.226 32.602 33.181 23.383 26.508 

16.231 32.727 33.439 23.582 26.697 

16.005 32.665 33.310 23.327 26.640 

16.444 33.298 33.181 24.213 27.280 

16.657 33.025 33.439 24.086 27.650 

16.514 33.686 33.310 24.230 27.509 

 

  



Vu 90 

 

Appendix D: MSRE-qPCR Raw Data 
D1: MSTN 

Age Sample Test Ref ΔCt 2^-ΔΔCt % % Adj4 % Avg 

E14.5 WT1 20.522 19.863 0.659  0.633  63.334  63.334  66.148  

    19.020 18.483 0.536  0.690  68.962  68.962    

  WT2 16.240 22.294 -6.053  66.404  #######   96.020  

    17.716 17.657 0.059  0.960  96.020  96.020    

  TG1 16.648 16.999 -0.351  1.276  127.551  100.000  100.000  

    16.495 17.509 -1.014  2.020  202.007  100.000    

  TG2 15.329 17.297 -1.968  3.912  391.238  100.000  100.000  

    15.658 17.874 -2.217  4.648  464.773  100.000    

P0 WT1 21.605 17.460 4.145  0.057  5.652  5.652  10.425  

    19.523 16.805 2.718  0.152  15.197  15.197    

  WT2 21.262 19.946 1.315  0.402  40.191  40.191  33.279  

    23.203 21.279 1.923  0.264  26.367  26.367    

  TG1 16.814 18.447 -1.633  3.102  310.157  100.000  100.000  

    17.788 19.461 -1.672  3.187  318.736  100.000    

  TG2 19.543 18.901 0.641  0.641  64.112  64.112  82.056  

    17.986 20.474 -2.488  5.609  560.894  100.000    

P3 WT1 20.222 15.047 5.175  0.028  2.769  2.769  25.333  

    19.773 18.711 1.062  0.479  47.898  47.898    

  WT2 22.294 22.970 -0.676  1.597  159.729  100.000  55.421  

    22.659 19.454 3.205  0.108  10.843  10.843    

  TG1 15.883 16.290 -0.408  1.327  132.675  100.000  100.000  

    16.891 18.446 -1.556  2.940  293.968  100.000    

  TG2 16.022 14.807 1.215  0.431  43.078  43.078  28.425  

    17.863 15.003 2.860  0.138  13.772  13.772    

Unmeth   30.091 26.801 3.289  0.102  10.227  10.227  18.488  

    30.091 28.188 1.902  0.267  26.748  26.748    

Meth   28.235 29.576 -1.341  2.532  253.244  100.000  100.000  

    28.235 29.934 -1.699  3.246  324.625  100.000    

 

  

 
4 For calculated percentage larger than 100%, the number is adjusted to 100% 
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D2: Myod1 

Age Sample Test Ref ΔCt 2^-ΔΔCt % %Adj %Avg 

E14.5 WT1 24.103 22.431 1.672  0.314  31.386   40.905  

    24.246 23.259 0.988  0.504  50.424    

  WT2 25.866 24.207 1.659  0.317  31.673   28.131  

    26.786 24.762 2.024  0.246  24.590    

  TG1 23.204 22.247 0.957  0.515  51.500   49.580  

    23.467 22.398 1.069  0.477  47.660    

  TG2 25.071 22.493 2.578  0.168  16.753   13.663  

    25.427 22.186 3.241  0.106  10.574    

P0 WT1 23.209 22.522 0.687  0.621  62.094   43.598  

    24.068 22.074 1.994  0.251  25.101    

  WT2 22.492 22.219 0.273  0.827  82.747   91.373  

    23.453 24.519 -1.066  2.094  209.352    

  TG1 25.585 25.798 -0.213  1.159  115.915   100.000  

    25.430 26.172 -0.742  1.673  167.268    

  TG2 29.939 24.531 5.409  0.024  2.354    51.177  

    23.056 23.618 -0.562  1.476  147.631   100 

P3 WT1 28.791 21.960 6.831  0.009  0.878   4.557  

    25.902 22.300 3.602  0.082  8.236    

  WT2 31.254 26.506 4.747  0.037  3.724   27.064  

    28.757 27.769 0.988  0.504  50.405      

  TG1 34.621 30.045 4.577  0.042  4.190   6.226  

    33.407 29.810 3.597  0.083  8.263    

  TG2 25.024 22.560 2.465  0.181  18.117   59.059  

    24.970 25.573 -0.603  1.518  151.836    

Unmethy   33.073 30.220 2.852  0.138  13.846   14.664  

    33.382 30.691 2.691  0.155  15.481    

Methy   32.303 32.517 -0.213  1.159  115.948  100.000  100.000  

    32.113 32.170 -0.057  1.041  104.061  100.000   
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D3: Pax3 

Age Sample Test Ref ΔCt 2^-ΔΔCt %   % Avg 

E14.5 WT1 29.877 29.743 0.134  0.911  91.140  91.140  95.215  

    29.569 29.559 0.010  0.993  99.289  99.289   

  WT2 30.906 30.701 0.204  0.868  86.788  86.788  70.296  

    31.018 30.124 0.894  0.538  53.804  53.804   

  TG1 29.087 28.457 0.630  0.646  64.606  64.606  69.181  

    29.207 28.768 0.439  0.738  73.756  73.756   

  TG2 27.607 28.380 -0.773  1.708  170.832  100.000  100.000  

    28.170 28.989 -0.819  1.764  176.416  100.000   

P0 WT1 27.854 30.685 -2.831  7.115  711.505  100.000  100.000  

    29.335 30.146 -0.811  1.755  175.498  100.000   

  WT2 29.247 29.016 0.231  0.852  85.179  85.179  89.755  

    29.272 29.188 0.084  0.943  94.330  94.330   

  TG1 30.556 30.179 0.377  0.770  76.991  76.991  80.973  

    30.338 30.102 0.235  0.850  84.954  84.954   

  TG2 30.908 31.122 -0.214  1.160  116.015  100.000  84.243  

    31.722 31.176 0.546  0.685  68.486  68.486   

P3 WT1 28.883 28.547 0.335  0.793  79.266  79.266  89.633  

    28.057 28.289 -0.232  1.174  117.420  100.000   

  WT2 29.940 30.413 -0.473  1.388  138.794  100.000  100.000  

    29.971 30.163 -0.192  1.142  114.207  100.000   

  TG1 28.951 29.450 -0.500  1.414  141.386  100.000  100.000  

    29.193 29.685 -0.492  1.407  140.681  100.000   

  TG2 29.406 29.980 -0.574  1.489  148.856  100.000  64.736  
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D4: Pax7 

Age Sample Test Ref ΔCt 2^-ΔΔCt %   % Avg 

E14.5 WT1 34.579 30.764 3.815  0.071  7.103  7.103  6.458  

    34.961 30.856 4.105  0.058  5.812  5.812   

  WT2 33.921 30.587 3.334  0.099  9.913  9.913  10.497  

    34.723 31.549 3.174  0.111  11.080  11.080   

  TG1 32.274 28.594 3.679  0.078  7.805  7.805  7.845  

    32.598 28.933 3.665  0.079  7.885  7.885   

  TG2 32.390 29.535 2.854  0.138  13.827  13.827  9.245  

    34.428 30.006 4.423  0.047  4.663  4.663   

P0 WT1 32.270 30.568 1.702  0.307  30.743  30.743  26.446  

    32.734 30.560 2.175  0.221  22.150  22.150   

  WT2 32.421 29.399 3.022  0.123  12.309  12.309  14.523  

    32.319 29.740 2.579  0.167  16.737  16.737   

  TG1 32.350 29.663 2.688  0.155  15.521  15.521  12.535  

    33.471 30.083 3.389  0.095  9.548  9.548   

  TG2 33.336 30.731 2.605  0.164  16.434  16.434  18.905  

    33.170 30.944 2.226  0.214  21.376  21.376   

P3 WT1 31.522 28.044 3.478  0.090  8.974  8.974  10.202  

    31.368 28.239 3.129  0.114  11.430  11.430   

  WT2 32.750 29.907 2.843  0.139  13.938  13.938  14.093  

    32.790 29.979 2.811  0.142  14.248  14.248   

  TG1 30.792 30.983 -0.191  1.142  114.170  100.000  88.526  

    31.601 31.225 0.376  0.771  77.053  77.053   

  TG2 33.034 28.734 4.300  0.051  5.077  5.077  12.682  

    31.834 29.532 2.301  0.203  20.288  20.288   
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D5: SIRT1 

Age Sample Test Ref ΔCt 2^-ΔΔCt % % Avg 

E14.5 WT1 28.810 24.352 4.459  0.045  4.547  4.624  

    29.160 24.748 4.411  0.047  4.700    

  WT2 29.399 23.754 5.645  0.020  1.998  2.694  

    28.643 23.760 4.883  0.034  3.390    

  TG1 28.872 24.743 4.129  0.057  5.716  6.958  

    28.392 24.784 3.608  0.082  8.200    

  TG2 28.046 24.394 3.653  0.080  7.951  6.305  

    28.858 24.434 4.424  0.047  4.658    

P0 WT1 27.751 24.566 3.184  0.110  11.002  9.152  

    29.104 25.328 3.776  0.073  7.301    

  WT2 28.655 24.926 3.729  0.075  7.542  5.485  

    28.532 23.666 4.866  0.034  3.428    

  TG1 28.669 24.685 3.985  0.063  6.317  6.862  

    28.463 24.708 3.755  0.074  7.406    

  TG2 28.443 25.036 3.406  0.094  9.431  8.389  

    29.005 25.238 3.767  0.073  7.347    

P3 WT1 27.015 22.174 4.841  0.035  3.490  4.719  

    27.608 23.537 4.071  0.059  5.949    

  WT2 27.224 24.419 2.805  0.143  14.312  10.419  

    28.553 24.616 3.938  0.065  6.526    

  TG1 28.404 22.485 5.919  0.017  1.653  5.228  

    27.038 23.532 3.506  0.088  8.803    

  TG2 24.109 20.867 3.242  0.106  10.571  11.580  

    23.344 20.354 2.990  0.126  12.588    
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D6: Dnmt1 

Age Sample Test Ref ΔCt 2^-ΔΔCt % % Adj % Avg 

E14.5 WT1 26.738 21.674 5.064  0.030  2.989  2.989  4.275  

    25.969 21.800 4.168  0.056  5.561  5.561    

  WT2 24.488 22.808 1.681  0.312  31.190  31.190  27.048  

    24.657 22.531 2.126  0.229  22.905  22.905    

  TG1 23.711 29.200 -5.488  44.885  4,488.540  100.000  72.410  

    24.858 23.700 1.158  0.448  44.820  44.820    

  TG2 22.499 23.390 -0.891  1.854  185.432  100.000  100.000  

    22.887 24.856 -1.969  3.915  391.528  100.000    

P0 WT1 26.347 21.774 4.573  0.042  4.202  4.202  2.224  

    26.888 18.222 8.666  0.002  0.246  0.246    

  WT2 25.310 21.932 3.378  0.096  9.618  9.618  6.600  

    27.604 22.801 4.803  0.036  3.582  3.582    

  TG1 26.329 22.563 3.766  0.074  7.352  7.352  10.244  

    25.381 22.453 2.928  0.131  13.137  13.137    

  TG2 23.865 22.509 1.356  0.391  39.068  39.068  59.277  

    24.175 23.844 0.331  0.795  79.486  79.486    

P3 WT1 24.466 18.831 5.635  0.020  2.012  2.012  6.747  

    23.663 20.541 3.122  0.115  11.483  11.483    

  WT2 24.866 20.212 4.654  0.040  3.971  3.971  29.519  

    23.604 22.743 0.861  0.551  55.066  55.066    

  TG1 31.665 26.823 4.842  0.035  3.486  3.486  6.448  

    30.148 26.739 3.410  0.094  9.411  9.411    

  TG2 27.842 24.453 3.389  0.095  9.544  9.544  13.676  

 

 

  



Vu 96 

 

D7: Dnmt3a 

Age Sample Test Ref ΔCt 2^-ΔΔCt % %Adj %Avg 

E14.5 WT1 24.844 25.588 -0.744  1.675  167.513  100.000  100.000  

    26.550 26.712 -0.162  1.119  111.860  100.000   

  WT2 26.145 26.291 -0.146  1.107  110.672  100.000  100.000  

    27.384 28.388 -1.004  2.006  200.587  100.000   

  TG1 24.412 24.455 -0.043  1.030  103.040  100.000  100.000  

    23.795 24.840 -1.045  2.063  206.303  100.000   

  TG2 28.004 24.926 3.078  0.118  11.842  11.842  16.753  

    26.300 24.093 2.207  0.217  21.665  21.665   

P0 WT1 22.506 22.500 0.006  0.996  99.579  99.579  99.790  

    24.283 26.396 -2.113  4.326  432.622  100.000   

  WT2 23.265 25.239 -1.974  3.928  392.797  100.000  100.000  

    23.408 24.939 -1.531  2.890  289.045  100.000   

  TG1 26.352 25.860 0.492  0.711  71.108  71.108  75.913  

    26.522 26.213 0.309  0.807  80.717  80.717   

  TG2 24.704 26.455 -1.750  3.364  336.444  100.000  54.187  

    28.890 25.313 3.578  0.084  8.375  8.375    

P3 WT1 25.743 21.163 4.580  0.042  4.181  4.181  19.671  

  WT2 26.273 24.765 1.508  0.352  35.162  35.162   

  TG1 24.284 25.110 -0.826  1.773  177.308  100.000  57.030  

  TG2 26.032 23.201 2.830  0.141  14.060  14.060   
 


