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ABSTRACT 

 

Owing to the presence of muscle stem cells (MuSC), adult skeletal muscle is capable of 

regenerating after injury. Quiescent muscle stem cells become activated and proliferate 

into myoblasts which undergo myogenic differentiation to repair damaged tissue. The 

transcription factor (TF) Six1 is a known regulator of muscle stem cells which potentially 

plays a role in the early stages of MuSC activation. When bound to the appropriate 

cofactor, Six family transcription factors are capable of activating or repressing 

transcription. Previous work suggests that Six1 establishes the accessibility landscape 

required for the myogenic regulatory factor (MRF) MyoD to bind to DNA. It was 

hypothesized that Six1 recruits p300 to acetylate Histone H3 lysine 122 which then 

renders DNA more accessible and facilitates gene transcription. The objective of this 

research was to investigate the role of Six1 in regulating the epigenetic and accessibility 

state of DNA in myoblasts. It was found that Six1 and the histone acetyltransferase 

p300 coincide at many gene enhancers. In addition, Six1 knock-down is associated with 

reduced DNA accessibility at a large number of loci in C2C12 myoblasts and with gene 

downregulation. In this research, we determined that recruitment of p300 by Six1 alters 

chromatin accessibility and gene expression in proliferating myoblasts, providing 

evidence of Six1 pioneer factor activity. 
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1 Introduction 

Skeletal Myogenesis 
 

In vertebrates, skeletal muscle of the back, body wall, and limbs derive from spherical, 

embryonic structures bordering the neural tube called somites (Christ & Ordahl, 1995). 

Somites delaminate from the hypaxial edge of the dermomyotome, the dorsal region of 

the somite, in response to signalling by the tyrosine kinase receptor, c-met and SF/HGF 

genes (Bladt et al., 1995; X. M. Yang et al., 1996).  

Two rounds of myogenesis occur during embryonic development of skeletal muscle. 

The first round of embryonic myogenesis gives rise to primary muscle fibers whereas 

during the second round, primary myofibers fuse to form secondary myofibers (Duxon et 

al., 1989). The muscle fiber types present in fast versus slow twitch muscle are 

distinguished by the presence of differing myosin isoforms during the second round of 

myogenesis (Lyons et al., 1990). In adult skeletal muscle, muscle precursor cells (MPC) 

termed satellite cells reside between the basal lamina and plasma membrane where 

they can become activated in response to muscle injury or growth demands (Mauro, 

1961).  

1.1 Muscle Disorders 
 

Mutations to genes involved in the regulation of myogenesis have been associated to 

various muscle disorders. Muscle disorders are typically associated with muscle wasting 

and can be genetic or nonhereditary. Progressive muscle wasting which occurs during 

the aging process is termed sarcopenia (Rosenberg, 1997). Elevated levels of apoptotic 
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proteins found in sarcopenia have been suggested to contribute to protein degradation 

and muscle fiber loss (Dirks & Leeuwenburgh, 2002; Dupont-Versteegden, 2005).  

Muscular dystrophies are group of heritable muscle disorders which akin to sarcopenia 

are also characterized by progressive muscle wasting (Emery, 2002). Dysregulation of 

several myogenic regulators including myostatin and mTOR (mammalian target of 

rapamycin) have been observed in both sarcopenia and muscular dystrophies (Anand 

et al., 2021; Risson et al., 2009; Siriett et al., 2006; Wagner et al., 2002). 

Two of the most common muscular dystrophies, Duchenne Muscular Dystrophy (DMD) 

and Becker Muscular Dystrophy (BMD) are X-linked recessive diseases caused by loss 

of function mutations in the DMD gene which encodes for the dystrophin protein 

(Kunkel, 1986). Dystrophin plays a key role in maintaining myofiber stability during 

muscle contraction by connecting the intracellular cytoskeleton to the extracellular 

matrix (Petrof et al., 1993). The absence of dystrophin in MuSCs results in fragile and 

easily damaged myofibers, ultimately leading to muscle wasting and higher 

susceptibility to injury. 

The incidence rate of BMD is approximately 1 in 18450 male births worldwide (Bushby 

et al., 1991). BMD is characterized by a deficiency in dystrophin resulting from in-frame 

exon mutations, which while leaving the reading frame intact, results in a truncated and 

partially functional dystrophin protein (Malhotra et al., 1988). BMD onset typically occurs 

during childhood, with loss of ambulation occurring during the third decade (Beggs et 

al., 1991; Mah et al., 2014). Symptoms of BMD include muscle weakness, cramps, and 

difficulty walking. Severity of BMD symptoms and disease progression are suggested to 

be related to the structure of the truncated dystrophin at the deletion site (Nicolas et al., 
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2015). The leading cause of death in both Duchenne and Becker Muscle Dystrophy 

patients is reported to be from cardiac or respiratory complications (Connuck et al., 

2008; Nigro et al., 1990). 

1.2 Duchenne Muscular Dystrophy 
 

The most common form of muscular dystrophy is Duchenne Muscular Dystrophy. DMD 

effects approximately 1 in 3500-5000 male births worldwide (Price et al., 2007). DMD is 

defined by a loss of function mutation DMD gene which encodes the protein dystrophin 

(Koenig et al., 1987). Although MuSCs can differentiate and replace the damaged 

myofibers, new muscle tissue continues to retain the mutation. Cycling between 

degeneration and regeneration results in decline in muscle function and progression of 

the disease (Haddix et al., 2018). At present, there is no known cure for DMD, and the 

median life expectancy at birth is 23 years (Landfeldt et al., 2020). Symptoms of DMD 

are typically more severe than Becker Muscular Dystrophy where onset of symptoms 

and loss of ambulation typically occurs in the first decade of life (Bello et al., 2016). 

Current research efforts are being directed towards exploring potential curative 

treatments for DMD include exon skipping, gene-based and cell-based therapies.  

Gene-based therapy includes genome editing using CRISPR/Cas9 to correct the frame-

shift mutation in the DMD gene (Young et al., 2016). Young et al. demonstrated the 

restoration of the DMD reading frame in human induced pluripotent stem cell lines 

(hiPSCs) through internal deletion of exons 45-55 of the dystrophin protein. The internal 

deletion was capable of restoring the function of dystrophin in both hiPSC-derived 

cardiomyocytes and skeletal muscle cells. Deletion of exon 23 was also found to 
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partially recover dystrophin in cardiac and myofibers in the mdx mouse model of DMD 

(Nelson et al., 2016). Thousands of mutations to DMD have been identified in patients, 

as such, development of optimal gene correction strategies for each known mutation 

poses a logistical challenge for the use of CRISPR technologies for treatment of DMD 

(Bladen et al., 2015). Double-cutting is a method whereby multiple double-stranded 

DNA breaks separated by large genomic regions are introduced. Excision of multiple 

large regions of the DMD gene could allow for the transcription of truncated yet 

functional dystrophin and serve as a comprehensive correction strategy for multiple 

common DMD mutations (Olson, 2021). However, double cutting has previously been 

associated to off-target mutations or genome rearrangements (Nelson et al., 2019). 

DMD gene transfer using recombinant adeno-associated virus (rAAV) is another 

promising approach to treatment of Duchenne Muscular Dystrophy. Truncated 

dystrophin cDNA (Complementary Deoxyribonucleic Acid) transferred by an AAV vector 

into dystrophic mdx muscles was shown to improve muscle contraction (Yoshimura et 

al., 2004). AAV vector transferred micro-dystrophin treatment in female mdx mice 

reduced myocardial fibrosis and improved ECG results, suggesting its promise for use 

in Duchenne cardiomyopathy treatment (Bostick et al., 2011). Recombinant AAV 

serotype 9 (rAAV-9) vectors have been used to create in-frame deletions of exon 23 

and is reported to restore dystrophin synthesis in skeletal muscles in the mdx mouse 

model (Long et al., 2016). A clinical trial by Sarepta Therapeutics (NCT04281485) 

testing rAAV microdystrophin gene therapy on children aged 3 months to 7 years is 

ongoing and two additional trials using rAAV-9 (NCT03368742, NCT03375164) are in 

the recruitment stage. One challenge in realizing the use of rAAV vectors for delivering 
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DMD cDNA is due to the complex and resource-intensive production (C. Li & Samulski, 

2020). In multiple current clinical trials (NCT04468742, NCT03362502), high doses of 

1014  vector genomes (vg) per kilogram bodyweight are required, as such research 

efforts are being made into scaling the manufacturing of AAV vectors and exploring 

strategies for reducing dosage (Colella et al., 2018; Jayandharan et al., 2010; Lock et 

al., 2010; Tabebordbar et al., 2021). 

1.4 Cell Therapy 

 

Cell therapy for treatment of Duchenne Muscular Dystrophy and other muscular 

degenerative disorders involves injection of MuSCs which possess a functional 

Dystrophin gene to improve host muscle regeneration (Cossu & Sampaolesi, 2007). For 

cell therapy to be effective, donor myogenic precursors must be capable of locating to 

the sublaminar muscle stem cell nice, reconstructing damaged muscle tissue and 

repopulating the stem cell pool.  

Several populations of stem cells from various origins could potentially be used for DMD 

treatment. Transplantation of a single myofiber into dystrophic mouse muscle was found 

to be capable of extensive proliferation and retained the capacity for self-renewal (Hall 

et al., 2010). Multiple studies have explored various stem cell populations for their 

potential use in cell therapy using mdx dystrophic mice. Injection of muscle derived 

CD34+ stem cells have previously been found to be capable of dystrophin restoration in 

mdx mice (Torrente et al., 2001). Additionally, CD133+ mesangioblasts, multipotent 

stem cells associated with vessels, were also found to be capable of restoring 

dystrophin in mdx mice (Torrente et al., 2004).  
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A Phase I clinical trial was previously conducted wherein donor myoblasts were 

transplanted through injection into DMD patients. While myoblast implantation resulted 

in a modest increase in dystrophin positive fibers, the levels detected were not clinically 

significant (Miller et al., 1997).  An ongoing Phase I/II clinical trial (NCT02196467) is 

currently being conducted testing the effectiveness of high-density transplantation of 

donor myoblasts in DMD patients. 

A major challenge in realizing cell therapy as a treatment for DMD is attaining large 

numbers of engraftable muscle stem cells (MuSCs) which also maintain an 

undifferentiated state (Muir & Chamberlain, 2009). Furthering the understanding of the 

molecular mechanisms controlling MuSCs may aid in the realization of cell therapy as a 

cure for DMD. 

1.5  Muscle Stem Cells and Regeneration 

 

Adult skeletal muscle is comprised of either from unipotent, myogenic progenitor cells 

called satellite cells or multipotent cells which can differentiate into an array of cell types 

in response to extracellular signalling (Seale et al., 2001). Although unipotent satellite 

cells only produce myogenic cells (Starkey et al., 2011), satellite cells fall under the 

stem cell classification as they have the capacity for continual self renewal and 

differentiation.  

Stem cells are contained and regulated within complex microenvironments referred to 

as “niches” (Scadden, 2006).  A key component of the stem cell niche is the 

extracellular matrix (ECM) which imparts both structural support and mediates 

regulatory signalling pathways through binding of cellular receptors (Bissel & Barcellos-
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Hoff, 1987; Boudreau & Jones, 1999). The basal lamina is a layer of ECM which 

provides both a scaffold for stem cells to tether and a dynamic microenvironment which 

regulates proliferation and differentiation within the stem cell niche (Boonen & Post, 

2008). The capability of muscle stem cells to continually self-renew is dependent on 

maintenance of the stem cell niche.  

To keep pace with the demands for muscle regeneration in response to growth, muscle 

injury or disease, a pool of stem cells must be continually maintained within the stem 

cell niche. Muscle stem cells can undergo symmetric divisions to produce identical 

daughter cells or asymmetric divisions to produce cells which either differentiate 

towards the muscle lineage or return to quiescence to maintain the stem cell pool (Feige 

et al., 2018). The absence of dystrophin in DMD results in a reduction of asymmetric 

cell divisions, leading to insufficient numbers of muscle precursors available for muscle 

regeneration (Dumont et al., 2015). 

Figure 1 Steps involved in muscle stem cell activation and self-renewal 

 

Following injury in healthy adult muscle, stem cells become activated, re-enter the cell 

cycle to proliferate, and fuse into myofibers which can repair damaged tissues. In adult 
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skeletal muscle, the transitions from MuSC to myoblasts which later fuse to form 

myofibers are orchestrated by numerous transcription factors. 

1.6 Transcription Factors 

 

The myogenic regulatory factors, MyoD, Myogenin, MRF4 and Myf5, are basic-helix-

loop-helix (bHLH) transcription factors required for both the commitment and regulation 

of myogenic progenitor cells (MPC), myoblasts poised to proliferate and eventually form 

muscle tissue (Weintraub et al., 1991). While deletion of either Myf5 or MyoD alone 

does not affect muscle formation (Braun et al., 1992; Rudnicki et al., 1992), skeletal 

muscle is eliminated in double knock-out mice (Rudnicki et al., 1993). In Myf5::MyoD 

double mutant mice, MRF4 was also found to be capable of conferring myogenic 

identity by substituting for MyoD (Kassar-Duchossoy et al., 2004). 

In culture, both MyoD and myogenin are capable of converting non-myogenic cells to 

the muscle lineage (Sassoon et al., 1989). In contrast to MyoD, Myf5 and MRF4, 

inactivation of the myogenin gene is lethal in mice, and results in severe reductions to 

differentiated skeletal muscle (Hasty et al., 1993). Myogenin expression was diminished 

in double knock-out mouse embryos of MyoD and NFATc3, while unaltered in embryos 

with single knock-outs of either factor, suggesting the involvement of NFAT in 

upregulating myogenin (Armand et al., 2008). 

Synergistically with the MRFs, MyoD and myogenin, the transcription factor MEF2 

(myocyte enhancer factor-2) initiates myogenesis through binding domain interactions 

(Molkentin et al., 1995). During terminal differentiation, MyoD elicits cell cycle 

withdrawal through inducing the upregulation of p21 (Halevy et al., 1995). The 
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transcription factor Runx1 also co-operates with MyoD to regulate myoblast proliferation 

during muscle regeneration (Umansky et al., 2015). Dystrophic mdx mice which were 

also Runx1-deleted in the muscle lineage (floxed Runx1 alleles deleted by transgenic 

Myf5::Cre), were found to have decreased myoblast proliferation, resulting in both 

disrupted muscle regeneration and decreased lifespan.  

Wnt family proteins mediate dorsalizing signals required for both the formation of the 

epithelial structure of somites and maintenance of the dermomyotome (Ikeya & Takada, 

1998; Linker et al., 2005). Wnt and Shh signalling initiates myogenesis through 

activation of the transcription factors Pax3 and Pax7 (Maroto et al., 1997). Pax3 

expression has been found to be sufficient in inducing the expression of both 

transcription factors MyoD and Myf5 (Maroto et al., 1997).  

Following delamination, cells expressing Lbx1 and Pax3 migrate laterally to the limb 

buds (Gross et al., 2000). Shh initiates proliferation of MPCs in the limb bud (Duprez et 

al., 1998). During myogenic differentiation, Lbx1 and Pax3 expression is downregulated 

in the limb, whereas the myogenic regulatory factors, including Myf5, myogenin, MyoD 

and MRF4 are upregulated (Gross et al., 2000). 

In addition to the aforementioned MRFs, which regulate the expression of genes at 

different stages of myogenesis, the paired-box transcription factor, Pax7, is required for 

regulating both proliferation and differentiation of activated muscle stem cells (Zammit et 

al., 2006). To replenish the stem cell pool, a subset of Pax7+MyoD- cells return to 

quiescence, whereas MyoD+ cells continue onto differentiation into myofibers and a 

permanent cell cycle withdrawal. Wnt7a and Notch signalling also facilitates stem cell 
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population maintenance respectively through induction of symmetric or asymmetric cell 

divisions (Cheng et al., 2018; Le Grand et al., 2009; Mourikis & Tajbakhsh, 2014).  

1.7 MyoD 

Satellite cells in a quiescent state express Pax7, which inhibits myogenesis through 

repression of the MRF, MyoD (Olguin et al., 2007). As previously mentioned, MyoD and 

Myf5 are both required for muscle lineage specification. Transfection of genomic DNA 

from mouse C2C12 myoblasts treated with 5-azadeoxycytidine, an inhibitor of 

methyltransferase activity (Jones & Taylor, 1980), was found to be capable of 

converting 10T1/2 fibroblasts into myoblasts (Lassar et al., 1986). Furthermore, binding 

of MyoD to two sites of the mouse muscle creatine kinase gene (MCK) enhancer was  

capable of initiating myogenic commitment (Lassar et al., 1989). The expression of the 

basic and Myc homologous domains of MyoD in 10T1/2 fibroblasts was sufficient for 

DNA binding and inducing conversion into the myogenic lineage (R. L. Davis et al., 

1987; Tapscott et al., 1988). The MyoD protein regulates transcription of the MyoD gene 

through a positive autoregulatory loop which potentially contributes to the stability of 

myogenic commitment, suggesting that MyoD is responsible for stable commitment of 

undifferentiated cells to the muscle lineage (Thayer et al., 1989).  

MyoD-deficient mdx mice were found to have satellite cells with normal levels of 

differentiation, however, they had poor regenerative potential due to reduced 

proliferation (Megeney et al., 1996). Montarras et al. presented a mouse model of cell 

therapy which engrafted donor MuSCs into recipient muscle. MuSCs which became 

activated and expressed MyoD in vitro culture differentiated into myofibers but failed to 
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repopulate the stem cell pool. Activated myoblasts are capable of escaping 

differentiation by maintaining Pax7 expression, downregulating MyoD and returning to 

quiescence (Zammit et al., 2006).  

1.8 Epigenetics and DNA Accessibility 
 

As myogenic precursor cells progress through various stages of myogenesis, the 

activity of numerous transcription factors are dynamically up or downregulated. As such, 

myogenesis implicates both a stringent temporal and spatial regulation of gene 

expression. The structural organization of DNA impacts gene expression by controlling 

the ability of transcription factors to bind to target regions and transcriptional machinery, 

such as RNA polymerase II (RNAPII), to bind to promoters, initiate transcription and 

engage in productive elongation.  

These relatively stable alterations to DNA accessibility or structure which affect gene 

expression without affecting the genetic code are termed epigenetic modifications 

(Creyghton et al., 2010; Handy et al., 2011). Negatively charged DNA is packaged into 

nuclei around positively charged histone octamers. Post translational modifications 

(PTMs) on histones including acetylation, phosphorylation, glycosylation, ubiquitination, 

and methylation can alter the stability of the DNA-histone complex, resulting in DNA 

compaction or expansion. DNA in an accessible, euchromatic state is generally 

transcriptionally active (Shahbazian & Grunstein, 2007). While acetylated histones are 

often associated with transcriptional activation (Hebbes et al., 1988), histone 

methylation can be activating or repressive depending on the histone or lysine residue 

targeted for methylation (Carrozza et al., 2003; Hsieh, 1994).  
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Figure 2  Schematic illustration of epigenetic regulation of gene expression. Histone acetylation and methylation are 
epigenetic modifications which have the capability of modifying gene expression either by altering chromatin structure 
or through recruitment of transcription factors.   

 

Epigenetic modifications have been well established to be implicated during 

myogenesis and muscle stem cell maintenance (Blais, 2015; Dilworth et al., 2004; 

Dilworth & Blais, 2011; Giordani & Puri, 2013; Puri, Sartorelli, et al., 1997; Puri et al., 

2001; Singh et al., 2015). Maintenance of satellite cells in a quiescent state requires 

repression of genes involved in activation through the formation of heterochromatin. 

Previous research investigating changes to genome architecture in muscle cells 

revealed that the MRF, MyoD could regulate gene expression through chromatin 

remodelling (Megeney et al., 1996). 

1.9 Six family of transcription Factors 

The homeobox gene sine oculis (so) was first identified in the Drosophila melanogaster 

as an essential regulator of compound eye morphogenesis (Cheyette et al., 1994; 

Serikaku & O’Tousa, 1994). While there are two transcription factors in drosophila, in 

mammalian species there are six members of the Six family of transcription factors 

(SIX1-SIX6) (Figure 3). Homologues to sine oculis, Six family proteins were also 

identified in a variety of other organisms including mammals, avians, fish, xenopus and 

nematodes (Bovolenta et al., 1998; Kawakami, 1996; Loosli et al., 1998; Oliver et al., 
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1995). Six proteins are present in several tissues and regulate numerous developmental 

processes in addition to eye formation. In mammals, Six1, Six2, Six4 and Six5 are 

expressed in adult skeletal muscle or satellite cells (Klesert et al., 2000; Laclef, Hamard, 

et al., 2003; Ozaki et al., 2001; Relaix et al., 2013). 

Figure 3 Six family of transcription factors homology and protein domain distribution created with reference to 
Kawakami et al., 2000. 

Triple silencing of Six1/2/4 in chick embryos resulted in anencephaly, suggesting a role 

for Six1/2/4 expression in both craniofacial development and brain morphogenesis 

(Garcez et al., 2014). The role of Six2 is well established to control kidney development 

through regulation of nephron progenitor self renewal (Kirby et al., 2001). Additionally, 

manipulation of Six3 and Six6 expression using murine models also points to the 

involvement of these transcription factors in neurogenesis (Appolloni et al., 2008; 

Pandolfi et al., 2019). UNC-38, a homologue of Six4/5 in Caenorhabditis elegans, has 

been found to regulate cell migration and differentiation (Yanowitz et al., 2004). 

Overexpression of the Six6 homologue, Optx2, in Xenopus laevis resulted in retina over 



14 
 

proliferation and ectopic eye formation, suggesting a role in retinal cell fate 

determination (Bernier et al., 2000).  

1.10 Six1 
 

In adult skeletal muscle, the homeodomain transcription factor Six1 is required for both 

the activation and return to quiescence of MuSCs (Le Grand et al., 2012). Six1 null mice 

die at birth due to severe muscle hypoplasia (Laclef, Hamard, et al., 2003; Laclef, Souil, 

et al., 2003; X. Li, Oghi, et al., 2003). Conditional Six1 knock-out in murine adult satellite 

cells has been found to impair myoblast differentiation and self-renewal capability during 

skeletal muscle regeneration (Le Grand et al., 2012).  

Our lab has identified MRF target genes for Six1 in C2C12 myoblasts and demonstrated 

that Six1/Six4 contributes to skeletal muscle gene induction in cooperation with MyoD 

(Y. Liu et al., 2010). Six1 has also been found to act as a direct upstream regulator of 

MyoD (Y. Liu et al., 2013).  Double knock-out of Six1 and Six4 in mice has been found 

to result in muscle hypoplasia as well as rib and craniofacial defects (Grifone et al., 

2004). Six family proteins bind DNA through a divergent homeodomain on sequence 

elements called MEF3 sites (Y. Liu et al., 2012; Spitz et al., 1998). MEF3 DNA elements 

have been identified within the core enhancer regions (CER) of MyoD (Le Grand et al., 

2012; Y. Liu et al., 2013). Through the CER regions, Six1 is able to bind and regulate 

MyoD expression in cultured primary myoblasts (Y. Liu, 2017; Y. Liu et al., 2013).  While 

loss of Six1 in quiescent cells does not produce any detectable phenotype, Six1 

regulates the return to quiescence following regeneration through ERK signalling (Le 

Grand et al., 2012). Six1 plays a critical role in maintaining homeostasis of the stem cell 
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pool during skeletal muscle regeneration by regulating the extracellular signal-regulated 

kinase 1/2 (ERK1/2) pathway.  

Although many of the pathways and TFs involved in the transition from satellite cell to 

myofiber and maintenance of the stem cell pool have been identified, the role and mode 

of action of Six1 in these processes is not yet fully understood. 

1.11 The co-factors of Six1 

 

In Drosophila, the homeobox gene, sine oculis, eyeless (ey), eyes absent (eya) and 

dachshund (dac) are required for compound eye development (Serikaku & O’Tousa, 

1994).  In vertebrates, Eya family proteins (Eya1-4) and Dach are respectively 

homologous to eyes absent and dachshund (R. J. Davis et al., 1999). Six1 lacks an 

activation domain and requires interactions with Eya for activation of target genes 

(Fougerousse et al., 2002; Grifone et al., 2004, p. 1; X. Li, Oghi, et al., 2003). The Six 

domain of Six1 forms an interaction through a single α-helix with the C-terminal Eya 

domain (Patrick et al., 2013).  The interaction between Six1 and Eya forms a bipartite 

transcriptional complex involved in mammalian development and disease (X. Li, Oghi, 

et al., 2003). Additional bipartite transcriptional complexes such as beta-catenin with Lef 

form functional interactions which activate transcription of target genes involved in 

organogenesis (Behrens et al., 1996; van Genderen et al., 1994). Mutations to either 

Six1 or Eya result in BOR (branchio-oto-renal) syndrome, an autosomal dominant 

disorder associated with loss of hearing, kidney malformations, and branchial 

abnormalities (Patrick et al., 2013). 
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The Eya domain belongs to the haloacid dehalogenase (HAD) superfamily and has 

tyrosine phosphatase activity (X. Li, Oghi, et al., 2003). Similarly to Six1, Eya protein 

phosphatase activity is needed for regulating precursor cell proliferation (X. Li, Oghi, et 

al., 2003). Double knock-out of Eya and Six1 in developing mouse embryos have been 

found to result in a reduction in epaxial muscle and elimination of hypaxial muscle. 

Additionally, Eya4 mutations have been linked to dilated cardiomyopathy and heart 

failure in humans (Abe et al., 2018).   

Dach is homologous in vertebrates to dachshund and is related to the corepressors 

Ski/Sno (Hammond et al., 1998). The Dach domain can downregulate genes through 

binding with histone deacetylases (HDAC) (K. Chen et al., 2013). In mice, Six6 and 

Dach were found to bind to promoter regions to repress renal and pituitary precursor 

cell proliferation (X. Li et al., 2002). Interestingly, in murine myoblasts Eya phosphatase 

activity was determined to be capable of converting the function of an interaction 

between Six1 and Dach1/2 from transcriptional repression to activation by facilitating 

the interaction with the histone acetyltransferase (HAT) CBP (CREB-binding protein) (X. 

Li, Oghi, et al., 2003). The molecular details of this mechanism, and whether it is 

applicable to all of the target genes of Six1, remain uncertain. Dach2, Eya2 and Six1 

have also been demonstrated in chick myoblasts precursors to synergistically regulate 

myogenesis (Heanue et al., 1999). 
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Figure 4 Co-repressor and co-activator activity of Six1 by Dach and Eya. 

 

BRG1 and BRM are ATPase subunits of the chromatin remodelling complex SWI/SNF 

(Bultman et al., 2000). The activity of Eya and Six1 during neurogenesis are enhanced 

through ATPase activity of BRG1 (Ahmed et al., 2012). Additionally, BRG1 deficiency in 

mice results in a reduction in Eya and Six1 expression (Xu et al., 2021). Furthermore, a 

co-immunoprecipitation (co-IP) revealed a direct physical interaction between BRG1 

and Six1-Eya, supporting that the chromatin remodelling properties of BRG1, and likely 

the entire SWI/SNF complex, may assist transcriptional regulation by Six1.  Efforts to 

identify cofactors of regulatory elements involved during myogenesis could reveal 

potential therapeutic targets for treatment of muscular degenerative disorders. 
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1.12 Histone Acetylation by p300 
 

One of the best studied transcriptional co-activators is p300/CBP, which are known to 

be implicated in possibly all biological processes, including myogenesis (Khilji et al., 

2018; Puri, Avantaggiati, et al., 1997). p300 and its related protein, CBP, are 

transcriptional coactivators known to be involved in developmental processes.  

CBP was first identified through interaction with phosphorylated CREB (cAMP-response 

element binding protein), as a transcriptional coactivator (Chrivia et al., 1993). The CBP 

paralog, p300, was subsequently isolated as a binding protein of the adenovirus, early 

region 1A (E1A) (Eckner et al., 1994). CBP and p300 are reported to act as 

coregulators of numerous transcription factors including MyoD, Myf5, (Roth et al., 

2003). 

Acetylation of histone octamers by p300 has been determined to be necessary for 

myogenesis in C2C12 murine cell line of myoblasts (J. Chen et al., 2015). p300/CBP is 

required for dynamic acetylation of transcription factors and epigenetic enzymes 

(Carrozza et al., 2003; Imhof et al., 1997). A role for p300 in the initiation of muscle 

function genes during terminal differentiation has also previously been demonstrated 

(Pradeepa, 2016).   

Although paralogous, p300 and CBP regulate distinct functions. p300 knock-out mouse 

embryos display more severe abnormalities in heart development in comparison to CBP 

knock-out (Yao et al., 1998). Conversely, CBP was determined to be required for 

hematopoietic differentiation whereas no abnormalities were observed in mice with a 

p300 heterozygous null mutation (Kung et al., 2000). Variations in CBP and p300 
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coregulation may be attributed to preferential acetylation of different lysine residues. For 

example, on H4, CBP preferentially acetylates lysine 18 while lysines 5 and 8 are 

preferential to p300 (Henry et al., 2013; Schiltz et al., 1999). 

Through inhibition of either CBP or p300, only the activity of p300 was determined to be 

necessary for regulation of myogenesis (Puri, Sartorelli, et al., 1997). p300 inhibition 

resulted in a reduction of expression of Myf5 and MyoD required for muscle cell fate 

determination, whereas cells with CBP inhibition continue to progress through 

myogenesis. Artificial recruitment of the HAT domain of p300 is sufficient in inducing 

enhancer acetylation and promotor proximal transcription of MyoD (Hilton et al., 2015). 

Knock-down of p300 results in impairment in proliferation, cardiac development, and 

neurulation, suggesting its significance during embryonic development (Sun et al., 

2010). 

Both p300 and CBP have a catalytic HAT domain (Bannister & Kouzarides, 1996; 

Ogryzko et al., 1996). Autoacetylation of an activation loop motif within the p300 HAT 

domain was found to increase its catalytic activity (Thompson et al., 2004). While p300 

is capable of acetylating all four core histones, the ZZ-type zinc finger (ZZ) and 

bromodomain of p300 modulate the preferential acetylation of H3 (H3K27, H3K18) and 

H4 (Y. Zhang et al., 2018). The bromodomain and PHD finger of p300 cooperate to 

stably bind to acetylated lysine residues on histone tails (Manning et al., 2001; Ragvin 

et al., 2004). Following DNA damage, the bromodomain of p300 binds to p53 which 

mediates acetylation-dependent coactivator recruitment that is required for cellular 

stress responses including apoptosis (Mujtaba et al., 2004).  
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The HAT activity of p300/CBP promotes the assembly of the pre-initiation complex 

(PIC) through recruitment of TFIID and RNAPII at enhancer regulated genes (Narita et 

al., 2021). Narita et al. proposed that p300/CBP simultaneously promote the recruitment 

of RNAPII and recruit BRD4 to coordinate pause release of RNAPII. Time-resolved 

analysis of p300/CBP acetylated sites on both histones and non-histones using the 

catalytic p300 inhibitor A-485 revealed a rapid turnover of histone acetylation by 

p300/CBP (Weinert et al., 2018). The rapid deacetylation observed following A-485 

treatment suggests constant antagonism mediated by the activity of HDAC’s. As the 

presence of HDACs collectively outweigh the presence of p300/CBP, it can be implied 

that deacetylation is favoured over acetylation within the environment of the cell nucleus 

and that acetylation is likely confined to specific loci where HAT activity is concentrated 

through TF recruitment (Gillespie et al., 2020).   

While certain p300/CBP inhibitors target the bromodomain (Hammitzsch et al., 2015), 

the catalytic inhibitor A-485 competes with acetyl-CoA to inhibit p300 acetyltransferase 

activity (Lasko et al., 2017). Prior to the discovery of A-485 as a inhibitor of p300, known 

alternatives included garcinol, a natural polyisoprenyl benzophenone derivative from the 

fruit rind of Garcinia indica (Balasubramanyam et al., 2004), the synthetic inhibitor, Lys-

CoA (Lau et al., 2000), and the small molecule inhibitor C646 (Bowers et al., 2010). 

Through time-resolved fluorescence resonance energy transfer assay (TR-FRET) 

evaluation of acetylation of a biotinylated histone H4 peptide following p300 inhibitor 

treatment, A-485 was determined to be exceedingly potent and selective in comparison 

to other known inhibitors of p300 (Lasko et al., 2017). Research efforts are being made 

into determining the potential use of A-485 as treatment for various diseases including 
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acute liver injury (ALI), melanoma, and osteoporosis (Huo et al., 2021; Peng et al., 

2019; R. Wang et al., 2018).  

1.13 Histone Acetyltransferases and Deacetylase Activity 

  

In addition to p300/CBP, there are two additional major HAT families including Gcn5-

related N-acetyltransferases (GNATs) and MYST (MOZ, YBF2, SAS2 and TIP) 

(Carrozza et al., 2003). HAT families are defined by structure, binding motifs, and 

catalytic domains. The GNAT family of acetyltransferases is defined by the presence of 

a C terminal bromodomain and four conserved motifs (A-D) including motif A which is 

required for acetyl-CoA binding (Modis & Wierenga, 1998; Sternglanz & Schindelin, 

1999; Tercero et al., 1992). The MYST family of HATs is defined by the MYST domain 

as well as the presence of a zinc finger and acetyl-coA binding site (Borrow et al., 

1996). 

Bromodomain and Extra Terminal domain (BET) are a family (BRD2, BRD3, BRD5, 

BRDT) of highly conserved proteins which read acetylated lysine residues (Haynes et 

al., 1992; Zeng & Zhou, 2002). Bromodomains are named after the related brahma 

gene in Drosophila (Tamkun et al., 1992). Through interaction with acetylated DNA, 

BET proteins are capable of regulating transcriptional elongation through recruitment of 

P-TEFb to DNA (Z. Yang et al., 2005; Zeng & Zhou, 2002). Bromodomains are present 

in a variety of proteins including histone acetyltransferases such as P/CAF (p300/CBP-

associated factor), methyltransferases, helicases, ATP-dependant chromatin 

remodelling complexes, co-activators, and scaffolding proteins. Bromodomains can 

promote histone acetylation through linking HATs to specific loci and assembly of 
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chromatin remodelling complexes (Brownell et al., 1996). Treatment of C2C12 

myoblasts with BET inhibitors (BETi) resulted in dose-dependent inhibition of myogenic 

differentiation (Roberts et al., 2017). While knock-down of BRD3 resulted in enhanced 

myogenic differentiation, knock-down of BRD4, which preferentially binds to the Myog 

promoter and is associated with increased presence of H3K27ac resulted in an anti-

myogenic phenotype. In addition to reading acetylated lysine residues, BRD4 has also 

been shown to act as a HAT capable of acetylating histones H3 and H4 (Devaiah et al., 

2016). 

Histone acetylation can either take place on the core histone proteins (H2A, H2B, H3 

and H4), at various regions of the histone tail or at certain surface residues of their C-

terminal globular domains (Mizzen & Allis, 1998; Molina-Serrano & Kirmizis, 2013). 

Acetylation on the histone tail can be read by BET proteins which modulate transcription 

through recruitment of effector molecules (Zeng & Zhou, 2002). Acetylation is generally 

associated with an opened, euchromatic DNA through neutralization of negatively 

charged DNA and destabilization of DNA-histone interactions resulting in a 

transcriptionally active state. In addition to modifications to the histone tail, acetylation 

has also been detected on the sides and core of the octamer, effecting histone-histone 

interactions (Mersfelder & Parthun, 2006). Modulations to the core potentially effect the 

assembly of the histone octamer while acetylation to the outer regions effect inter-

nucleosomal interactions. Acetylation to the histone surface have been suggested to 

disrupt DNA-histone interactions by decreasing the positive charge of the histone core 

thereby regulating transcription by directly modulating DNA accessibility, such has been 

demonstrated for H3K122ac (D. Y. Lee et al., 1993; Tropberger et al., 2013). 
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Histone deacetylases (HDAC) are catalytic enzymes which control the balance of 

acetylation by removing acetyl groups deposited by HATs (Wade, 2001). There are four 

(I-IV) classes of HDACs respectively classified based on homology to homologues 

found in yeast, Rpd3, Hdal, Sir2 (Ruijter et al., 2003). Contrasting to HAT activity, 

HDAC’s are associated with condensed, inaccessible heterochromatin and 

transcriptional inactivation. HDACs such as SIRT1, can be recruited to silence 

developmentally and environmentally regulated genes through formation of facultative 

heterochromatin (Vaquero et al., 2004). During terminal muscle differentiation, relatively 

stable constitutive heterochromatin has been suggested to require the presence of 

HDACs for spatial reorganisation  and enhanced histone methylation (Terranova et al., 

2005). 

1.14 H3K27ac 

 

H3K27ac can be catalyzed through the p300/CBP complex and is marker of active 

promoters and enhancer regions (Creyghton et al., 2010; Raisner et al., 2018). The 

presence of H3K27ac has been extensively studied in various regulatory mechanisms 

and is associated with transcriptional activation. In human skeletal muscle, H3K27ac 

has been found to be upregulated in aging skeletal tissue (Zhou et al., 2019). The 

understanding of the mechanism behind H3K27ac activity is largely correlative rather 

than functional.  

Through in vitro RNA binding assays, the BET family protein, BRD4 has been shown to 

localize at regions enriched with H3K27ac and to directly interact with H3K27-containing 

peptides in vitro in an acetylation-dependent manner (Rahnamoun et al., 2018). BRD4 
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bound to acetylated histones is suggested to promote transcriptional elongation through 

recruitment of the pause-release factor, P-TEFb to promoter-proximal regions (Kanno et 

al., 2014). It has also been suggested that H3K27ac regulates activation through 

blocking the repressive trimethylation of H3K27 by PRC2 (Polycomb Repressive 

Complex 2) (Pasini et al., 2010). 

1.15 H3K122ac 
 

In addition to H3K27ac, p300 is also capable of catalyzing the acetylation of H3K122ac, 

a marker of active functional enhancers and promoters (Tropberger et al., 2013). 

H3K122ac is located on the nucleosome dyad axis, where histone-DNA binding reaches 

its maximum strength (Hall et al., 2009). Acetylation on the lateral surface of histone 

octamers results in nucleosome destabilization and the opening of chromatin, thereby 

enabling gene transcription (Tropberger et al., 2013).  

Although H3K4me1 and H3K27ac are the standard chromatin signatures used for 

identifying active enhancer regions (Creyghton et al., 2010), Pradeepa et al. identified 

enhancer regions which lacked H3K27ac and were instead defined by H3 globular 

domain acetylation on H3K64ac and H3K122ac. A portion of enhancer regions and 

poised promoters contained H3K122ac but had no detectable levels of H3K27ac. 

Furthermore, sequential ChIP (chromatin immunoprecipitation) was used to confirm the 

presence of H3K122ac in addition to H3K4me1 and H3K27me3 at poised enhancers, a 

potential element of the rapid modulation of genes required during myogenesis.  
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The presence of H3K122ac at poised promoters and enhancers, as well as its ability to 

destabilize nucleosomes suggests that H3K122ac may increase DNA accessibility prior 

to differentiation, allowing for rapid transcriptional upregulation of myogenic genes. 

1.16 Nucleosome Destabilization and RNA Polymerase II 
 

For Pol II to effectively traverse across template DNA, additional factors such as 

transcriptional elongation factors, chromatin remodelling enzymes, chaperone proteins 

and epigenetic modifications are required for downstream transcription (Henikoff, 2008). 

While nucleosomes are required for DNA organization and compaction, the structures 

also pose physical barriers for elongation by RNAPII (RNA Polymerase II). Previous 

studies have found that RNAPII is unable to efficiently cross genomic regions with 

nucleosomes without detachment of a H2A/H3B dimer (Bondarenko et al., 2006; 

Kireeva et al., 2002, 2005). Binding of RNAPII to certain genomic loci is obscured by 

tight wrapping around histone octamers and can be accessed through the activity of 

chromatin remodelling factors. Binding of RNAPII can also be obstructed by the rapid 

and spontaneous re-wrapping of DNA following unwrapping by chromatin remodelling 

factors (G. Li et al., 2005). 

Enzymatic reactions from SWI/SNF complexes can disrupt the interactions between 

DNA and histones through ATP hydrolysis. BRG1 and BRM are two homologous 

proteins of the SWI/SNF complex which impart ATPase activity (Kadam & Emerson, 

2003). Absence of BRG1 and BRM in mouse NIH 3T3 cells resulted in impairment of 

chromatin remodelling required for MyoD-mediated myogenic differentiation (de la 

Serna et al., 2001). Although ectopic expression of myogenin and Mef2D is capable of 
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restoring differentiation in MyoD deficient B22 cells, in NIH3T3 fibroblasts lacking 

BRG1, chromatin remodelling mediated by BRG1 is required for Myogenin/Mef2D 

induction of skeletal muscle differentiation (Ohkawa et al., 2006). 

1.17 Pioneer Factors 
 

The activation of precursor muscle stem cells and maintenance of the stem cell niche is 

collectively orchestrated by numerous transcription factors, enzymes, and epigenetic 

modifications, requiring precise spatial and temporal organization. Pioneer transcription 

factors are capable of initial binding to target sites and actively or passively promoting 

downstream transcriptional activity (Zaret & Carroll, 2011). Pioneer factors work to 

initiate transcriptional cascades through direct recruitment of transcription factors or 

chromatin reorganization, while for others their mere presence acts as a barrier to 

binding of unneeded factors (Magnani et al., 2011).  

The pioneer factor FoxA, is characterized by the ability to recognize target sites within 

compacted regions of DNA and C-terminal domain capable of disrupting the interaction 

between DNA and certain histones (Cirillo et al., 2002). In early mouse embryonic stem 

cells (mESCs) lacking FoxA, target regions are bound by the repressor FoxD3 which 

maintains a demethylated state of DNA (Hanna et al., 2002). During differentiation, 

FoxA proteins are capable of replacing linker histones (H1) thereby opening DNA and 

allowing for transcription factors to bind to their target genes (Marsden et al., 1998). 

In mature macrophages, stimulation by LPS upregulates enhancer activity and is 

coupled by p300 association and NFkB binding (Smale, 2010). To investigate 
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endotoxin-induced transcriptional activation in macrophages, PU.1, a primary regulator 

of myeloid development and p300 were profiled following LPS stimulation using the 3T3 

cell line of mouse embryonic fibroblasts (Ghisletti et al., 2010). Many LPS induced p300 

upregulated regions were pre-associated with PU.1, suggesting that both pioneer factor 

activity of PU.1 prior to LPS stimulation and DNA remodelling primes DNA for immune 

response. 

Myogenic determination factor, MyoD, requires prior Pbx1 binding to the myogenin 

promoter region to allow for MyoD recruitment during differentiation (Berkes et al., 2004; 

Maves et al., 2007). It has been suggested that Pbx1 recruits BRG1 to the myogenin 

promoter and subsequent BRG1-based SWI/SNF chromatin remodelling facilitates  

MyoD binding (de la Serna et al., 2005). 

Six1 interacts with the SWI/SNF complex which is capable of nucleosome displacement 

during inner ear neurogenesis (W. Wang et al., 1996). Previous work in our lab 

suggests that Six1 may potentially act as a pioneer factor by establishing a chromatin 

environment which enables binding of MyoD to the CER of its own gene, thereby 

potentiating the positive autoregulation of MyoD (Y. Liu et al., 2013). 

The presence of pioneer factors allows for organized changes to transcriptional patterns 

by preparing the nucleosome environment (Magnani et al., 2011). The gene expression 

program necessary for regeneration is quickly activated in muscle stem cells, 

suggesting that pioneer factors allow for quick upregulation of genes required for 

myogenesis. Although different mechanisms for pioneer factor activity have been 

proposed, several pioneer factors are suggested to function through recruitment of 
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epigenetic modifications and coincide with the establishment of H3K27ac at enhancer 

regions (Fuglerud et al., 2018; Lemma et al., 2021; Tamura et al., 2021).  

1.18 Hypothesis and Aims 
 

In this research, it was hypothesized that Six1 opens chromatin by recruiting p300 to 

acetylate H3K122 on the lateral surface of the histone octamer, rendering DNA more 

accessible, thereby facilitating gene transcription (Figure 5). The primary aim of this 

work was to determine whether control of DNA accessibility by Six1 has effects on gene 

expression in muscle precursor cells. To address the hypothesis, this work reports a 

series of objectives: 

Objective 1. To determine the functional relationship between Six1 and p300.  

Objective 2. To determine the functional relationship between p300 HAT activity and 

DNA accessibility. 
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Figure 5 Schematic of the hypothesis illustrating recruitment of p300 through pioneer factor activity of Six1 and 
H3K122ac mediated nucleosome destabilization and opening of DNA 
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2. Materials and Methods 
 

2.1 C2C12 Cell Line Maintenance    
 

The C2C12 cells (American Type Culture Collection) were grown in Growth Medium 

(GM) containing 88% (500 mL) Dulbecco's Modified Eagle's Medium High glucose 

(Sigma), 10% (5 mL) Fetal Bovine Serum (FBS) (Sigma), 1% (5 mL) L-Glutamine and 

1% (5 mL) Penicillin/Streptomycin. Cells were grown and maintained subconfluent in a 

humidified water-jacketed incubator at 37°C and 5% CO2. 

2.2 siRNA Transfections 
 

A 15 cm cell culture dish was used to seed 200,000 C2C12 cells for each condition. 

Transfections were performed using Silencer Select siRNAs (small interfering RNA) 

(Thermo Fisher Scientific) suspended and diluted as described by the manufacturer to a 

final concentration of 10 µM. Twenty-four hours after seeding, either 38 µL of siRNA 

siSix1.1 (Silencer™ Select Pre-Designed siRNA cat: 4390771 ID: s73792 ), siSix1.2 

(Silencer™ Select Pre-Designed siRNA cat: 4390771 ID: s201996 ) or 38 µL of siCtrl 

(Silencer™ Select Negative Control No. 1 siRNA 40 nmol cat: 4390844) was suspended 

in 1.8 mL of OptiMEM (Invitrogen). Additionally, 95 µL of Lipofectamine RNAiMax was 

suspended in 1835 µL of OptiMEM. The Lipofectamine solution was added to the siRNA 

solution and incubated at room temperature for five minutes. Following the incubation, 

the solution was added dropwise to adherent cells in 12 mL growth medium. Twenty-

four hours after siRNA transfection, medium was aspirated, and 24 mL of fresh growth 

medium was added.  
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2.3 Western Blot  
 

Two days after siRNA transfection, cells were scraped and lysed using a urea/SDS lysis 

buffer (6 M urea, 20 mM Tris pH 6.8, 0.1% SDS). Lysates were briefly sonicated at 10% 

intensity and subsequently spun down to remove debris. Lysates were separated by 10 

% SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF) membrane at 100 

V. The membrane was blocked for thirty minutes at room temperature with 5% skim 

milk. The membrane was washed with a wash buffer (TBS with 0.05% TritonX-100 and 

0.05% Tween 20) five times for five minutes. The membrane was probed with either 

anti-Six1 antibody (rabbit, Sigma, cat: HPA001893) or B-Tubulin (mouse, clone E7, 

DSHB) at a ratio of 1:1000 overnight at 30 V in 4°C. The membrane was washed as 

previously described prior to incubation with secondary mouse or rabbit specific 

antibodies conjugated with Horseradish Peroxidase (Promega) for one hour. The 

membrane was washed in wash buffer as previously described and drained. Exposure 

was performed using a home-made ECL (enhanced luminol-based chemiluminescent) 

kit where 10 mL 0.1M Tris pH 8.5 was combined with 50 µL 90 mM Coumaric Acid and 

50 µL 250 mM 3-Aminophtalyhydraize Free Azide (Luminol). Prior to exposure, 3 µL of 

30% Hydrogen Peroxide was added to the ECL mixture and incubated for 30 seconds 

with the membrane at room temperature prior to exposure using an SRX-101A 

Processor.  

2.4 p300 inhibition 

 

To inhibit p300, three different doses (0.3 µM, 1.0 µM and 3.0 µM) of 12 mM A-485  

(Tocris) in DMSO solvent was added dropwise to cells. DMSO was used as control. 
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2.5 RNA Extraction 
 

To perform RNA extraction, medium was removed from the cells and the plate was 

rinsed once with PBS (Phosphate-Buffered Saline) to remove excess growth medium. 

Extraction was performed using 1 mL of TRIzol reagent (Invitrogen) and samples were 

transferred into conical tubes before freezing at -80°C. Supernatant was transferred to a 

new tube and samples were vortexed for 10 seconds. Subsequently, 500 µL of 

chloroform was added to the lysates and samples were vortexed for an additional 10 

seconds and allowed to incubate at room temperature for 3 minutes. Samples were 

centrifuged at 12,000 g for 15 minutes at 4°C. The RNA from the aqueous phase was 

precipitated from solution by adding 850 µL of isopropanol, vortexed for 5 seconds and 

allow to incubate for 10 minutes at room temperature. Following this, samples were 

centrifuged at 12,000 g at 4°C for 10 minutes. Pellets were washed twice with 75% 

ethanol and washed once with 100% ethanol. Pellets were centrifuged between washes 

at 7500 g for 5 minutes at 4°C. The final RNA pellet was resolubilized in 30 µL of DEPC-

treated water and incubated for 5 minutes 37°C. Optical density of the samples was 

measured using a NanoDrop 2000 Spectrophotometer. 

2.6 CUT&Tag 
 

Two days after siRNA transfection, cells were scraped and rinsed twice with PBS. The 

2.01 version of the CUT&Tag (Cleavage Under Targets and Tagmentation) protocol 

was used (Kaya-Okur et al., 2019). The H3K122ac (Abcam, cat: ab33309, rabbit), 

H3K27ac (Abcam, cat: ab4729, rabbit), p300 (Active Motif, cat: 61903, mouse), Six1 

(Sigma, cat: HPA001893, rabbit) and IgG (Normal rabbit IgG, Jackson 
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ImmunoResearch), CUT&Tag-seq was performed as described (Kaya-Okur et al., 2020) 

with the inclusion of 1 µL of spike in drosophila DNA at 5 fg/µL and qPCR calibration of 

the amplification procedure added at the post-tagmentation clean-up step. Half of a 

microliter of primary antibody for each marker was added to each sample with the 

exception of H3K122ac, where empirical tests showed that 1 µL of primary antibody 

was optimal. Six replicates of control and Six1 knock-down CUT&Tag experiments were 

performed with antibodies targeting Six1. Three replicates of control and Six1 knock-

down experiments with antibodies targeting H3K122ac, H3K27ac and p300 were also 

performed. For sequencing, 3.2 µL of 12.5 µM i5 + i7 dual index Nextera for Illumina 

primers suspended in Tris 10 mM pH 8.0 were used.  

2.7 qPCR 

 

qPCR was performed using the real-time PCR system, BioRad CFX 96 using 10 µL 

reactions in 96-well plates. To prepare the samples two microliters of DNA was diluted 

in a ratio of 1:50 in 10 mM pH 8 Tris. The DNA solution was added into a solution 

containing 2 µL detergent free 5X HF Phusion Buffer (Thermo Scientific), 0.2 µL 100 µM  

SYTO-13 (Invitrogen), 0.2 µL 10 µM dNTP (Promega), 0.5 µL 10µM primer diluted in 

10mM Tris pH 8.0, 5 µL dH20 and 0.1 µL Phusion (Prepared in-house by Dr. Adam 

Rudner).  

Prior to submitting libraries for sequencing (Illumina HiSeq), samples were validated 

using quantitative PCR (qPCR) with primers targeting the MyoD CER, a region internal 

to the Pax2 gene (heterochromatic in C2C12 cells), the Sf1 gene proximal promoter, 

and a region of the drosophila genome to detect spike-in DNA.  
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For each primer, optimal melting temperatures (Tm) during qPCR amplification were 

determined by testing a gradient of temperatures between 58°C to 70°C with purified 

C2C12 genomic DNA diluted in 5-fold decreasing quantities. 

Initial validation of samples was performed by comparing melting temperature curves to 

those determined to be optimal. Samples were quantified by first determining the mean 

of the quantification cycle (Cq) values of biological replicates followed by calculating a 

transformed Cq value (2-Cq). Statistical analysis was performed using a two-sample 

equal variance, one-sided, t-test (p>0.05). 

2.8 HepG2 Transfection 

 

HepG2 were obtained from the ATCC and cultured as recommended. They were 

transfected in 24 well plates using Lipofectamine 3000 using 1 microgram of DNA mixture, 

consisting of 100 ng of firefly luciferase reporter plasmid (pGL3-Basic with four E-box 

elements, 3 MEF3 elements and a TATA box, (Y. Liu et al., 2010) ,10 ng of normalizing 

plasmid (Renilla luciferase pRL-Null), and 450 ng each of p3xFlag-Six1-myc (Y. Liu et al., 

2010) and pCI/CMV-p300 (kindly provided by Dr. Qiao Li, U. of Ottawa), or the respective 

empty plasmids. Medium was changed 24 hours after lipofection and cells were harvested 

in 100 L passive lysis buffer (Promega Inc.) after another day. Five L of lysate were 

used to assay firefly and Renilla luciferase with the Dual luciferase assay kit (Promega). 

Firefly activity was divided by Renilla activity, and normalized numbers were further 

divided by the condition without Six1 or p300 overexpression.  
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2.9 Co-immunoprecipitation 
 

C2C12 myoblasts were harvested in growth phase and nuclear proteins were extracted 

following a modification of the Dignam method where Dounce homogenization is replaced 

passing through a 27 gauge syringe needle and extract dialysis is replaced by dilution 

with buffer of a lower salt concentration (Dignam et al., 1983). Antibodies used were a 

custom-made rabbit anti-Six1(Y. Liu et al., 2013) or normal rabbit IgG (Jackson 

Immunoresearch). The extract was precleared for two hours with protein A/G agarose 

beads, antibodies were applied overnight at 4oC with rotation, immune complexes were 

captured with protein A/G agarose beads, beads were washed four times in RIPA buffer 

and immune complexes were eluted by boiling in sample buffer. Eluates were resolved 

on 4-20% gradient SDS-PAGE gels and proteins were detected by western blot. Rabbit 

anti-p300 (sc-585X, Santa Cruz Biotechnology) was used. 

2.8 ATAC-seq 

 

ATAC-seq libraries were prepared using the OMNI ATAC-seq protocol as described 

(Corces et al., 2017). Three replicates of samples were prepared in control and Six1 

knock-down conditions using an equimolar pool of siSix1.1 and siSix1.2 small-

interfering RNA. Additionally, ATAC-seq was performed using the p300-inhibitor A-485 

(Tocris) and DMSO as control for 3, 6, 24 hour treatment durations and 0.3 µM, 1.0 µM, 

3.0 µM dosages. 
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2.9 Bioinformatics Analyses  
 

Quality of FASTQ files was analyzed using fastQC 0.11.9. Files were trimmed of low 

quality regions and contaminating sequencing adapters using fastp 0.20.1 (S. Chen et 

al., 2018). STAR v2.7.3a was used to align reads to the mm9 genome with a maximum 

intron size of 1 base pair using a mm9 genome index created without a GTF file (Dobin 

et al., 2013). SAMTools v1.11 was used for indexing of BAM files (H. Li et al., 2009). 

Picard v2.23.3 was to for mark duplicate reads, and duplicates were removed for 

downstream analysis (Picard Tools, Broad Institute).  deepTools bamCoverage, with 

arguments set to exclude duplicate reads and bin sizes set to 10, was used to calculate 

sequencing coverage across the genome and generate bigwig files (Ramírez et al., 

2016).  For CUT&Tag sequencing data, libraries were limited to fragments between 10 

and 2000 base pairs. MACS2 v2.2.7.1 was used for peak calling in BAMPE format 

using the --nomodel option and excluding duplicate fragments (Y. Zhang et al., 2008). 

MSPC v4.0.2 (Multiple Sample Peak Calling) was used to generate consensus peak 

files for CUT&Tag markers (Jalili et al., 2015). The intersect tool from the v.2.29.2 

bedtools package was used for removal of blacklisted genomic loci, including 

mitochondrial DNA (Quinlan & Hall, 2010). featureCounts was used to summarized 

sequenced fragments (defined by read pairs) over peaks (Liao et al., 2014). For 

CUT&Tag samples, fragments ranging in 10 – 2000 bp in length were counted whereas 

for ATAC data, the 5' end of each read was used to query Tn5 cleavage sites in open 

regions of DNA. CUT&Tag peak consensus files for each marker were filtered to have a 

less than 5% False Discovery Rate (FDR), calculated based on overlap with the IgG 
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peak consensus file. A-485 treatment ATAC-seq peaks were filtered to have over 20 

counts in at least 14 samples determined by the number of control samples. 

Downstream differential analysis was carried out using the R package, Bioconductor 

(Huber et al., 2015). edgeR was used to perform differential analysis (Robinson et al., 

2010a) based on sample conditions. Read counts were normalized using Trimmed 

means of M Values (TMM) converted to counts per million reads. Batch effects were 

accounted for using the RUVseq package with the RUVr algorithm with the number of 

co-variables (k) optimized to reduce unwanted variation based on Principal Components 

Analysis (PCA) (Risso et al., 2014). K-means clustering (k=3) was used to group peaks 

according to log-fold change values of median-centered counts. anti-Six1 CUT&TAG 

samples were normalized by the number of thousands of drosophila spike-in reads 

present in each sequencing library. The Bioconductor package, liftOver was used to 

convert peaks from the mm9 to mm10 genome. ChIPpeakAnno v.4.0.2 was used to 

annotate peaks from each cluster using the ENSEMBL mm10 assembly (Zhu et al., 

2010). Peaks were annotated to genes using the shortest distance within a maximum of 

60 kb around the transcription start site (TSS) and limited to those with greater than 30 

counts in at least 5 samples. Panther was used to perform Gene Ontology (GO) term 

enrichment analysis using the Overrepresentation Test against the whole mouse 

genome (Mi et al., 2013). Raw P-values were calculated using the Fisher’s Exact Test 

and the FDR was corrected with the Benjamini-Hochberg algorithm (p < 0.05) 

(Benjamini & Hochberg, 1995). 
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2.10 Data Visualization and Statistical Analysis 

 

Graphs were generated using R packages, pheatmap and ggplot. regioneR was used to 

perform statistical association analysis using a permutation procedure (Gel et al., 2015). 

PlotCorrelation was used to calculate pairwise correlation between samples to 

determine reliability of data (Ramírez et al., 2016). 
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3 Results 

 3.1 Description of the study system employed  
 

Six1 cooperates with various cofactors to regulate skeletal muscle development and 

regeneration (X. Li, Ohgi, et al., 2003; Maire et al., 2020). Assays using C2C12 myoblasts 

have established the involvement of the HAT p300 in myogenesis by acting as a 

transcriptional coactivator of the MRF’s, MyoD and Myogenin, and a previous report has 

shown an interaction between Eya3 and the HAT, CBP (X. Li, Ohgi, et al., 2003; Puri, 

Avantaggiati, et al., 1997). Thousands of Six1 binding sites were found to coincide with 

p300-bound gene enhancers (Khilji et al., 2018) (Figure 6). In order to determine if there 

is a functional association between Six1 and p300 in C2C12 myoblasts, a co-IP assay 

was performed. The results of this unpublished experiment, performed by a former 

colleague reveal an interaction between Six1 and p300 (Figure 7A). The correlation 

between Six1 and p300 is consistent with a mechanism involving Six1 recruitment of p300 

in myoblast regulation.  
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Figure 6 In proliferating myoblasts, several Six1 binding sites (Girgis et al., 2021) qualify as p300-bound gene 
enhancers (defined as promoter-distal loci with high levels of H3K4me1 (Lilja et al., 2017), H3K27ac (Lilja et al., 
2017) and p300 (Khilji et al., 2018). 

 

An interaction between Six1 and co-activator p300 is likely considering that an interaction 

between CBP and a Six1-binding protein (Eya3) has previously been reported (X. Li, 

Ohgi, et al., 2003), and that Six1 and p300 are often located at the same genomic loci 

(Khilji et al., 2018; Y. Liu et al., 2010). Co-immunoprecipitation in C2C12 myoblasts was 

used to determine if Six1 and p300 are part of the same complex. Cells were harvested 

in growth phase and nuclear protein extracts were immunoprecipitated with antibodies 

against Six1 or negative control normal rabbit IgG. The results show that Six1 and p300 

form a stable multiprotein complex (Figure 7A) 

To examine whether the Six1-p300 association is functional, the transcriptional activities 

of Six1 and p300 were assayed. For this, a heterologous cell line expressing minimal 

levels of Six1 was needed. The HepG2 hepatocarcinoma cell line was selected for this 
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purpose, as the Cancer Cell Line Encyclopedia indicates that it expresses relatively low 

levels of the Six1 mRNA (Barretina et al., 2012). This was confirmed by western blots 

using an anti-Six1 antibody, which revealed that HepG2 cells indeed express low levels 

of this protein compared to the mouse myoblast cell line C2C12 or human HEK293T cells 

(Figure 7B). 

Transcriptional reporter assays were performed using an artificial reporter plasmid 

containing binding sites for Six1, co-transfected with expression plasmids for Six1, p300 

or both. The results indicate that p300 has a Six1-dependent effect on transcription from 

the reporter (Figure 7C), suggesting that p300 acts as a bona fide co-activator for Six1. 

  

 
 
Figure 7 (A) Co-immunoprecipitation of p300 with anti-Six1 in nuclear extracts of proliferating C2C12 myoblasts. 
Normal rabbit IgG was used as negative control. An aliquot representing 1% of the starting material was loaded 
alongside. (B) Western blot showing low expression of Six1 various cell lines. The lysate from lane two is from 
HepG2 cells transfected with a 3xFlag-Six1 expression plasmid. The C2C12 lysates are from cells in the growth 
phase (myoblasts, “MB”) or differentiated for four days (myotubes, “MT”).  (C) Luciferase assay performed in HepG2 
cells in the presence of combinations of Six1 and p300 or the respective empty expression plasmids. Results are 
shown as fold reporter gene activity over the condition with both empty plasmids and are the average of two 
biological replicates. Experiments performed by Yubing Liu (panel A) and Caleb Labonté (panels B and C). 
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To establish the functional mechanism of Six1 by which Six1 regulates gene expression 

in skeletal myoblasts, dynamic changes in regulating skeletal muscle development and 

regeneration, dynamic changes to DNA accessibility and epigenetic landscape were 

examined in C2C12 myoblasts following Six1 knock-down. Six1 binding sites were 

profiled using CUT&Tag. Epigenetic regulation by Six1 was investigated by assessing 

variations in H3K27ac, H3K122ac and p300 CUT&Tag signals following Six1 knock-

down. DNA accessibility dynamics following either Six1 siRNA knockdown or p300 

chemical inhibition were also profiled using ATAC-seq. Finally, gene expression levels 

were evaluated at regions where both accessibility and epigenetic landscape were 

suggested to be regulated by Six1 recruitment of p300.  

3.2 Identification of Six1 binding sites using CUT&Tag  

 

To assess the role of Six1 in establishing the epigenetic landscape of myoblasts, Six1 

binding sites were initially identified. ChIP-seq and ChIP-on-chip Six1 binding sites in 

C2C12 myoblasts were previously reported by our lab (Girgis et al., 2021; Y. Liu et al., 

2010). CUT&Tag was used as an alternative method to profile Six1 binding sites in 

C2C12 myoblasts with a high signal-to-noise ratio and affording the possibility to work 

with low cell numbers typically used for siRNA transfections.  

A confirmatory western blot was performed to assess the efficiency of Six1 knockdown 

using two different siRNAs (Figure 8). PlotCorrelation was used to ensure reliability of 

anti-Six1 CUT&Tag data against anti-Six1ChIP-seq peaks  (Figure 9) (Ramírez et al., 

2016). Six1 ChIP-seq peaks were obtained in primary myoblasts as opposed to C2C12 

cells, which may explain the cloud of spots of strong ChIP-seq signal that correlate 
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differently with CUT&Tag signal. Additionally, the Six1 antibody used in the ChIP-seq 

experiment was performed using a homemade, polyclonal antibody as opposed to a 

commercially available antibody. 

Three biological replicates of CUT&Tag samples were prepared under Six1 knock-down 

conditions using two siRNA’s targeting Six1. Six1 binding sites were filtered to have 

<0.05% FDR, determined by overlap with nonspecific IgG CUT&Tag binding sites. A 

total of 9596 significant Six1 binding sites were identified. The CUT&Tag signal at 

representative Six1 binding sites is shown, displaying a reduction in Six1 signal at these 

loci following Six1 knock-down (Figure 10-Figure 12). 

 



44 
 

  

Figure 8 Western blot of C2C12 control and Six1 KD conditions with primary antibodies against Six1 and second 
against beta-tubulin. 
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Figure 9 Computation of sample correlations between six replicates of Six1 control treatment CUT&Tag C2C12 cell 
samples and Six1 ChIP-seq data obtained from primary myoblasts over the entire genome using the plotCorrelation 
tool. CUT&Tag and ChIP-seq data was scaled and normalized by 10 counts per million (CPM) on the mm9 genome. 
Each dot on the figure is representative of the number of fragments between two samples in a single genome region. 

Correlation coefficients were calculated using the Pearson method.  
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Figure 10 IGV screenshot at Six1 with bigwig files representing read density distribution in identically scaled tracks for 
all Six1 control and knock-down samples and a track representing Six1 binding sites. 

 

 

Figure 11 IGV screenshot at Wee1 with bigwig files representing read density distribution in identically scaled tracks 
for all Six1 control and knock-down samples and a track representing Six1 binding sites. 
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Figure 12 IGV screenshot at Tnc with bigwig files representing read density distribution in identically scaled tracks for 

all Six1 control and knock-down samples and a track representing Six1 binding sites. 

 

To quantitate the CUT&Tag signal, a strategy related to RNA-seq was employed where 

binding site “peaks” were considered as genes and CUT&Tag sequence tag abundance 

was treated as RNA-seq tags. CUT&Tag signal at Six1 binding sites were subsequently 

normalized using TMM normalization. Unwanted variation was removed using residuals 

with the Bioconductor package RUVSeq (Figure 13) (Risso et al., 2014) 

To quantify the effect of Six1 knock-down on CUT&Tag signal at Six1 binding sites, 

differential analysis was performed using edgeR (Robinson et al., 2010). These results 

illustrate the expected behavior for most peaks with the Six1 CUT&Tag signal 

decreasing markedly following Six1 knock-down (Figure 14-Figure 15). 
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Figure 13  PCA of anti-Six1 CUT&Tag samples showing the variation in signal between control and Six1 knock-down 
treatment conditions following TMM normalization and removal of unwanted variation using RUVseq. Symbols 
correspond to the six replicates for each condition excluding one low quality knock-down sample omitted from 

analysis. The first two principal axes explained 66.16 % of the variance 
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Figure 14 MA illustrating log-scaled difference between the average Six1 knock-down and control signal at Six1 
CUT&Tag peaks. Read counts were divided by the number of thousands of Drosophila spike-in reads, library-wise. 
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Figure 15 Heatmap illustrating Six1 signal at Six1 binding sites between siCtrl and siSix1 treatment samples. 
Samples were normalized by the number of thousands of drosophila spike-in reads present in each sample 
sequencing library. The Six1 signal colour scale indicates log-scaled CUT&Tag signal after median-centering. 
Samples were plotted using hierarchical clustering. 
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3.3 Identification of genomic loci which decrease or increase in H3K122ac, 

H3K27ac and p300 signal following Six1 knock-down  
 

To study the effect of Six1 on the epigenetic landscape of myoblasts, CUT&Tag was 

performed using antibodies against H3K122ac, H3K27ac and p300 following Six1 

knock-down. One control (Replicate 1) and one Six1 knock-down (Replicate 3) anti-

p300 sample were identified as outliers based on PCA and excluded from further 

analysis (Figure 16). 
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Figure 16  PCA of anti-p300 CUT&Tag samples showing the variation in signal between control and Six1 knock-down 
treatment conditions. Symbols correspond to the three replicates for each condition. One control and one knock-down 
sample was omitted from downstream analysis due to poor clustering. The first two principal axes explained 78.33 % 
of the variance. 

 

CUT&Tag-seq signal was normalized using TMM normalization and unwanted variation 

was removed by residuals with RUVSeq. Differential binding of p300, H3K122ac and 

H3K27ac at previously identified Six1 binding sites following Six1 knock-down was 

evaluated using edgeR. K-means clustering (k=3) of Six1 binding sites according to 

differential p300 signal following Six1 knock-down was used to identify loci where p300 
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is potentially recruited by Six1 (Figure 17-Figure 18). Both Cluster 1 (n=982) and Cluster 

2 (n=2436) contain Six1 binding sites which decrease in p300 signal following Six1 

knockdown whereas Cluster 3 (n=6178) contains peaks with no significant change to 

p300 signal. These results suggest that Six1 is responsible for the recruitment of p300 

to binding sites within the first two clusters while p300 binding in regions within Cluster 3 

are unaffected by the presence of Six1.  
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Figure 17 Heatmap illustrating p300 signal at Six1 binding sites between siCtrl and siSix1 treatment samples 
normalized with TMM RUVr k=2. K-means clustering was applied to the data with k set to 3. C.1 n= 982, C.2 n=2436, 

C.3 n=6178. The p300 signal colour scale indicates log-scaled CUT&Tag signal after median-centering. 
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Figure 18 Boxplot illustrating p300 signal in Six1 knockdown and control conditions grouped according to the p300 
clustering solution. 
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When anti-Six1 CUT&Tag signal established Six1 binding sites were grouped according 

to the p300 clustering solution (Figure 19-Figure 20), the effect of Six1 knock-down 

appears most prominent in Cluster 1 and Cluster 2, coinciding with loci which decrease 

in p300 signal following Six1 knock-down. 
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Figure 19 Heatmap illustrating anti-Six1 CUT&Tag signal between siCtrl and siSix1 treatment samples normalized 
with TMM RUVr k=1. The p300 clustering solution was used to cluster Six1 peaks. C.1 n= 982, C.2 n=2436, C.3 
n=6178. The Six1 signal colour scale indicates log-scaled CUT&Tag signal after median-centering. 
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Figure 20 Boxplot illustrating Six1 signal in Six1 knockdown and control conditions grouped according to the p300 
clustering solution. 
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Since p300 is capable of acetylating both H3K27 and H3K122 (Tie et al., 2009; 

Tropberger et al., 2013), the p300 k-means clustering solution was also used to cluster 

the CUT&Tag signal of the two acetylation marks at Six1 binding sites (Figure 21- 

Figure 22). It is expected that following Six1 knock-down and the corresponding 

reduced presence of p300, HDACs which are globally more abundant will quickly 

deacetylate lysine’s resulting in lower signal of acetylation marks.  The effect of Six1 

knock-down on the acetylation signals are more subtle, potentially a result of 

antagonistic histone methyltransferase activity (Pasini et al., 2010). If a 

methyltransferase methylates H3K27 this should also translate to lower H3K27ac 

signal. Another possibility is that other HATs recruited in a Six1-independent manner 

compensate for the reduction in p300. Acetylation marks may also persist despite a 

reduced presence of p300 due to absence of HDAC activity. The reduction in histone 

acetylation signal at Six1 binding sites which also decrease in p300 signal following 

Six1 knock-down supports the involvement of Six1 recruitment of p300 in regulating the 

epigenetic landscape of myoblasts. 
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Figure 21 Panel A: Heatmap illustrating H3K122ac signal at Six1 binding sites between siCtrl and siSix1 treatment 
samples normalized with TMM RUVr k=2. The p300 clustering solution was used to cluster H3K122ac peaks. C.1 n= 
982, C.2 n=2436, C.3 n=6178. The H3K122ac signal colour scale indicates log-scaled CUT&Tag signal after median-
centering. Panel B: Heatmap illustrating H3K27ac signal at Six1 binding sites between siCtrl and siSix1 treatment 
samples normalized with TMM RUVr k=1. The p300 clustering solution was used to cluster H3K27ac peaks. C.1 n= 
982, C.2 n=2436, C.3 n=6178. The H3K27ac signal colour scale indicates log-scaled CUT&Tag signal after median-

centering. 
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Figure 22 Panel A: Boxplot illustrating H3K122ac signal in Six1 knockdown and control conditions grouped according 
to the p300 clustering solution. Panel B: Boxplot illustrating H3K27ac signal in Six1 knockdown and control conditions 
grouped according to the p300 clustering solution.  

 

3.4 Identification of dynamically accessible genomic loci following Six1 knock-

down  
 

Transcriptionally active, euchromatin is generally enriched with lysine acetylation marks 

which disrupt DNA-histone interactions and increase the accessibility of DNA at 

particular genomic loci (Hebbes et al., 1988; Klemm et al., 2019). To determine the 

effect of Six1 on DNA accessibility dynamics, ATAC-seq was previously performed 

using two separate siRNA’s targeting Six1 (siSix1.1, siSix1.2). 
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To evaluate differences in accessibility in conjunction with regions where Six1 knock-

down at Six1 binding sites resulted in a decrease of p300, H3K122ac and H3K27ac 

signal, ATAC-seq signal was also identified at Six1 binding sites. ATAC-seq signal was 

normalized using TMM normalization and unwanted variation was removed using 

residuals with RUVSeq. ATAC-seq signal at Six1 binding sites were subsequently 

clustered using the p300 k-means clustering solution (Figure 23-Figure 24). 
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Figure 23 Heatmap illustrating ATAC-seq DNA accessibility dynamics at Six1 binding sites between siCtrl and 
siSix1.1/siSix1.2 treatment samples normalized with TMM RUVr k=2. The p300 clustering solution was used to 
cluster ATAC-seq peaks. C.1 n= 982, C.2 n=2436, C.3 n=6178. DNA accessibility colour scale indicates DNA 
accessibility after median-centering. 
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Figure 24 Boxplot illustrating the log fold-change of the mean ATAC-seq signal between siCtrl and siSix1 treatment 
conditions. 
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Cluster’s 1 and 2 illustrate a decrease in accessibility while Cluster 3 illustrates a 

modest global increase in accessibility with Six1 knock-down. The effects of Six1 knock-

down on accessibility are more pronounced with siSix1.1 treatment as opposed to 

siSix1.2. Treatment by siSix1.1 alone may not be sufficient in knocking down Six1 to 

generate an impact on DNA accessibility. The Six1 binding sites which decrease in 

p300, H3K122ac and H3K27ac signal coincide with regions which decrease in 

accessibility following Six1 knock-down. Previous reports using shRNA knock-down of 

p300-related protein CBP, demonstrated minimal effect on H3K27ac enrichment and 

DNA accessibility (Martire et al., 2020). Prior research has indicated that p300 but not 

CBP inhibition results in reduced expression of muscle determination genes and that 

recruitment of p300 alone is sufficient in inducing enhancer acetylation and promoter 

proximal transcription of MyoD (Hilton et al., 2015). Here we show that p300 inhibition 

coincides with decreased DNA accessibility, providing support for the increased impact 

of p300 over CBP in transcriptional regulation. The result of these analysis supports the 

hypothesis that Six1 regulates accessibility in myoblasts by recruiting the HAT p300, to 

acetylate certain Six1 binding sites which is correlated with greater DNA accessibility.   

3.5 Identification of dynamically accessible genomic loci following p300 inhibition  

 

Numerous transcription factors, chromatin remodelers and histone modifying enzymes 

are known to be involved in regulation of DNA accessibility. Having established the 

capability of Six1 in altering DNA accessibility in myoblasts, we next wanted to 

determine whether accessibility dynamics regulated by Six1 are also dependent on 

p300 recruitment. 
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ATAC-seq was initially performed for a 24-hour treatment duration of three different 

doses (0.3 μM, 1.0 μM and 3.0 μM) of the p300 inhibitor, A-485. In a recent publication 

by Narita et al., it was found that the recruitment of BRD4 through p300/CBP catalyzed 

acetylation, facilitates the release of promoter-proximal paused RNAPII and the rapid 

activation of enhancer mediated transcription. In this work, three biological replicates of 

ATAC-seq were performed by treating mESCs with a thirty and sixty-minute duration of 

10 μM A-485.  ATAC-seq was subsequently repeated using shorter treatment durations 

of 3 and 6 hours of 1.0 μM A-485 treatment to rule out the possibility of secondary 

effects.  

ATAC-seq signal was identified at significant Six1 peaks and signal values were 

normalized using TMM normalization. Unwanted variation was removed using residuals 

with RUVSeq. One 6-hour duration, 1.0 μM replicate sample was determined to be an 

outlier and excluded from analysis based on PCA. To evaluate changes in accessibility 

following p300 inhibition alongside regions where Six1 knock-down at Six1 binding sites 

resulted in a decrease in accessibility, as well as p300, H3K122ac and H3K27ac signal, 

ATAC-seq signal was identified at Six1 binding sites and clustered according to the 

p300 k-means clustering solution (Figure 25-Figure 26). 
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Figure 25  Heatmap illustrating ATAC-seq DNA accessibility dynamics at Six1 binding sites between DMSO and A-
485 treatment samples using various treatment durations (3-hours, 6-hours, 24-hours) and A-485 doses (0.3 μM, 1.0 
μM, 3.0 μM). ATAC-seq signal was normalized with TMM RUVr k=1. The p300 clustering solution was used to cluster 
ATAC-seq peaks. C.1 n= 982, C.2 n=2436, C.3 n=6178. DNA accessibility colour scale indicates DNA accessibility 
after median-centering. 
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Figure 26 Boxplot illustrating the log fold-change of the mean ATAC-seq signal between DMSO and A-485 treatment 
conditions. 
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Analogous to ATAC-seq samples treated with Six1 targeting siRNA, Six1 binding sites 

in Cluster’s 1 and 2 were also found to decrease in accessibility following p300 

inhibition. While the most striking effect of p300 inhibition on accessibility is 

demonstrated by a 24-hour treatment duration of 3.0 μM A-485, effects on accessibility 

are apparent with just 24-hours of 0.3 μM A-485 treatment or after 3-hours of 1.0 μM A-

485 treatment. Analysis of acetylation levels in the NIH 3T3 fibroblast cell line 

demonstrated that histone deacetylase activity is largely responsible for high turnover of 

acetylation (McShane et al., 2016). The rapid reduction in acetylation following Six1 

knock-down may be resulting from reduced presence of p300 HAT activity alongside 

activity by lysine deacetylases.  

3.6 Effect of Six1 knock-down on gene expression where p300 inhibition or Six1 

knock-down impacts accessibility and epigenetic landscape  
 

To identify regions where Six1 knock-down affects gene expression, previous and newly 

generated RNA-seq data from cells treated with Six1 targeting siRNA was analyzed. 

C2C12 cells were treated with two types of small interfering RNA targeting Six1, 

siSix1.1, siSix1.2 or a combination of the two.  

Gene expression was evaluated at Six1 binding sites and loci were annotated to genes 

using the shortest distance with a maximum of 60 kb around the TSS. A total of 4234 

loci were annotated to genes. Genes were limited to those with greater than 30 counts 

in at least 5 samples. Genes were clustered according to the p300 clustering solution to 

evaluate changes in their mRNA abundance at loci where Six1 recruitment of p300 had 

been found to regulate DNA accessibility and epigenetic landscape in myoblasts (Figure 

27-Figure 28). 
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Figure 27 Heatmap illustrating RNA-seq expression data at Six1 binding sites between siCtrl and siSix1 treatment 
samples normalized with TMM RUVr k=2. Peaks were annotated to genes using the shortest distance with a 
maximum of 60kb around the TSS. Peaks were limited to those with greater than 30 counts in at least 5 samples. The 
p300 clustering solution was used to cluster RNA-seq peaks. C.1 n= 376, C.2 n=895, C.3 n=2963. The gene 

expression colour scale indicates expression after median-centering. 
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Figure 28 Boxplot illustrating the log fold-change of RNA-seq signal between siCtrl and siSix1 treatment conditions. 

 

Cluster’s 1 and 2 show a modest decrease in expression whereas Cluster 3 illustrates a 

slight increase (Figure 28). Numerous muscle-related genes are present in Cluster 1 

(i.e. Eya1, Eya4, Myo9b, Ski, Actr2) and Cluster 2 (i.e. Actn3, Myof, Myom1, Myo1d, 
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Myo18a, Lama2, Sox5, Tnnt2, Myo1b). Overall, the gene expression data reveals a 

decrease in gene expression at loci where Six1 knock-down or p300 inhibition results in 

a decrease in accessibility as well as p300, H3K122ac and H3K27ac signal. The result 

of this analysis also supports a potential mode of action for Six1 in myoblast regulation 

wherein recruitment of p300 acetylates H3K122ac, which then destabilizes 

nucleosomes, rendering DNA more accessible thereby increasing gene expression. A 

previous report by Narita et al. suggests that p300 catalyzed acetylation promotes 

transcriptional initiation by allowing for pre-initiation complex assembly and recruitment 

of RNA Polymerase II. Our results provide support for a mechanism whereby Six1 

recruitment of p300 is involved in transcriptional regulation.   

3.7 GO Term Analysis of genes controlled by Six1 regulation of DNA accessibility 

and epigenetic landscape 
 

To gain a functional understanding of the role of Six1 in myoblast regulation, GOterm 

analysis was performed on genes with TSS within each of the three p300 k-means 

clusters. GOterm analysis was conducted using Panther with the Overrepresentation 

Test using the whole mouse genome (Figure 29-Figure 30) (Mi et al., 2021). P-values 
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were calculated using the Binomial Test with FDR correction. REViGO was used to 

remove redundancy in the GO-term analysis (Supek et al., 2011).  

 

Figure 29 Gene ontology enrichment analysis performed using PantherDB GO Resources using genes annotated to 
Six1 peaks for each cluster from the p300 CUT&Tag k-means clustering (k=3) solution. All GO-terms pass the 
Benjamini-Hochberg False Discovery Rate (FDR) cut-off of <0.05. Gene ontology enrichment analysis performed 
using PantherDB GO Resources using genes annotated to Six1 peaks for each cluster from the p300 CUT&Tag k-
means clustering (k=3) solution. 

 

Figure 30 Table including p-values and the count of total enriched genes annotated to Six1 peaks for each cluster 

from the p300 CUT&Tag k-means clustering (k=3) solution. 

 

GO terms associated with Cluster 1 and Cluster 2 where Six1 knock-down or p300 

inhibition results in a decrease in accessibility as well as p300, H3K122ac and H3K27ac 

GO Terms

Cluster 1

p-value

Cluster 2

 p-value

Cluster 3

 p-value

Cluster 1 Genes

 Enriched / Total

Cluster 2 Genes 

Enriched / Total

Cluster 3 Genes

 Enriched / Total

Cluster 1 Genes

 / Cluster Length

Cluster 2 Genes

 / Cluster Length

Cluster 3 Genes

 / Cluster Length

Response to increased oxygen levels (GO:0036296) 0.00303 0.0304 0.0366 3/14 3/14 5/14 5/4731 3/1593 3/688

Myoblast migration (GO:0051451) 0.0331 0.0304 0.0366 2/14 3/14 5/14 5/4731 3/1593 2/688

Reg. of myotube differentiation (GO:0010830) 0.00241 0.00169 0.0158 5/45 8/45 12/45 12/4731 8/1593 5/688

Lamellipodium organization (GO:0097581) 0.0182 0.032 0.00223 4/49 6/49 15/49 15/4731 6/1593 4/688

Muscle tissue morphogenesis (GO:0060415) 0.00696 0.000216 0.00136 6/82 13/82 22/82 22/4731 13/1593 6/688

Ventricular cardiac muscle tissue development (GO:0003229) 0.0421 0.00124 0.000903 4/64 10/64 19/64 19/4731 10/1593 4/688

Reg. of actin filament bundle assembly (GO:0032231) 0.0297 0.00017 0.00468 6/114 16/114 26/114 26/4731 16/1593 6/688

Stem cell differentiation (GO:0048863) 0.00947 0.000892 0.0000591 9/173 19/173 43/173 43/4731 19/1593 9/688

Neg. reg. of cell motility (GO:2000146) 0.00401 0.000943 0.000383 14/303 28/303 62/303 62/4731 28/1593 14/688

Reg. of cell adhesion (GO:0030155) 0.0000121 4.08E-12 6.3E-15 35/778 85/778 185/778 185/4731 85/1593 35/688

Reg. of apoptotic process (GO:0042981) 0.00392 2.79E-08 3.21E-22 46/1511 121/1511 337/1511 337/4731 121/1593 46/688

Cell death (GO:0008219) 0.0304 0.000015 3.92E-11 27/906 73/906 192/906 192/4731 73/1593 27/688

Neg. reg. of transcription by RNA polymerase II (GO:0000122) 0.03 0.0000194 1.85E-15 28/946 75/946 216/946 216/4731 75/1593 28/688
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signal were found to be associated with genes related to muscle development. Six1 

may selectively recruit p300 to enhance the transcription of a set of genes required for 

myogenesis. Interestingly, GO Terms which were more enriched in Cluster 3 as 

opposed to the first two clusters were enriched in genes related to apoptosis (Lsp1, 

Notch1, Dapk2, Fas, Tnfrsf1b) and cell death. A possible explanation for the increased 

levels of genes associated with apoptosis is that a stress response was elicited 

following Six1 knock-down by siRNA treatment. 
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4 Discussion 

4.1 Effect of Six1 knock-down on H3K122ac, H3K27ac and p300 
 

My initial goal was to determine the binding sites of Six1, p300 and regions marked by 

H3K27ac and H3K122ac in C2C12 myoblasts. If Six1 recruits p300 to DNA, it would be 

expected that Six1 and p300 co-occur at certain regions along with p300 catalyzed 

acetylation marks. In proliferating myoblasts, ChIP-seq targeting both Six1 and p300 

identified several Six1 binding sites which qualify as p300-bound gene enhancer. A 

strong correlation between Six1 ChIP-seq and Six1 CUT&Tag binding sites was 

identified. Further, a partial correlation was observed between the presence of Six1 and 

p300. 

Six1 knock-down was associated with a striking reduction in p300 signal at Six1 binding 

sites in clusters 1 and 2 whereas recruitment to regions within Cluster 3 was unaffected. 

Notably, only a small number of p300 molecules are present within individual cells, as 

such, numerous transcription factors compete for p300 recruitment and binding 

(Gillespie et al., 2020). As the majority of discovered pioneer factors have been found to 

interact with p300, other transcription factors may continue to recruit p300 to these loci 

(Choi et al., 2016; Dai & Markham, 2001; Grossman, 2001; Tsuda et al., 2003).  

 As p300 is capable of catalyzing both H3K122ac and H3K27ac, the signal of these 

acetylation was also profiled. In Cluster 1 and Cluster 2, regions where p300 

recruitment was determined to be dependent on Six1, H3K122ac and H3K27ac signal 

was reduced after Six1 knockdown indicating that Six1 recruitment of p300 regulates 

the acetylation of H3K122 and H3K27 at certain regions. Although H3K27ac has 

recurrently been found to correlate with active enhancer regions, no causal or functional 
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associations have yet been identified (T. Zhang et al., 2020). In fact, previous studies 

have suggested that H3K27ac alone is dispensable for enhancer activity as mutations 

to lysine 27 on the H3.3 histone in mESCs had inconsequential effects on the 

transcriptome, chromatin accessibility or lysine acetylation at other regions (Pengelly et 

al., 2013; T. Zhang et al., 2020). Additionally, in both flies and mice, active enhancer 

regions were found to not solely be characterized by H3K27ac but also by the presence 

of additional chromatin marks including H3K122ac, H3K64ac and H3K79me3 and the 

loading of histone variants such as H3.3 and H2aZ (Bonn et al., 2012; Pradeepa, 2016). 

Although H3K27ac appears not to be required for transcription, it may be a piece of the 

mechanism involved in transcriptional activation through either nucleosome 

destabilization or recruitment of additional factors. The overlap of regions found to 

decrease in p300 signal, H3K27ac and H3K122ac signal following Six1 knock-down 

suggests that transcriptional activation may involve p300 acetylation of chromatin 

features beyond H3K27. 

Inhibiting p300-mediated acetylation through Six1 knock-down may concomitantly allow 

for binding of methyltransferases and increase the presence of inactive chromatin 

marks (H3K27me3). Treatment of U2OS human osteosarcoma cells using a small 

molecule inhibitor of CBP was found to reduce H3K27ac while increasing levels of 

H3K27me3 (Vincek et al., 2018). To better understand epigenetic regulation of 

myogenesis, future work should determine whether levels of inactive chromatin marks 

are elevated in regions where acetylation of H3K122 decreases following Six1 knock-

down. Analysis of the presence methylation marks should also consider that the Six 

family member, Six4 has been found to recruit the histone demethylase UTX to erase 
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the repressive mark H3K27me3 (Chakroun et al., 2015; Seenundun et al., 2010). Future 

work should examine the involvement of Six4 in establishing the epigenetic landscape 

in myoblasts as it is also expressed in muscle stem cells.  Of note, the analysis here 

was limited to growing C2C12 cells which have not undergone differentiation wherein 

Six4 recruitment of UTX may vary. In the scenario where the presence of H3K27me3 is 

dependent on Six1, it is also not clear whether Six1 may increase the presence of 

H3K27me3 by freeing H3K27 for deposition of the mark and/or by reducing the 

presence of the UTX eraser function.  

Recruitment of p300 has been shown to be facilitated by the UTX-MLL4 complex            

(Wang et al., 2017). Future work should also explore whether Six1 recruitment of p300 

is dependent on UTX. 

In comparison to the striking reduction observed in p300 signal, more subtle effects of 

Six1 knock-down were observed for the acetylation of H3K122 and H3K27. The 

interplay of activity between histone acetyltransferases and histone deacetylases 

maintains an equilibrium between acetylation and deacetylation essential to the 

epigenetic regulation of gene expression (Eckschlager et al., 2017). For instance, 

hyperacetylated histones may be established not only through increased levels of 

acetylation but also reduced HDAC activity. Muscle wasting during sepsis was found to 

be associated with increased levels of p300 and hyperacetylation alongside a reduction 

in HDAC activity (Alamdari et al., 2010). Impairment of p300 recruitment as a result of 

Six1 knock-down would be expected to shift the balance towards an accumulation of 

hypoacetylated histones. Although Six1 and p300 coincide at certain regions, the net 

level of histone acetylation may also implicate p300 recruitment by a different 
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transcription factor or activity by other HATs such as CBP, BRD4 or P/CAF acting 

independently of Six1 binding. 

This and previous work support the idea that recruitment of p300 at gene regulatory 

regions may occur synergistically by Six1 and MyoD. Synergy can occur when several 

transcription factors cooperate to recruit a coactivator. Here it was shown that Six1 

recruits p300 to 3,418 Six1 binding sites. Previous reports have indicated that p300 also 

directly interacts with and is recruited by MyoD (Puri, Avantaggiati, et al., 1997). 

Through correlation analysis, MyoD recruitment of p300 was found to be associated 

with acetylation of active enhancer regions and the Six1 binding motif was found to be 

enriched at p300 bound regions (Khilji et al., 2018). It is possible that Six1 and MyoD 

work synergistically to recruit p300. Another possibility is a mechanism involving 

stepwise recruitment and stabilization of p300 at target sites. Six1 may initially recruit 

MyoD, and subsequently both factors could work to retain p300 there (Y. Liu et al., 

2013). In principle, this mechanism may represent the mechanism for the pioneer 

activity of Six1 for MyoD.  

4.2 Effect of Six1 knock-down on DNA accessibility 
 

Histone acetylation is capable of disrupting interactions between DNA and histones by 

neutralizing histone charges resulting in a more accessible state of DNA. Dynamic 

changes to DNA conformation affect the ability of transcriptional machinery to bind and 

initiate transcription. To characterize the involvement of Six1 on the accessibility 

landscape of DNA, we investigated whether DNA accessibility was dependent on Six1 

expression at certain loci. Here it was found that regions that decrease in accessibility 
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following Six1 knock-down coincide with those which also exhibited a decrease in p300, 

H3K122ac and H3K27ac signal. These results are consistent with Six1 playing a role of 

a pioneer factor through recruitment of p300 to acetylate H3K122 and H3K27 which 

establish an accessible and active state of DNA. 

Pax7 was similarly profiled by changes to DNA accessibility and presence of epigenetic 

markers H3K27ac and H3K4me1 in C2C12 myoblasts following ectopic expression or 

removal (Lilja et al., 2017). Pax7 was found to be associated with euchromatic regions, 

and its removal also resulted in localized reductions in both active histone marks and 

accessibility at Pax7 dependant enhancer regions. By demonstrating that Pax7 is 

capable of reorganizing DNA to a more accessible state and that its removal is 

accompanied with a loss of active histone markers the authors suggested that Pax7 

may be a pioneer factor. Although strong evidence associated Pax7 presence with DNA 

accessibility and important chromatin marks, the molecular mechanism by which Pax7 

acts in this context remains largely unknown. Interestingly, Pax7 bound regions also 

bound by MyoD were found to be the most strikingly reduced in both accessibility and 

histone marks following Pax7 removal. Additionally, while certain Pax7 bound regions 

lose accessibility following Pax7 removal, a group of regions continue to maintain 

accessibility. As previously mentioned, MyoD is also capable of recruiting p300 (Khilji et 

al., 2018). It is possible that Pax7 may also be involved in a stepwise recruitment 

mechanism of p300 alongside Six1 and/or MyoD to promote a more accessible state of 

DNA. 

A limitation to this work was that only the effects of Six1 and p300 were profiled for 

effects on DNA accessibility. In reality, numerous regulatory factors are likely at play in 
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establishing the accessibility and epigenetic landscape of DNA. As Six1 is a known 

regulator of MyoD, the two transcription factors may act in cooperation to establish the 

accessible state of DNA. Future research should simultaneously explore the effect of 

additional MRFs involved in muscle stem cell activity on DNA accessibility, such as 

Myf5 and myogenin.  

4.3 Effect of p300 inhibition on DNA accessibility 

 

To characterize the role of p300 histone acetyltransferase activity on the DNA 

accessibility landscape, we examined changes to DNA accessibility following p300 

catalytic inhibition. Narita et al. demonstrated that p300 activity contributes to 

transcriptional activation through assembly of the pre-initiation complex and recruitment 

of RNA polymerase II. Treatment of mESCs with the p300 inhibitor A-485 was 

expectedly associated with a decrease in H3K27ac levels, but also with a strong 

transcriptional inhibition and decrease in DNA accessibility. While Narita et al. observed 

a decrease in accessibility following p300 inhibition, changes were subtle in comparison 

to the reduction in transcription suggesting that the decrease in accessibility may not 

fully explain the strong reduction in transcription. Here, a decrease in accessibility was 

found when myoblasts were treated with A-485 at regions coinciding with those that 

decrease in p300, H3K27ac and H3K1ac following Six1 knock-down. Remarkably, 

effects on accessibility were observed here after just three hours of A-485 treatment. 

The results of this work fall in line with those observed by Narita et al. where a time-

course analysis of A-485 treatment revealed that CBP/p300 regulated sites 

demonstrated a rapid (less than 30 minutes) turnover of acetylation markers. 
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Our results suggest the possibility that p300-mediated changes to DNA accessibility 

may impact transcription (see below) at certain regions (Figure 31-Figure 33) but not 

others. Notably, at certain regions (Figure 34) the opposite phenomenon is seen and 

accessibility, p300 recruitment and acetylation of the histone lysine’s increase with Six1 

knock-down or p300 inhibition. Six1 knock-down could potentially affect the activity of 

another factor which increases the accessibility or recruits an alternative HAT.  

 

Figure 31 IGV screenshot at Six1 with bigwig files representing read density distribution in identically scaled tracks for 
merged Six1 control and knock-down samples and a track representing Six1 binding sites. 
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Figure 32 IGV screenshot at Wee1 with bigwig files representing read density distribution in identically scaled tracks 

for merged Six1 control and knock-down samples and a track representing Six1 binding sites. 

 

Figure 33 IGV screenshot at Tnc with bigwig files representing read density distribution in identically scaled tracks for 
merged Six1 control and knock-down samples and a track representing Six1 binding sites. 
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Figure 34  IGV screenshot at Klk9 with bigwig files representing read density distribution in identically scaled tracks 

for merged Six1 control and knock-down samples and a track representing Six1 binding sites. 

 

Additionally, knock-down of Six1 may allow for binding of a competitive repressive 

factor, potentially inhibiting p300-mediated acetylation or allowing for binding of a 

HDAC. Increased activity by HATs not studied here, and not inhibited by A-485, may 

also affect the accessibility and epigenetic landscape such that reverse effects are seen 

at certain genomic loci following Six1 knock-down. Alternatively, Six1 and/or p300 may 

be involved in the recruitment of an unidentified HDAC, such that when Six1 is knocked 

down or p300 inhibited, deacetylase activity is impaired, allowing for increased HAT 

activity. Future work should examine how regions that increase in acetylation following 

Six1 knock-down behave with the inclusion of inhibitors against various HDACs. 

The functional mechanisms by which pioneer factors bind to compact regions of DNA 

and mediate transcriptional activation is not yet fully understood. Additionally, not all 

pioneer factors appear to function the same way (X. Zhang et al., 2014).  As evidenced 

through this work and previous research demonstrating the role of p300 in histone 
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eviction, p300 has a probable role in establishing the DNA accessibility landscape 

(Narita et al., 2021; Tropberger et al., 2013). p300 has previously been found to bind 

several known pioneer factors. In addition to its capacity to acetylate H3K27 on lysine 

tails, p300 is also capable of acetylating the surface of the histone octamer, non-histone 

proteins and components of the preinitiation complex (Gu & Roeder, 1997; Narita et al., 

2021; Pradeepa et al., 2016). Notably, acetylation of H3K122 on the lateral surface of 

the histone octamer was found to be associated with regions where p300 signal, 

accessibility and transcription was decreased following Six1 knockdown (Tropberger et 

al., 2013). p300 mediated acetylation of H3K122 and resulting destabilization of 

nucleosomes may also in part contribute to the accessibility landscape of DNA. 

Furthermore, through introduction of point mutations to the DNA binding domain of c-

Myb, it was suggested that c-Myb may act as a co-factor to p300 by positioning histone 

tails in closed regions of DNA for efficient acetylation by p300 (Fuglerud et al., 2018). 

Given that p300 can acetylate many regions and has reported involvement in numerous 

signalling pathways a complete mode of action for p300 in pioneer factor activity has not 

yet been determined. Furthermore, although here we focus on p300 activity due to its 

specific importance towards myogenesis, A-485 can inhibit the histone 

acetyltransferase activity of both p300 and CBP. As C2C12 cells are also capable of 

expressing CBP, future work should also examine the accessibility of sites bound by 

CBP. 

Here we provide additional evidence for the implication of p300 in pioneer factor activity 

during myogenesis. MyoD, which acts both in parallel with and downstream of Six1, is 

capable of recruiting p300/CBP to DNA (Puri, Sartorelli, et al., 1997). Six1 and MyoD 
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may both work to shape the accessibility landscape of DNA during myogenesis through 

a p300 recruitment mechanism.  

p300 activity is also capable of recruiting BRD4, a HAT which is associated with 

increased DNA accessibility (J.-E. Lee et al., 2017). Similarly to p300, BRD4 is capable 

of acetylating H3K122, resulting in nucleosomal destabilization (Devaiah et al., 2016). 

Furthermore, BRD4 regulates transcriptional elongation through both recruitment of P-

TEFb and by phosphorylating Serine-2 of the RNA Polymerase II carboxy-terminal 

domain (Devaiah et al., 2012). Knock-down of BRD4 in C2C12 myoblasts was found to 

inhibit myogenesis (J.-E. Lee et al., 2017). The authors demonstrated BRD4 is a 

epigenomic reader of acetylation marks deposited by p300/CBP which is recruited to 

and colocalizes with lineage determining transcription factors (LDTFs) to allow for 

modulation of cell identity during myogenic differentiation. A mechanism involving p300 

recruitment of BRD4 and subsequent BRD4-mediated nucleosome destabilization may 

enable transcription of LDTRs during differentiation. It is possible, and even likely, that 

the activity of additional factors not studied here collaborate to establish the epigenetic 

and accessibility landscape of DNA during myogenesis through a mechanism which 

implicates p300 recruitment. To further understand changes to the epigenetic and 

accessibility landscape during myogenesis future work should profile additional factors 

which implicate p300, including c-Myb, BRD4, and MyoD. 
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4.4 Effect of Six1 knock-down on gene expression in regions which decrease in 

accessibility with Six1 knock-down or H3K122ac and H3K27ac signal with p300 

inhibition  
 

Overexpression of Six1 is correlated with poor clinical outcomes in a variety of diseases 

including ovarian, esophageal, lung, and pancreatic cancer (Behbakht et al., 2007; He 

et al., 2017; Z. Li et al., 2013; Q. Liu et al., 2016). Additionally, Six1 knock-out in mice 

leads to cell death and reduced proliferation, resulting in organ failure (Laclef, Hamard, 

et al., 2003). To assess how expression is affected through Six1 regulation of epigenetic 

and accessibility landscape, RNA-seq was performed following Six1 knock-down. 

Genes within or near the regions comprised in cluster 1 and cluster 2 were shown to 

have a trend towards lower expression following Six1 knock-down. Narita et al. reported 

that impairment of p300 activity disrupts RNA Polymerase II mediated transcriptional 

elongation. Given that BRD4 is recruited to acetylated nucleosomes, it was postulated 

that p300 promotes transcriptional elongation not by allowing for the binding of 

transcription factors but through promotion of BRD4 mediated RNA Polymerase II 

pause release (Narita et al., 2021). Our finding that gene expression following Six1 

knock-down decreases at regions which coincide with those that decrease in p300, and 

acetylation signal are consistent to those reported by Narita et al. Future work should 

directly assess how transcriptional elongation is impacted by p300 inhibition in 

myoblasts.  

Collectively, genes within Cluster 3 showed the least changes in mRNA abundance 

following Six1 knock-down. Genes within Cluster 3 represent Six1 binding sites where 

expression is independent of the presence of Six1. Notably, H3K122ac and p300 signal 
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was shown to increase following Six1 knock-down. Regions within Cluster 3 may 

continue to be acetylated through recruitment of p300 by a transcription factor other 

than Six1 resulting in little or no consequence on gene transcription.  

GO terms analysis was used to associate terms with Cluster 1 and Cluster 2 where Six1 

knock-down or p300 inhibition resulted in a decrease in accessibility as well as where 

p300, H3K122ac and H3K27ac signal were found to be associated with genes related to 

muscle development. Six1 may selectively recruit p300 to regions within Cluster 1 and 

Cluster 2 to promote transcription at enhancer regions implicated in myogenesis. 

Opposingly, genes within Cluster 3 were most enriched for those associated to GO 

terms related to apoptosis and cell death. Apoptosis is an essential component of 

skeletal muscle proliferation as it allows for damaged cells to be removed from 

progressing towards differentiation (King & Cidlowski, 1998). Double knockdown of 

CBP/p300 in human primary myoblasts was also associated with a group of upregulated 

genes involved in apoptosis indicating that CBP and p300 may have a role in cell 

protection and survival (Fauquier et al., 2018). Furthermore, Six1 deficient mouse 

embryos were not found to have increased levels of apoptosis (Laclef, Hamard, et al., 

2003). Inhibition of p300 has been found in other cases to supress apoptosis. It is 

possible that p300 may be recruited by transcription factors other than Six1 to certain 

p300 bound regions within Cluster 3. 
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4.5 Conclusion  
 

Here, ATAC-seq, RNA-seq and CUT&Tag-seq data was cross-referenced to reveal a 

mechanism whereby Six1 exhibits pioneer factor activity in proliferating myoblasts of the 

C2C12 cell line during myogenesis. Analyzing changes in accessibility following Six1 

knockdown or p300 inhibition revealed that Six1 is a regulator of DNA accessibility 

through recruitment of p300. Knock-down of Six1 reduces the presence of p300 

established acetylation at regions that are associated with nucleosome destabilization 

and transcriptional activation. Our findings demonstrate that knock-down of Six1 and 

inhibition of p300 correlate with decreased accessibility; however, we cannot rule out 

the possibility that additional factors also regulated by Six1 have a role in altering the 

epigenetic and accessibility landscape. Although p300 but not CBP was determined to 

be necessary for myogenesis (J. Chen et al., 2015), the contribution of CBP towards the 

epigenetic and accessibility landscape in myoblasts was not examined here. Although 

p300 is indispensable for skeletal myogenesis, the presence of histone deacetylases far 

outweighs the number of acetyltransferases (Gillespie et al., 2020; Puri, Sartorelli, et al., 

1997). The overall abundance of HDACs suggests that these enzymes are ubiquitous 

and result in high rates of histone deacetylation. Previous research suggests that MyoD 

associates with HDAC1 in undifferentiated but not differentiating cells to supress 

transcription of muscle-specific genes (Mal et al., 2001). Whether HDACs are explicitly 

recruited by transcription factors involved in myogenesis and the extent to which HDAC 

activity impacts myogenesis is not yet known. For a comprehensive assessment of the 

epigenetic regulation of myoblasts, changes to p300 binding and function should be 

examined in conjunction with HDAC binding and activity. To further the understanding of 
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regulatory mechanisms involved during myogenesis, the contribution of additional 

factors towards the accessibility and epigenetic landscape in myoblasts should be 

profiled. Myoblasts were examined only in a proliferative state, to better characterize the 

regulation of muscle stem cells, changes to accessibility and the epigenetic landscape 

during quiescence, differentiation and activation should be studied. While use of the 

mouse muscle derived C2C12 cell line offered the advantages of reduced animal use 

and simplified siRNA transfection and drug treatment, there are known limitations with 

the use of cell lines as a model for skeletal muscle. One factor that makes C2C12 cells 

grown in culture dissimilar to real isolated myoblasts is that they are absent of an in vivo 

microenvironment that contributes towards differentiation to the myogenic lineage. 

Additionally, C2C12 myoblasts are a model of already activated MuSC, so they cannot 

offer direct evidence of what happens during the activation of quiescent MuSCs. 

Further, C2C12 cells are immortal and have undergone an unknown but possibly large 

number of genetic changes. For instance, C2C12 cells are aneuploid and have lost 

parts of the Cdkn2a locus. 

To explore the therapeutic potential of muscle stem cells for treatment of muscular 

degenerative diseases, analyzing the accessibility and epigenetic landscape in human 

cells would be advantageous. Although there is an overlap between human and rodent 

genomes, similar analysis using primate skeletal muscle may expose key differences in 

epigenetic regulatory mechanisms. While human skeletal muscle cells contain high 

levels of proteins associated with type I fibers, C2C12 cells are highly expressed in 

proteins associated with type I glycolytic fibers (Schiaffino & Reggiani, 2011). The 

surrounding microenvironment of stem cells are known to be crucial to the regulation 



90 
 

and maintenance of a quiescent state and towards the differentiation of stem cells to 

specific tissues (Dinulovic et al., 2017). It is likely that there are changes in the DNA 

accessibility and epigenetic landscape as muscle stem cells transition from quiescence 

to early activation. Future work profiling changes to accessibility and epigenetic 

landscape of skeletal muscle using real isolated muscle stem cells could provide insight 

into functional mechanisms that occur during muscle stem cell activation. 
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