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Summary 

1.  Skeletal muscle has an extensive capacity for regeneration, a property 

conferred on this tissue by a resident population of skeletal muscle stem cells 

(MuSCs). Any impairment to this population of stem cells can lead to increased 

morbidity and mortality. MuSCs normally exist in a quiescent state marked by the 

paired box transcription factor Pax7. In response to an activating signal, MuSCs 

rapidly undergo a process of activation and cell-cycle re-entry. At this early stage, 

MuSCs begin to express the myogenic determination factor MyoD and initiate the 

process of commitment to the myogenic lineage. Importantly, a sub-population of 

MuSCs will return to quiescence so as to prevent depletion of the stem cell pool. This 

decision for MuSCs to either undergo commitment or self-renewal remains ill defined. 

Studies in cancer, and developmental and stem cell biology has identified cellular 

metabolism as playing a key role in directing changes associated with stem cell self-

renewal, lineage specification and the processes of proliferation and differentiation. 

Therefore, the aim of this study was to investigate this link between metabolism and 

the processes of self-renewal and myogenic commitment in MuSCs and to identify 

how metabolism may regulate these processes.  

2.  To efficiently isolate a large number of primary MuSCs I utilized 

Pax7creERT2xROSA26eYFP transgenic mice which allows for the fluorescent labelling 

of MuSCs and subsequent isolation via fluorescence activated cell sorting. To examine 

the link between innate cell metabolism and MuSC heterogeneity, single cell RNA 

sequencing (scRNAseq) was performed on either freshly isolated MuSCs or MuSCs 

that had been cultured ex vivo for 96 hrs. The scRNAseq results revealed that while 

freshly isolated MuSCs are largely homogeneous, cultured MuSCs exhibited 



significant heterogeneity with divergent metabolic signatures. These metabolic 

signatures marked cells either undergoing myogenic commitment or self-renewal. 

3. To examine the role of the metabolic microenvironment in regulating MuSC 

lineage specification whole skeletal muscle fibres, isolated primary MuSCs or C2C12 

cells were cultured in media containing different carbohydrate conditions; high glucose 

(25 mM glucose, HG), low glucose (5 mM glucose, LG) or galactose (10 mM galactose, 

GAL). Following culture, the downstream effects on metabolism, including 

measurements of mitochondrial DNA, mitochondrial abundance, key electron 

transport chain proteins and cellular bioenergetics was assessed. Myogenic 

specification was assessed via examination of key myogenic regulatory factors by 

PCR, western immunoblotting, immunofluorescence, whole transcriptome sequencing 

and single cell sequencing (scRNAseq). Finally, to link alterations to metabolism to 

changes in gene transcription, global histone acetylation was examined. 

Extracellular carbohydrate availability directly regulates both innate cellular 

metabolism and gene expression via acetyl-CoA availability and histone acetylation. 

Importantly, use of several pharmacological modulators of metabolism confirm a 

central role of carbohydrate metabolism in histone acetylation. Combining both whole 

transcriptome sequencing and scRNAseq, extracellular carbohydrate availability was 

shown to directly influence lineage fate decisions, with reduced carbohydrate 

availability linked to a reduction in the proportion of cells undergoing myogenic 

commitment. The scRNAseq dataset presented provides entirely new information of 

subpopulations of cells; including true MuSCs, primed MuSCs, early committed 

muscle progenitors (CMPs) and late CMPs and show that the extracellular metabolic 

environment directly influences the proportion of cells in each of these subpopulations. 



Finally, single fibre experiments showed that reduced carbohydrate availability was 

linked to increased rates of asymmetric division and self-renewal. 

4. These results provide the first evidence that the extracellular metabolic 

microenvironment is able to directly alter MuSC lineage commitment and self-renewal 

with reduced carbohydrate availability leading to a maintenance of the true MuSC 

population a result of an increased proportions of asymmetric divisions. Finally, 

metabolic remodelling can be used to enhance the efficiency of MuSC transplantation. 
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Chapter 1  

Literature Review 

1.1 Introduction 

Skeletal muscle is the most abundant tissue in the human body comprising up to 40% 

of body mass in adult humans. Skeletal muscle is composed of multinucleated syncytial cells 

formed by the fusion of mesodermal progenitors (termed myoblasts) during the early stages of 

development. In healthy adult skeletal muscle there is little to no turnover of myonuclei, but in 

response to injury or trauma skeletal muscle exhibits a remarkable ability to regenerate, second 

only to the liver (Shi et al., 2006). This extensive regeneration was first documented in the 

1960’s by Russian neurobiologist Dr. AN Studitsky, who showed that an isolated muscle minced 

to fine fragments of less than 1 mm3 could reform new innervated, vascularized and functional 

muscle tissue with contractile properties (Studitsky, 1963). Furthermore, this study attributed 

this immense regenerative capacity to a resident population of mononucleate cells, later 

characterized as muscle stem cells (MuSCs) and also referred to as ‘satellite cells’ (SCs, Figure 

1.1).  

MuSCs normally exist in a quiescent state outside of the cell cycle, but in response to 

an activating signal, such as injury, trauma or even exercise, MuSCs can rapidly enter the cell 

cycle, undergo a highly regulated program of proliferation and eventually differentiate to form a 

new functional muscle fibre. Given the essential role of skeletal muscle in locomotion, 

insulation, protection of the internal organs and its role as a major site for energy storage, any 



2 
 

impairment to skeletal muscle may lead to increased morbidity and mortality. As such, the 

elucidation of the processes involved in muscle regeneration as well as the regulation of 

MuSCs, may lead to improved therapies, as well as potentially improving the efficacy of MuSC 

transplantation. 

Figure 1.1 The skeletal muscle stem cell. (A) The MuSC exists in a unique anatomical 
location, wedged between the basal lamina and the sarcolemma (Mauro 1961). (B) A 
transverse muscle section showing the close association between MuSCs and blood vessels 
(Ryall 2013).  

Given their essential role in muscle regeneration, MuSCs have become an attractive 

therapeutic target for muscle wasting diseases, with potential to utilize MuSCs in transplant 

therapies (Hall et al., 2017; Seale et al., 2001). Over the last several decades, advances in 

molecular cell biology have increased our understanding of the regulation of MuSC 

(Hernandez-Hernandez et al., 2017), but the translation of MuSC transplantation to the clinic 

has been limited. Previous clinical trials utilizing MuSC transplant therapies have been hindered 

by immune rejection of donor cells, extensive death of transplanted cells and poor migration 

from the site of engraftment (Partridge, 2002). One of the proposed mechanisms responsible 

for the limited success of MuSC transplantation is premature specification of MuSCs to the 

myogenic lineage following isolation and ex vivo expansion. This is supported by studies 

demonstrating significant improvements in engraftment efficiency and survival of cells following 
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transplantation of freshly isolated MuSCs, and single muscle fibre explants containing resident 

MuSC still within their intrinsic niche environment (Montarras et al., 2005). While much is now 

known about the regulation of skeletal muscle regeneration, there is a paucity of knowledge 

about the cell signalling processes that regulate cell fate and lineage specification in MuSCs. 

Better understanding these processes has important implications for optimizing MuSC 

transplantation therapies, but first it is important to document what is currently known about the 

MuSC. 

1.2 Muscle stem cell biology 

 The MuSC was first identified by Alexander Mauro in the 1960’s (Mauro, 1961) when he 

examined the tibialis anticus muscle of frogs and observed under an electron microscope, 

characteristic cells located at the periphery of the skeletal muscle myofibres in a unique 

anatomical location, “wedged” between the basal lamina and the sarcolemma, a location now 

termed the “MuSC niche” (Figure 1.1). The close association of these cells with the skeletal 

muscle fibre immediately raised the speculation they were involved in muscle regeneration 

(Mauro, 1961). Electron micrograph and radiographic studies later demonstrated that in healthy 

adult skeletal muscle, MuSCs exist in a mitotically quiescent state and are capable of rapidly 

entering the cell cycle following an activating signal (Schultz et al., 1978; Snow, 1977). 

Experiments utilizing triatomic hydrogen labelled thymidine demonstrated that MuSCs give rise 

to the myogenic precursor cells (myoblasts) which fuse to form myotubes (Konigsberg, 1963).  

Further support for this model was provided by experiments tracing MuSC proliferation and 

contribution to myonuclei by phase contrast microscopy of ex vivo single myofibre cultures, 

whereby the processes of MuSC clonal expansion and subsequent fusion to the regenerating 

myofiber were documented (Konigsberg et al., 1975). Taken together, these data supported a 

model where MuSCs have the capacity to differentiate into myofibres. It is important to note 
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that while the discovery and early studies of MuSCs was performed in the Xenopus model, this 

thesis primarily focuses on the mammalian system for its increased clinical relevance. 

The first evidence documenting MuSCs as a bona fide stem cell population came in 2005 

when Collins and colleagues showed that MuSCs were capable of both self-renewal and 

differentiation (Montarras et al., 2005). In this study, the authors transplanted single muscle 

fibres (with 7-20 MuSCs attached) into mice that had been irradiated to make them incapable 

of regeneration. A single muscle fibre with its resident MuSCs gave rise to hundreds of new 

MuSCs located within their correct niche environment and thousands of new myonuclei in the 

host muscle. These results clearly demonstrated that MuSCs were capable of self-renewal and, 

taken together with data showing MuSCs capable of differentiation, established the MuSC as 

a bona fide stem cell. 

 MuSCs have traditionally been characterized by their expression of the paired homeobox 

transcription factor, Pax7 (Chen et al., 2006; Seale et al., 2004; Seale et al., 2000) (Figure 2, 

Table 1). Pax7 is considered the quintessential marker of MuSCs as it is specifically expressed 

in quiescent and proliferating MuSCs across multiple species (Seale et al., 2000) including 

humans (McLoon and Wirtschafter, 2003) and murine species (Seale et al., 2000). Pax7 is 

essential for the proliferation and survival of MuSCs during development (Kuang et al., 2006; 

Oustanina et al., 2004) since ablation of Pax7 during development results in the complete 

absence of MuSCs in skeletal muscle (Seale et al., 2000). Interestingly, a study utilizing an 

inducible gene inactivation model for Pax7 demonstrated that Pax7 was not required for the 

maintenance of MuSCs after postnatal day 21 in mice as mutant MuSCs lacking Pax7 could 

proliferate, contribute to regeneration and reoccupy the sublaminal niche (Lepper et al., 2009). 

Taken together, these studies showed that Pax7 plays distinct roles in embryonic and adult 

myogenesis and is required for the initial transition of muscle progenitor cells into quiescence. 
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1.2.1 Developmental myogenesis and the embryonic origin of MuSCs 

 The precise developmental origin of MuSCs has been the topic of intense research. It is 

established that progenitor muscle cells of the trunk and limbs are of mesodermal somatic origin 

(Scaal and Christ, 2004), while muscle progenitors from the head and facial muscles have 

multiple embryonic origins, with substantial contributions from the cranial paraxial mesoderm 

(Harel et al., 2009). An early experiment that shed light on embryonic myogenesis utilized a 

quail chick chimera technique to study the origin of MuSCs (Armand et al., 1983). Paraxial 

mesodermal somites from quail embryos were transplanted into chick embryos and a Feulgen 

stain utilized to distinguish native chick cells from quail cells based on differences in interphase 

nuclei morphology (Le Douarin, 1980). Cells derived from the quail somite integrated into chick 

limb and trunk muscles and gave rise to myofibres as well as MuSCs, confirming a common 

somitic origin for all myogenic cells (Armand et al., 1983).  

Animal models of lineage tracing have led to accumulating evidence that adult MuSCs 

originate from the dermomyotome of the somites and the paraxial mesoderm (Gros et al., 2005; 

Kassar-Duchossoy et al., 2005; Relaix et al., 2005). Myogenic progenitor cells in the 

dermomyotome delaminate to form the myotome, the earliest site of skeletal muscle 

development and also migrate to more distant sites forming the limb bud mesenchyme. Both of 

these processes are dependent on the Pax7-related transcription factor, Pax3, in mammals 

(Kassar-Duchossoy et al., 2005; Tajbakhsh et al., 1997). These Pax3+ progenitors begin 

expressing Pax7 at E11.5 (Relaix et al., 2004) and expression of Pax7 is believed to specify 

these cells to the myogenic lineage (Hutcheson et al., 2009). Pax3+/Pax7+  cells persist into late 

stages of fetal development when a small proportion will eventually occupy a sublaminal 

compartment presumed to be the postnatal MuSC niche (Gros et al., 2005; Relaix et al., 2005). 

It is important to note that in Pax3/Pax7 double mutant mice, there are major deficits in the 
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development of skeletal muscle, with development only progressing to the early myotome stage 

with cells unable to enter the myogenic program, and undergoing apoptosis instead (Relaix et 

al., 2005).   

 Pax3 is a paralogue of Pax7 and is expressed in the MuSCs of some muscles and not 

others. Understanding the role of Pax3 in the regulation of MuSCs has proven difficult since no 

correlation has been established between Pax3 expression and fiber type (Kelly, 1994), or 

innervation (Relaix, 2006). Even within a muscle group that contains MuSCs positive for Pax3 

there is heterogeneity, with no correlation between embryonic origin and Pax3 expression 

(Tajbakhsh and Buckingham, 2000). In an attempt to reconcile the role of Pax3, Relaix and 

colleagues examined the functions of Pax3 and Pax7 in MuSCs and found that while both could 

initiate the transcription of additional myogenic regulatory factors, Pax3 could not compensate 

for the loss of Pax7, evident from the gradual loss of MuSCs postnatally in Pax7 mutant mice 

(Relaix et al., 2006). Furthermore, Pax7 promotes cell cycle progression and inhibits MuSC 

apoptosis, two functions that Pax3 could not compensate for in Pax7 mutant mice (Relaix et 

al., 2006).  

Lineage tracing utilizing Pax3Cre/+;Rosa26lacZ/+ and Pax7Cre/+;R26RlacZ/+ mouse models 

demonstrate that Pax3+ve and Pax7+ve MuSC populations share a somatic origin and are the 

cells responsible for generating the limb and trunk muscles (Engleka et al., 2005; Kassar-

Duchossoy et al., 2005; Lepper et al., 2009; Lepper and Fan, 2010; Relaix et al., 2005; 

Schienda et al., 2006). Similarly lineage tracing using Mesp1Cre/+and Isl1Cre/+ mouse strains has 

revealed a cranial paraxial mesodermal origin for MuSCs located in the head and facial muscles 

(Harel et al., 2009).  Randall and colleagues utilized the Xenopus laevis model to examine the 

embryonic origin of MuSCs (Daughters et al., 2011) and concluded that MuSC progenitors are 
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from the dorsal lateral plate of the mesoderm and are initially specified here, this is dependent 

on a ventral-to-doral BMP gradient in the early embryo. 

It is important to note that several studies have identified non-myogenic cell populations 

with myogenic potential, challenging the paradigm that MuSCs are the sole contributor to the 

adult muscle stem cell compartment (LaBarge and Blau, 2002). Non-myogenic cell populations 

that contribute to adult skeletal muscle regeneration include PW1+ (Paternally expressed 3 

protein)/Pax7- interstitial cells (Mitchell et al., 2010), mesoangioblasts (Minasi et al., 2002) and 

mesenchymal stem cells (Dezawa et al., 2005; Shi et al., 2004). However, a study by Montarras 

and colleagues demonstrated comprehensively that MuSCs alone could efficiently regenerate 

skeletal muscle and documented the capacity of MuSCs for self-renewal (Montarras et al., 

2005). These authors used a Pax3 gene targeted with a GFP reporter sequence and 

fluorescence assisted cell sorting (FACS) to allow for isolation of a purified population of 

MuSCs. This was followed by detailed studies showing myogenicity in culture as well as grafting 

Pax3-GFP cells into mdx nu/nu mice with grafted cells contributing to fiber repair as well as 

occupation of the host MuSC niche compartment (Montarras et al., 2005). mdx nu/nu mice lack 

dystrophin protein as such the restoration of dystrophin could be assessed as a functional 

measurement for engraftment efficiency. 

Further support for an indispensable role for MuSCs in postnatal muscle regeneration 

has been provided by Sambasivan and colleagues who used genetic techniques to express a 

human diptheria toxin receptor exclusively on Pax7+ve cells, such that injection of diptheria toxin 

selectively ablated the MuSC compartment (Sambasivan et al., 2011). These authors found 

that the abolition of Pax7+ve cells was linked to a complete failure of muscle regeneration. In a 

complementary study, Lepper and colleagues used a transgenic mouse model whereby 

treatment with tamoxifen induced the production of diptheria toxin in Pax7+ve cells, which caused 
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the complete ablation of MuSCs (Lepper et al., 2011). Muscle regeneration was again severely 

compromised with no observable regeneration. Thus, while ‘secondary’ cell populations can 

contribute to muscle regeneration in some circumstances, they cannot compensate for the loss 

of MuSCs. Given the indispensable role of MuSCs in muscle regeneration, it is crucial to 

understand the processes involved in quiescence, activation and differentiation of MuSCs if we 

are to harness their regenerative capacity. 
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Figure 1.2 Myogenesis. The progression from the quiescent MuSC to mature myofibres involves key steps in lineage fate 
decisions. The expression of MyoD is concomitant with the specification of MuSCs to the myogenic lineage. 
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1.2.2 Quiescence in the adult muscle stem cell 

 In muscles of healthy adults, MuSCs normally exist in a mitotically quiescent state 

outside of the cell cycle in the G0 phase (Schultz et al., 1978). In response to an activating 

signal after trauma or muscle injury, MuSCs rapidly exit quiescence and move through the cell 

cycle (Snow, 1977). Understanding the regulation of the quiescent state and the signals 

involved in activating MuSCs has been the topic of significant research in recent years. It is 

important to note that quiescent MuSCs are functionally and transcriptionally distinct from 

committed myogenic progenitors (Machado et al., 2017; Pallafacchina et al., 2010). With recent 

advances in FACS allowing for the isolation of purified populations of MuSCs, the complexities 

involved in the regulation of quiescence and subsequent activation have begun to be unraveled.  

In a seminal study by Fukada and colleagues FACS was utilized to isolate a pure 

population of MuSCs which were then used for large scale gene arrays to analyse differences 

in gene expression between freshly isolated MuSCs and ex vivo cultured proliferating MuSCs 

(Fukada et al., 2007, Figure 2, Table 1). Remarkably, the authors reported 507 genes with 

greater than five-fold differential expression between freshly isolated and activated MuSCs. Not 

surprisingly the authors reported an enrichment of genes involved in the repression of cell 

cycling in freshly isolated MuSCs (Fukada et al., 2007). Additionally, genes encoding cell 

adhesion molecules, protection against oxidative stress and lipid transporter activity, were 

enriched in the freshly isolated population. As signaling through cell adhesion molecules is an 

important regulator of the quiescent state and resistance to oxidative stress is important in long-

lived stem cell populations to prevent DNA damage, enrichment of these processes was also 

unsurprising (Bertoncello et al., 1985; Spangrude and Johnson, 1990; Zhang and Ju, 2010). 

Interestingly, the calcitonin receptor (CTR) was found to be expressed exclusively on the 

membrane of freshly isolated MuSCs and stimulation of the CTR via the addition of calcitonin 
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resulted in the suppression of MuSC activation (Table 1, Fukada et al., 2007). As calcium (Ca2+) 

is known to sequester calcitonin, an intriguing possibility exists where muscle damage leads to 

increased extracellular Ca2+ levels, and decreased activation of the CTR on quiescent MuSCs, 

allowing for MuSC activation in response to injury. 

   In contrast to the study by Fukada and colleagues who examined an ex vivo model of 

MuSC activation, Pallafacchina and colleagues characterized the genetic signature of MuSCs 

in an in vivo model of activation and proliferation compared to freshly isolated MuSCs 

(Pallafacchina et al., 2010). In this study, MuSCs were FACS isolated from young two week old 

mice as well as dystrophic mdx mice and the gene expression profile compared to that of 

MuSCs freshly isolated from adult mice. In agreement with Fukada and colleagues, 

Pallafacchina et al reported high levels of Calcr in freshly isolated MuSCs, except that 

Pallafacchina and colleagues also found measurable levels of the Calcr in in vivo activated 

MuSCs. These results serve as an important reminder of the differences between ex vivo and 

in vivo models. 

Machado and colleagues recently developed a technique to examine the truly quiescent 

MuSC population by utilizing in situ fixation prior to the isolation protocol of MuSCs (Machado 

et al., 2017). This study showed that compared to in situ fixed MuSCs, freshly FACS isolated 

MuSCs exhibit significant transcriptional alterations, with 2822 genes showing significant 

transcriptional induction and 4840 genes repressed during the isolation process. Chromatin 

immunoprecipitation followed by DNA sequencing (ChIPseq) further revealed significant 

enrichment of histone H3 acetylation as a result of the isolation process while DNA methylation 

remained largely unchanged. These important results have shed further light on our 

understanding of MuSC quiescence and activation and redefines the current definition of a 

quiescent MuSC. 
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Several growth factors, including insulin-like growth factor (IGF), hepatocyte growth 

factor (HGF), fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF), have 

been implicated in the regulation of MuSC activation and proliferation (Yin et al., 2012). Growth 

factors act via binding to a family of tyrosine kinase receptors (RTKs) (Christov et al., 2007). 

Interestingly, Shea and colleagues found that Sprouty1 an intracellular inhibitor of RTKs, is 

temporally regulated in MuSCs with elevated expression of the spry1 gene in quiescent MuSCs 

and a rapid downregulation following activation (Shea et al., 2010). Sprouty1 is subsequently 

increased again upon re-establishment of MuSC quiescence in recently regenerated myofibres. 

Given these findings RTK signaling and sprouty1 have been proposed to regulate MuSC 

activation and entry into the cell-cycle (Yin et al., 2013). Importantly conditional knockout of 

spry1 resulted in 40-50% reduction in the number of quiescent MuSCs (Shea et al., 2010). 

Interestingly, ERK signaling remained elevated in MuSCs that failed to return to quiescence 

suggesting that Sprouty1 may act via inhibition of ERK signaling. Such a model is supported 

by previous findings that overexpression of Sprouty1 in Pax3+ cells during development 

downregulated ERK signaling and enhanced progenitor cell self-renewal, but impaired 

myogenic differentiation (Lagha et al., 2008). Taken together, these data indicate that Sprouty1 

plays a role in the self-renewal of MuSCs and reentry into the quiescent state, while ERK 

signaling plays a role in entry into the differentiation program. Additionally, these results indicate 

that a disruption to the quiescent program can deplete the MuSC pool, with important 

implications for muscle regeneration. 
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Table 1. A summary of key characteristics of muscle stem cells across various stages of myogenesis. 

Gene/Protein or 

Characteristic 

Quiescent Activated Proliferating Differentiating Fusion/Maturation References 

pax7/Pax7 +++ ++ + - - Chen et al., 

2006, Seale et 

al., 2000 

myod1/MyoD - + +++ + - Kuang et al., 

2008, Olguin 

et al., 2007, 

Yin et al., 2013 

myf5/Myf5 +/- +++ + - - Yin et al., 

2013, Kuang 

et al., 2007 

myog/MyoG - - - +++ + Yin et al., 2013 

Mrf4/Mrf4 - - - + +++ Yin et al., 2013 

Spry1/Sprouty1 + - - - - Shea et al., 

2010 

notch1/Notch1 ++ + +/- - - Conboy et al., 

2002 

numb/Numb - - +/- + + Conboy et al., 

2002 

Calcr/Calcitonin 

Receptor 

+++ + - - - Pallafachina et 

al., 2010, 
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Fukada et al., 

2007 

MHC - - - + +++ Olguin et al., 

2007 

Glycolytic + + +++ + + Ryall et al., 

2015, 

Machado et 

al., 2017 

Oxidative +++ + + ++ +++ Ryall et al., 

2015, 

Machado et 

al., 2017 

Mitochondrial 

density 

+ + ++ ++ +++ Rocheteau et 

al., 2012, 

Rodgers et al., 

2014 

Transplant 

efficiency 

+++ ++ + - - Smythe et al., 

2001, White et 

al., 2000, 

Asakura et al., 

2007 

 

-  Not expressed + Expressed at low levels  ++ Expressed at moderate levels  +++ Expressed at high levels 
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1.2.3 Activation and proliferation of MuSCs 

In response to muscle damage, MuSCs rapidly exit quiescence and enter the 

cell cycle. While quiescent MuSCs normally express Pax7 they do not contain 

detectable protein levels of the myogenic differentiation factor, MyoD (Beauchamp et 

al., 2000; Kuang et al., 2008; Yablonka-Reuveni and Rivera, 1994, Figure 2, Table 1). 

Following activation, MuSCs initiate a transcriptional program leading to expression of 

MyoD (Asakura et al., 2007; Cooper et al., 1999) and myogenic factor 5 (Myf5, Cooper 

et al., 1999); two myogenic regulatory factors (MRFs) that regulate the specification of 

MuSCs to the myogenic lineage.  

Proliferating MuSCs and their progeny are often referred to as adult myoblasts 

and it is important to note that experiments in culture have shown these MuSC derived 

muscle precursor cells are molecularly and functionally distinct from quiescent MuSCs 

(Fan et al., 1996; Fukada et al., 2007; Montarras et al., 2005; Singh and Dilworth, 

2013). MyoD and Myf5 are members of the class II basic helix-loop-helix (bHLH) family 

of transcription factors with a basic region and a HLH domain. The basic region allows 

association with DNA while the HLH domain allows dimerization with other proteins 

containing the same HLH domain. These proteins contain an E-box binding motif, 

allowing specific binding to DNA regions with the E-box sequence (CANNTG) that is 

specific to the promoter region of genes involved in myogenesis (Blackwell and 

Weintraub, 1990; Singh and Dilworth, 2013).  

The MRFs can either homodimerize or heterodimerize with other class I bHLH 

proteins including the class of E proteins (E12, E47, E2A, E2-2/ITF-2 and HEB/HTF4). 

The dimerization process is required for the association of the MRFs to the E-box 

sequence found on the transcriptional start site of myogenic genes resulting in a stable 

protein-DNA interaction and hence required for the initiation of transcription (de la 
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Serna et al., 2005). The heterodimer binds internal and flanking regions of the 

CANNTG E-box that increases specificity of binding in many regulatory regions of 

genes specific to skeletal muscle. For example, the MyoD: E-box heterodimer binds a 

consensus VCASCTGT site (Blackwell and Weintraub, 1990), which is accomplished 

by specificity for E-box proteins to VCAS, and MyoD binding the CTGT site. Myod1, 

the gene encoding MyoD was first identified in an effort to identify a single gene that 

could induce skeletal muscle differentiation, a so-called “master switch” (Lassar et al., 

1986). Lassar and colleagues showed that the transfection of myod1 alone was 

sufficient to convert 10T1/2 fibroblasts cells, and other terminally differentiated cell 

types, into the myogenic lineage. 

Our understanding of the roles of MyoD and Myf5 in MuSC biology is still 

evolving but it is clear that both play an important role, given that their ablation leads 

to the complete absence of MuSCs (Rudnicki et al., 1993). Interestingly, the loss of 

either Myf5 or MyoD alone leads to a similar number of MuSCs in adult skeletal muscle 

to that in wild-type mice, indicating a level of redundancy between these transcription 

factors (Rudnicki et al., 1993). Despite these observations, Myf5 and MyoD have 

temporally distinct expression profiles in MuSC derived myoblasts (Kitzmann et al., 

1998). Myf5 expression is maximal in cells in the G0 and G2 phase of the cell cycle, 

while MyoD expression peaks in cells during the G1 phase (Kitzmann et al., 1998). 

Interestingly, 24 hours following muscle injury in mice, MuSCs upregulate either MyoD 

or Myf5 and many of these cells will co-express both factors by 48 hours (Cooper et 

al., 1999; Cornelison and Wold, 1997).  

Rantanen and colleagues reported that a small subpopulation of MuSCs 

express MyoD within 12 hours of injury, occurring prior to the first signs of proliferation 

(Rantanen et al., 1995). It is now proposed that these subpopulations of MuSCs which 
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are MyoD positive are primed to differentiate without ever entering a proliferative 

phase (Rantanen et al., 1995). This is consistent with MyoD-/- mutant mice that exhibit 

a marked reduction in muscle mass, a phenotype attributed to a delayed ability of 

myoblasts to differentiate (White et al., 2000; Yablonka-Reuveni et al., 1999) and 

elevated numbers of undifferentiated myoblasts in the injured areas (Megeney et al., 

1996).  

Asakura and colleagues demonstrated that MyoD-/- myoblasts transplant with 

greater efficiency into muscles of wild-type mice than MyoD+/+ cells (Asakura et al., 

2007). Ablation of MyoD resulted in higher survival rates, increased migration from the 

site of engraftment and increased contribution to the MuSC pool, a result proposed to 

be due to the decreased specification and  commitment of the MyoD-/- cells (Asakura 

et al., 2007). In contrast, myoblasts in Myf5-/- null mice exhibit impairments in 

proliferation and increased myofibre hypertrophy, indicating a propensity for 

precocious differentiation (Gayraud-Morel et al., 2007). Taken together, these results 

indicate that Myf5 and MyoD play indispensable roles in the control of myogenesis 

and that deficiency in one gene can be partially compensated by the other through 

functional redundancy. However, Myf5 and MyoD also play important distinct roles, 

with evidence for a role of Myf5 in the regulation of proliferation and MyoD for 

myogenic specification and differentiation.  

 Of importance to the current discussion are findings by Olguin and colleagues 

that MyoD expression in and of itself does not always result in the commitment of 

MuSCs to the myogenic lineage, but rather MyoD, through its reciprocal inhibition of 

Pax7 expression, determines lineage progression (Olguin et al., 2007). Olguin and 

colleagues found that Pax7 expression resulted in the reduction of myod1 

transcriptional activity and decreased MyoD stabilization. In contrast, high MyoD levels 
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resulted in the binding of MyoD to the promoter region of a third MRF, myogenin 

(myog), a positive regulator of differentiation. The protein MyoG is known to repress 

the transcription of pax7 and also upregulate the transcription of many genes involved 

in myofibre development (Cao et al., 2006; Olguin et al., 2007). Thus, a high 

Pax7:MyoD ratio is required to maintain MuSCs in a state of quiescence; a moderate 

Pax7:MyoD ratio allows MuSCs to progress through the cell-cycle to generate a large 

number of progenies; and a low Pax7:MyoD ratio allows the initiation of differentiation 

(Olguin et al., 2007). Intriguingly several studies employing an ex vivo culture model 

of single myofibers found a propensity of Pax7+/MyoD+ positive MuSCs to withdraw 

MyoD expression and return to quiescence, suggesting that activated MuSCs may 

return to quiescence (Day et al., 2007; Halevy et al., 2004; Zammit et al., 2004).  

1.2.4 Self-renewal, asymmetric division and MuSC heterogeneity 

 MuSCs were initially thought to exist as a homogeneous stem cell population 

(Bischoff 1994) but many studies have since demonstrated that MuSCs are a highly 

varied and dynamic population differing in gene expression, stemness, specification 

levels, propensity to differentiate and lineage potential (Yin et al., 2013). In one of the 

first studies to document this asymmetry Conboy and Rando (2012) found asymmetric 

segregation of the protein Numb in a subpopulation of MuSCs following division 

(Conboy and Rando, 2002). Numb is a known inhibitor of the membrane receptor 

Notch1, inducing ubiquitination of the Notch intracellular domain (NICD) and inhibiting 

its signalling activity. Numb has been shown to have important roles in proliferation, 

differentiation and lineage determination (Artavanis-Tsakonas et al., 1999). 

Constitutive activation of Notch signalling in MuSCs has since been found to result in 

elevated numbers of Pax7+ MuSCs, elevated self-renewal rates and impaired 

differentiation (Wen et al., 2012). Together these data support a model where at least 
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two populations of MuSCs exists; one Numb positive population with reduced Notch1 

signalling which are entirely committed to the myogenic lineage and one population of 

more ‘stem-like’ MuSCs that are negative for Numb and maintain Notch1 signalling 

(Conboy and Rando, 2002).  

Importantly, while considerable in vitro evidence suggests a functional role of 

asymmetric division in reconstitution of the MuSC pool, the role of the innate 

regenerating environment in regulating asymmetric division remains ill defined. In a 

recent study, Gurevich and colleagues were able to visualize cell movements and 

behavior during in vivo muscle regeneration (Gurevich et al., 2016). The authors 

exploited the optical clarity of zebrafish larvae combined with in vivo cell tracking to 

show asymmetric division for the first time in vivo and that asymmetric division. 

Interestingly, a study in Myf5-LacZ mice examining β-galactosidase activity (a 

surrogate measure for Myf5) showed that the myf5 locus was active in 90% of MuSCs 

(Beauchamp et al., 2000). Similarly, Kuang and colleagues found that in freshly 

isolated single fibres only 13% of quiescent MuSCs were negative for β-galactosidase 

further indicating the existence of at least two populations of MuSCs (Kuang et al., 

2007). These authors further utilized a Myf5Cre;R26R-YFP mice to perform Cre-LoxP 

based lineage tracing to demonstrate that a small population of MuSCs (~10%) had 

never expressed Myf5 (Pax7+/YFP-  MuSCs), and that these cells differed in their 

regenerative potential compared with the Pax7+/YFP+ MuSCs (Kuang et al., 2007). 

The Pax7+/YFP- MuSCs were able to efficiently populate the MuSC compartment 

when transplanted into Pax7-/- muscle, whereas Pax7+/YFP+ MuSCs immediately 

underwent myogenic differentiation without repopulation of the MuSC niche. 

Moreover, the Pax7+/YFP- MuSCs were capable of undergoing asymmetric division 

resulting in one Pax7+/YFP- MuSCs and one Pax7+/YFP+ MuSCs. These results led 
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the authors to propose that the Pax7+/YFP- MuSCs (Myf5-) represent the true muscle 

stem cell population whereas Pax7+/YFP+ MuSCs (Myf5+) represent a population of 

committed MPCs. In this manner, the MuSC pool could be replenished by the 

asymmetric division of the Pax7+/YFP- MuSCs.   

 Asymmetry in cell division extends to DNA segregation, as it has been shown 

that MuSCs abide by the ‘immortal DNA strand’ hypothesis (Cairns, 1975; Conboy et 

al., 2007; Shinin et al., 2006), which states that following DNA replication there is 

preferential retention of the older DNA strands in the more stem-like daughter cell and 

that the newly synthesized DNA strands segregate to the new daughter cell which will 

ultimately differentiate (Cairns, 1975). Retention of the ‘older’ DNA strand is believed 

to prevent accumulation of mutations often introduced during DNA replication. 

Alternatively,  retention of the older DNA template may also allow retention of the 

epigenetic marks essential for maintaining the stem cell phenotype (Lansdorp, 2007; 

Mull and Asakura, 2012). This retention of old DNA in the stem-like daughter cell has 

been shown both in vivo and in vitro in MuSCs utilizing H3 labelled thymidine analogs 

(Conboy et al., 2007; Shinin et al., 2006).  

1.2.5 Differentiation, fusion and maturation 

 Following several rounds of proliferation and amplification of MPC numbers, a 

program of differentiation is initiated that includes downregulation of Myf5 and MyoD 

and subsequent upregulation of MyoG and a fourth MRF, myogenic regulatory factor 

4 (MRF4, Charge and Rudnicki, 2004; Cornelison et al., 2000; Cornelison and Wold, 

1997; Smith et al., 1994). This is followed by permanent cell cycle arrest, fusion of 

MPCs and expression of muscle specific proteins such as myosin heavy chain (MHC), 

tropomyosin and actin. MyoG, like Myf5 and MyoD, has binding affinity for the 

consensus CANNTG sites on DNA, but MyoG only regulates the transcription of genes 
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involved in myofibre development. In contrast to Myf5 and MyoD which display 

functional redundancy, MyoG and MRF4 display functionally and temporally distinct 

roles. Studies utilizing MyoG knockout mice have reported that MyoG null mice die 

perinatally with a complete absence of musculature (Hasty et al., 1993; Nabeshima et 

al., 1993). Furthermore, while MyoG is expressed at the onset of differentiation in 

MPCs, MRF4 is expressed in the myonuclei of newly formed myotubes following 

fusion of MPCs (Zhou and Bornemann, 2001). Together, these results suggest that 

MyoG regulates initiation of the differentiation program, while MRF4 appears to play 

an important role during the latter stages of this process. 

 1.2.6 The C2C12 Myogenic Cell Line as a Model for MuSC Biology 

 C2C12 cells are widely utilized for studying myogenesis in vitro. These cells are 

an immortalized murine myoblast cell line derived from murine MuSCs (Blau et al., 

1985; Yaffe and Saxel, 1977). C2C12 cells are a subclone of the C2 myoblast line that 

was originally isolated by serial passaging of myoblasts from adult dystrophic mice. 

Culturing C2C12 cells in nutrient rich media containing high levels of serum and growth 

factors maintains these cells in a highly proliferative state akin to the proliferating 

myoblast. Withdrawal of serum and growth factors from the surrounding media results 

in differentiation and fusion of C2C12 cells which quickly form multinucleated 

myotubes which express myosin heavy chain (MHC) and exhibit contractility (Burattini 

et al., 2004). Blais and colleagues reported findings from a genome wide analysis 

comparing the C2C12 cell line to primary mouse myoblasts and demonstrated that the 

transcriptional profile between these two groups were similar (Blais et al., 2005). Given 

that C2C12 cells recapitulate many of the stages of myogenesis and exhibit similar 

transcriptional profiles to primary myoblasts, they are a very good model for studying 

the early phases of myogenesis in vitro. However, it should be noted that there is no 
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C2C12 equivalent to the quiescent state observed in MuSCs and C2C12 cells exhibit 

tetraploidy which may influence cell phenotype (Blau et al., 1985). Another important 

consideration (also true of primary stem cell culture) is the lack of a niche environment 

for cultures of C2C12 cells. Given that many of the stages of myogenesis are regulated 

by the muscle stem cell niche and even the orientation of muscle stem cells in the 

niche (Dumont et al., 2015; Yin et al., 2013), results generated from C2C12 cells 

should be interpreted with caution and where possible, recapitulated in primary 

MuSCs. Despite these limitations, C2C12 cell are a powerful tool, given their ability to 

rapidly proliferate and differentiate, for high throughput exploratory studies that can 

then be recapitulated in primary cultures. 

1.2.7 Stem cell transplant therapy 

 Stem cell transplant therapy (SCTT) involves the introduction of stem cells into 

a patient in the hope of treating different disorders. The first human trials performed in 

the 1950’s (Daley, 2012) involved human bone marrow containing hematopoietic stem 

cells (HSCs) transplanted into terminal leukemia patients (Thomas et al., 1957). These 

initial studies were plagued with complications, and it was not until the late 1970’s that 

consistent success was achieved with bone marrow transplantations (Daley, 2012). 

Donor cells can either be derived from the patients themselves (autologous 

transplantation) or from a different individual (allogenic transplantation). Autologous 

transplantation has the benefit of reduced risks of immune rejection but obtaining cells 

in this manner may not always be possible because cells may need to be isolated from 

healthy individuals.  

Unfortunately, SCTT has not been overly successful with the only SCTT 

currently in widespread use being HSC transplantation for treating blood-related 

disorders (Daley and Scadden, 2008). Several important limitations have emerged that 
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must be addressed before widespread SCTT can become a reality. These include: (1) 

survival of the transplanted cells; (2) migration from the site of engraftment; and (3) 

integration into the native niche environment. Based on the success of HSC 

transplantation there has been significant interest in the utilization of MuSCs for 

treating muscle wasting conditions, as they are an easily isolated population of adult 

stem cells, and their numbers can be expanded ex vivo prior to autologous 

transplantation. Unfortunately, several early clinical trials which administered healthy 

MuSCs to young boys with the devastating muscular disorder Duchenne muscular 

dystrophy found no benefit of MuSC transplantation (Fan et al., 1996; Gussoni et al., 

1992; Huard et al., 1991; Huard et al., 1992).  

 In a series of studies focused on MuSC transplantation, poor survival of the 

transplanted cells was a major limiting factor, with up to 90% cell death occurring within 

hours of transplantation and fewer than 1% of cells remaining one month after 

transplantation (Beauchamp et al., 1999). Additionally, transplanted MuSCs do not 

tend to migrate from the site of engraftment, which is a major limitation to the 

transplantation of cells into large tissues like skeletal muscle (Skuk et al., 2002). For 

MuSC transplantation to be a feasible approach to treat muscle wasting diseases, the 

transplanted cells need to be able to migrate from the site of engraftment. In addition, 

given the disperse nature of the muscle organ system, an approach allowing systemic 

delivery of MuSCs or the ability to treat a large number of muscles will be required. 

Thus studies centred on the methods of delivery of MuSCs will be crucial.  The 

extensive cell death of transplanted cells is partially due to the host immune system, 

with immune suppression increasing rates of MuSC survival (Hodgetts et al., 2000). 

Interestingly, in contrast to the extensive cell death after transplantation of ex vivo 

expanded MuSCs, transplantation of a single muscle fibre with quiescent MuSCs still 
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within their niche, resulted in donor-derived nuclei in over 100 new myofibres 

(Montarras et al., 2005). Importantly, the donor-derived MuSCs were found to occupy 

the host MuSC niche, indicating the contribution of the donor-derived cells to the 

quiescent MuSC compartment (Montarras et al., 2005). Similarly, Montarras and 

colleagues transplanted freshly isolated MuSCs, and found a dramatic increase in 

survival of transplanted cells; over 70% survival compared to 5-10% survival in MuSC 

that had undergone ex vivo expansion (Montarras et al., 2005). In both cases the 

mechanism for the improved MuSC survival was believed to be a lack of MyoD and 

myogenic specification, leaving these cells in a more ‘stem-like’ state. In support of 

this model, MuSCs isolated from MyoD null mice exhibit greater engraftment potential 

and survival compared to MyoD+  MuSCs (Asakura et al., 2007). These results suggest 

that any technique that prevents (or delays) specification to the myogenic lineage 

during ex vivo expansion may have application for improving the efficacy of MuSC 

transplantation. One recently identified regulator of myogenic specification is nutrient 

availability and cellular metabolism. 

1.3 Cellular metabolism 

 In the 1920’s, Professor Otto Warburg made the seminal observation that 

cancer cells exhibited high levels of glycolytic flux, even in the presence of saturating 

concentrations of oxygen (Warburg, 1956). Warburg hypothesized that a defect in 

mitochondrial respiration was the underlying cause of neoplastic transformation. This 

was later shown to be incorrect, as mitochondrial function remains intact in cancer 

cells (Weinhouse, 1976).  Rather than a defect in mitochondria, tumorigenic cells were 

found to exhibit a preference for glycolysis to allow for the generation of intermediate 

metabolites for the synthesis of new biomass to sustain pathological cell division 
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(Agathocleous and Harris, 2013, Figure 1.3). This reliance on glycolysis, even at 

saturating levels of oxygen has been termed the ‘Warburg effect’ or ‘aerobic 

glycolysis’. These seminal observations by Warburg, linking metabolism to changes in 

cell state, raised questions about the physiological relevance of metabolism to cell 

growth, proliferation and differentiation, which have only recently started to be 

addressed, and have led to the emerging field of metabolic programming. 

 Similar to Warburg’s observations in cancer cells, several highly proliferative 

stem cell populations, including embryonic stem cells (ESCs) and inducible pluripotent 

stem cells (iPSCs), preferentially utilize glycolysis in their proliferative phase, 

undergoing metabolic reprogramming to oxidative phosphorylation (OXPHOS) during 

differentiation (Folmes et al., 2011; Panopoulos et al., 2012). The observation that 

metabolism is linked to differentiation is central to the study of metabolic 

reprogramming, but before discussing the possible role metabolism might play beyond 

the generation of biomass, it is important to first detail the major cellular metabolic 

pathways. 

  

1.3.1 ATP: The chemical currency of cells 

Energy in the form of adenosine triphosphate (ATP) is utilized by cells in order 

to drive anabolic and entropically opposed reactions. ATP is essential for life and 

depletion of ATP results in either necrosis or apoptosis (Tsujimoto, 1997). Conversion 

of ATP to adenosine diphosphate (ADP) or adenosine monophosphate (AMP) and 

inorganic phosphate (Pi) is an exothermic process, releasing free energy that can be 

utilized to drive entropically unfavorable enzymatic reactions. ATP is generated by a 

collection of enzymatic reactions that harness energy stored in high energy carbon 

bonds; a process termed ‘cellular metabolism’. Alterations to cellular metabolism can 
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have a fundamental impact on cellular function and result in numerous pathological 

conditions, including diabetes, McArdle’s disease, Pompe’s disease, and the 

increasingly common metabolic syndrome (Koopman et al., 2014; Russell et al., 

2014). Interestingly, many diseases of skeletal muscle have associated changes to 

metabolism, including cancer cachexia and muscular dystrophies (Russell et al., 

2014). Cellular ATP can be generated from the three major macromolecules 

consumed in the human diet and involves the breakdown of fats (via fatty acid 

oxidation, FAO), carbohydrates (via glycolysis) and proteins (via proteolysis) into 

pyruvate which can be fermented into lactate in an oxygen independent reaction or 

converted into acetyl CoA which, in the presence of sufficient oxygen, can be fully 

oxidized in the mitochondria to generate ATP via OXPHOS. 
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Figure 1.3 Overview of key metabolic processes. Fatty acids and carbohydrates 
are important sources of cellular fuel, supplying acetyl-CoA through fatty acid oxidation 
and glycolysis respectively. Glycolysis has additional roles in highly proliferative cell 
populations, generating glycolytic intermediates that can be utilized in the generation 
of new biomass to generate new daughter cells (Koopman et al., 2014). 

 

1.3.2 Fatty Acid Oxidation 

 There are three predominant sources of fatty acids (FAs) available to cells in 

the musculature: circulating albumin bound long chain fatty acids (LCFA); very low 

density lipoprotein (VLDL)-triacylglycerols; and intramuscular triglycerides. FA can be 

liberated from triglycerides in cytoplasmic reactions by neutral hydrolases or via acid 

hydrolases in an autophagic pathway termed ‘lipophagy’ (Singh and Cuervo, 2012). 

For cells to utilize FAs to generate ATP they must first be transported into the 
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mitochondria where they undergo a series of cyclic reactions resulting in the 

shortening of the FA chain by two carbons per cycle, and generation of NADH, FADH2 

and acetyl CoA. This process is termed ‘fatty acid oxidation’ (FAO). Transport of FAs 

into cells occurs through key lipid transporters on the plasma membrane: FA binding 

protein (FABP); FA translocase (FAT/CD36); and FA transport proteins (FATP, see 

Figure 1.4). Once inside the cell, FAs can either be directed towards the mitochondria 

to undergo FAO or converted to triacylglycerols for storage.  

 

 

Figure 1.4 Fatty acid oxidation. To be utilized as fuels, fatty acids must first be 
transported from the cytoplasmic compartment to the inner matrix of the mitochondria. 
Here they will undergo step wise decarboxylation, generating acetyl CoA that can be 
broken down in the TCA cycle (Koopman et al., 2014). 
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 The potential role of FAO, beyond the simple provision of ATP has begun to 

receive significant interest, with an increasing number of studies examining changes 

to FAO during tumorigenic transformations. Of particular note, Ito and colleagues 

reported a role for the promyelocytic leukemia (PML)-Peroxisome proliferator-

activated receptor δ (PPARδ)-FAO axis in the maintenance of the HSC population, via 

the regulation of asymmetric division (Carracedo et al., 2012). The PML protein 

through its interaction with PPARδ is a regulator of FAO (Carracedo et al., 2012). Much 

like MuSCs, HSCs can undergo symmetric or asymmetric division and pharmacologic 

or genetic inhibition of FAO elicits a decrease in the self-renewal potential of HSCs 

with a reduction in the ratio of asymmetric to symmetric divisions. Additional support 

for a link between FAO and the regulation of HSCs has come from findings that 

inhibition of liver kinase B1 (LKB1), another protein involved in the regulation of FAO, 

leads to the complete exhaustion of the HSC pool (Gan et al., 2010; Nakada et al., 

2010).  

A study examining the role of FAs in the regulation of adult neural stem cells 

(NSCs) found that the quiescent NSC population exhibit a preference for FAO, but 

proliferating cells have a requirement for FA synthesis (FAS) to sustain neurogenesis 

(Knobloch et al., 2013). This study suggested that FAS in addition to FAO, can play 

an important role in the regulation of cell fate decisions and provide evidence for a link 

between metabolism and the regulation of adult stem cells. Novel studies that seek to 

identify a role for FAO in MuSC lineage specification may provide new insights into 

potential avenues for therapeutic manipulation, especially since gene microarrays and 

whole transcriptome sequencing data have revealed preferential upregulation of 

genes involved in FAO and lipid transport in the quiescent MuSC (Fukada et al., 2007; 

Ryall et al., 2015a). Ryall and colleagues showed that genes involved in fatty acid 
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transport into cells (including fabp and cd36) and fatty acid oxidation enzymes (cpt1b, 

acadm and hadh) are significantly enriched in freshly isolated MuSCs, while activation 

of MuSCs is associated with a rapid and robust increase in genes associated with 

glycolysis. Additionally, the glycolytic activity of activated MuSCs was increased three-

fold compared to freshly isolated MuSCs (Ryall et al., 2015a). While activation and 

proliferation of MuSCs was associated with rapid mitochondrial biogenesis with 

significant increases in mitochondrial density and complexity (Rodgers et al., 2014), 

no difference in cellular oxygen consumption was detected (Ryall et al., 2015a). This 

enrichment of fatty acid oxidation profile in quiescent MuSCs has been recapitulated 

in truly quiescent MuSCs which have been fixed in situ, free from isolation artefacts 

(Machado et al., 2017), with ppara being enriched in quiescent MuSC, with a rapid 

activation of the glycolytic enzyme hk2 following isolation.  It is worth noting that there 

are pharmacological tools that target PPAR δ, carnitine palmitoyl transferase 1 (CPT1, 

the rate limiting step of FAO) and 3-ketoaculthiolase (3-KAT, the final step in FAO), 

making FAO amenable for assessing the reciprocal signalling between metabolism 

and cell lineage specification, as well as the processes of proliferation and 

differentiation. To this end, Lin and colleagues demonstrated that specific knockdown 

of cpt1b in mouse embryonic fibroblasts enhanced reprogramming to the pluripotent 

state and this was directly linked to enhanced fatty acid metabolism. Similarly culture 

of cells in a primary fatty acid oxidation metabolite, palmitoylcarnitine, during the 

reprogramming process enhanced reprogramming efficiency (Lin et al., 2018). 

Furthermore, when fatty acid oxidation was inhibited with the CPT1 inhibitor, etomoxir, 

reprogramming was significantly inhibited. Interestingly, in support of a role for FAO in 

maintaining quiescence and inhibiting specification in MuSCs, trimetazidine, an 
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inhibitor of FAO, increased expression of MyoD and MyoG and lead to the expression 

of desmin in muscle progenitor cells (Gatta et al., 2017). 

1.3.2 Carbohydrate metabolism 

 Carbohydrates are macromolecules consisting of carbon, hydrogen and 

oxygen and are a major source of cellular energy. Carbohydrates can be organized 

as short mono- or disaccharides or long elongated molecules termed polysaccharides, 

with glucose (a monosaccharide) being the most biologically important carbohydrate 

in mammals. Polysaccharides can be cleaved via the actions of glycoside hydrolase, 

to liberate monosaccharides such as glucose, which in turn can be metabolized in 

cells in a cytoplasmic process termed ‘glycolysis’ to yield two molecules of ATP and 

two molecules of pyruvate (Figure 5). Pyruvate can then be converted to lactate to 

regenerate reducing intermediates or be transported into the mitochondria to be 

metabolized to CO2 and high energy electron carriers, NADH and FADH2, through 

oxidation in the tricarboxylic acid (TCA) cycle.  

 Circulating glucose in the bloodstream is sequestered into cells via the actions 

of a family of transmembrane glucose transporters (GLUT1-GLUT11), with each 

isoform having tissue specificity as well as transporting specific carbohydrates. 

Glucose enters skeletal muscle via GLUT4, an insulin dependent isoform specific to 

mature skeletal muscle, whereas active MuSCs transport glucose via the insulin 

independent transporter, GLUT1 (Guillet-Deniau et al., 1994; Richter and Hargreaves, 

2013). Upon transport into cells glucose is phosphorylated by the enzyme hexokinase, 

through an energy consuming reaction requiring one molecule of ATP. This reaction 

prevents transport of glucose out of the cell as the glucose transporters do not 

transport glucose-6-phosphate (G6P). Of note, once converted to G6P, glucose is 
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trapped in the cell and either undergoes glycolysis or glycogen synthesis, since 

muscles lack the enzyme required to convert G6P back to glucose (Li et al., 2015).  

Through a series of well-characterised catabolic reactions, glucose is converted 

to pyruvate and two molecules of ATP (Lunt and Vander Heiden, 2011).  In this 

process G6P is first converted to fructose-6-phosphate (F6P) and subsequently to 

fructose-1-6-bisphosphate (F1,6BP) via the kinase activity of phosphofructokinase 1 

(PFK1). PFK1 serves as an important checkpoint for glycolysis as its activity is 

allosterically modulated via ATP availability, such that in the presence of abundant 

ATP, glycolysis is inhibited. Fructose bisphosphate aldolase then cleaves F1,6BP into 

one molecule of dihydroxyacetone phosphate and one molecule of glyceraldehyde-3-

phosphate (G3P). Dihydroxyacetone phosphate is subsequently converted into G3P, 

yielding a total of two molecules of G3P from each molecule of F1,6BP. These first 

five steps of glycolysis are known as the preparatory phase and involve the 

consumption of two molecules of ATP per molecule of glucose (Li et al., 2015; Lunt 

and Vander Heiden, 2011).  

The two molecules of G3P produced in the preparatory phase of glycolysis are 

converted into 1-3-bisphosphoglycerate and then 3-phosphoglycerate. These steps 

begin the ‘pay-off’ phase of glycolysis with the latter two reactions generating one 

molecule of ATP per molecule of G3P. 3-phosphoglycerate is then converted into 

phosphoenolpyruvate (PEP) and in the final step of glycolysis, PEP is converted into 

pyruvate by pyruvate kinase (PK), releasing an additional molecule of ATP (Lunt and 

Vander Heiden, 2011). Under anaerobic conditions (or during aerobic glycolysis) 

pyruvate is fermented to produce lactate via lactate dehydrogenase which allows for 

the regeneration of the oxidized form of nicotinamide adenine dinucleotide (NAD+), 

required for the continuation of glycolytic flux. Lactate is eventually transported out of 
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the cell into the extracellular space via a monocarboxylate transporter. Alternatively, 

pyruvate can undergo oxidative metabolism in the mitochondria to generate greater 

amounts of ATP. In this model, pyruvate is transported to the mitochondrial matrix 

where it is converted to acetyl-CoA for entry into the TCA cycle (Newsholme et al., 

1985). 

In addition to its role in rapidly generating ATP and supplying TCA cycle 

metabolites, glycolysis plays an important role in the supply of glycolytic intermediates 

that are utilized by cells in the generation of new biomass (Hosios et al., 2016). 

Branching from glycolysis are a number of key anabolic pathways, including the 

pentose cycle for the generation of nucleotides, the one-carbon cycle for the 

biosynthesis of amino acids, and the FA biosynthetic pathway for the generation of 

phospholipids (Lunt and Vander Heiden, 2011). PK is an important regulator of 

glycolytic flux and controls the availability of glycolytic intermediates to feed these 

anabolic pathways and support the generation of biomass. In mammals, PK exists in 

four isoforms (L, R, M1 and M2). Pkm1 and Pkm2 are splice variants arising from the 

same gene dependent upon the inclusion of either exon 9 (Pkm1) or exon 10 (Pkm2) 

(Noguchi et al., 1986). Exons 9 and 10 each encode a unique sequence of 56 amino 

acids that confer unique properties that results in differing allosteric regulation and 

dimerization properties that alter the metabolic activity (Wang et al., 2012). PKM1 

catalyses the canonical final step in glycolysis, resulting in the conversion of PEP to 

pyruvate for subsequent breakdown in the TCA cycle (Christofk et al., 2008). PKM2 

has reduced affinity for PEP and the preferential expression of PKM2 results in a build-

up of glycolytic intermediates that can be utilized in the glycolytic branch reactions to 

generate new biomass (Christofk et al., 2008). PKM1 is primarily expressed in 

terminally differentiated tissues, such as skeletal muscle and differentiated neurons, 
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while PKM2 is expressed at high levels in highly proliferative populations such as 

embryonic stem cells, adult stem cells and tumourigenic cells (Lunt et al., 2015; 

Mazurek, 2011). Proliferating C2C12 cells express high levels of PKM2 and 

differentiation of these cells into myotubes is accompanied by a shift to the PKM1 

isoform (Harada et al., 1995). Furthermore, Ryall and colleagues reported a significant 

enrichment of Pkm1 in freshly isolated MuSCs and culture and activation of MuSCs 

was associated with a selective up-regulation of the Pkm2 isoform (Ryall et al., 2015a). 

Figure 1.5 Glycolysis and pyruvate. Glycolysis is the collection of enzymatic 
reactions that generates pyruvate and ATP from glucose. Once produced, pyruvate 
can either be converted to lactate in the cytoplasm or transported to the mitochondria, 
where it can enter the TCA cycle to undergo decarboxylation and generate high energy 
electrons for the production of ATP in the electron transport chain. 
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1.3.3 The tricarboxylic acid cycle and oxidative phosphorylation in 

the mitochondria 

 When cells receive sufficient oxygen, acetyl-CoA generated via FAO or from 

glucose derived pyruvate is combined with oxaloacetate to generate citrate. Citrate 

then undergoes a series of cyclic reactions that break down the carbon sourced from 

acetyl-CoA to generate CO2 and capture the energy stored in the covalent bonds as 

high energy electron carriers, NADH and FADH2. Citrate is first converted to its 

isomeric form, isocitrate. Isocitrate is then converted into α-ketoglutarate (aKG), a 

process resulting in the production of CO2, H+ and NADH. aKG then undergoes 

decarboxylation to form a high energy thioester, succinyl-CoA and this results in the 

additional production of NADH and H+. Phosphorylation of succinyl-CoA yields 

succinate which can undergo a process of oxidation and hydration to regenerate 

oxaloacetate and additional NADH and H+. The overall result of the TCA cycle is 

decarboxylation of acetyl-CoA and production of CO2, NADH and H+ (Newsholme et 

al., 1985).  

 The NADH and FADH2 generated by the TCA cycle can be utilized by the 

electron transport chain (ETC) to generate the chemiosmotic proton gradient used by 

the mitochondrial ATP synthase to drive production of ATP (Lunt and Vander Heiden, 

2011, Figure 6). The ETC consists of five multimeric proteins located on the inner 

membrane of the mitochondria. High energy electrons storing the energy released 

from decarboxylation of acetyl-CoA are unloaded at the ETC and passed through 

complexes I-IV where the energy in the electrons are harvested to transport protons 

into the intermembrane space. Complex V (ATP synthase) couples the flow of protons 
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back into the mitochondrial matrix along an electrochemical gradient to the production 

of ATP from ADP and Pi.  

In addition to its role in generating reducing equivalents for the ETC, the TCA 

cycle is important for generating key metabolites used in the biosynthesis of new 

macromolecules as well as providing several metabolites for the post-translational 

modifications of histones and DNA. For example oxaloacetate and α-ketoglutarate 

derived from the TCA cycle are utilized to generate four non-essential amino acids 

(NEAA; aspartate, asparagine, glutamate and proline), while citrate can serve as the 

carbon backbone for the generation of lipids (DeBerardinis et al., 2008; Lunt and 

Vander Heiden, 2011). 

 

Figure 1.6 Electron transport chain. The mitochondrial electron transport chain 
utilizes the energy stored in high energy electrons to generate a chemiosmotic 
gradient. Energy released by the electrons in the different complexes is used to pump 
protons into the intermembrane space. The protons then flow through complex V, 
down its concentration gradient and this is coupled to the generation of ATP from ADP 
and Pi. 
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1.4 Metabolic regulation of chromatin structure and 

transcription  

 Metabolic demands differ between cells during periods of quiescence, 

proliferation and differentiation and thus cells must reconfigure these pathways to 

meet these requirements; a process termed ‘metabolic reprogramming’. In recent 

years interest in cellular metabolism has led to the identification of several defects 

underlying the extensive growth and proliferation observed in different cancers 

(Agathocleous and Harris, 2013). Observations that non-tumourigenic cells also 

display a preference for glycolysis during rapid division suggests that a similar 

metabolic rewiring may also be important in the regulation of proliferation and 

differentiation in normal cell types (Brand and Hermfisse, 1997; Wang et al., 1976). 

Similarly, highly proliferative pluripotent stem cells display a highly glycolytic profile 

(Folmes et al., 2011). Importantly a process of metabolic reprogramming has recently 

been documented in MuSCs. In the quiescent state MuSCs exhibit small amount of 

tightly packed mitochondria surrounding the nucleus (Ryall et al., 2015). While 

activation and proliferation of MuSCs was associated with rapid mitochondrial 

biogenesis and increases in mitochondrial density and complexity, no difference in 

cellular oxygen consumption was detected (Ryall et al., 2015). In contrast, the 

glycolytic activity of activated MuSCs was increased three-fold compared to freshly 

isolated MuSCs (Ryall et al., 2015a).  

 Cerletti and colleagues demonstrated a link between MuSC lineage 

specification and changes to cellular metabolism in an in vivo model (Cerletti et al., 

2012). In this study, mice underwent a caloric restriction (CR) regimen whereby 
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calories were reduced to 60% of ad lib fed control mice, for twelve weeks. At the end 

of the 12 week protocol MuSCs from the CR group exhibited an increased utilization 

of OXPHOS associated with increased mitochondrial density. Furthermore, there was 

an overall increase in the number of MuSCs in muscles isolated from CR mice, 

suggesting an increased proliferative capacity. The study also documented the effects 

of CR on transplantation efficiency and showed that MuSCs isolated from CR mice 

exhibited two-fold greater engraftment efficiency when injected to control non-CR 

muscle compared to MuSCs isolated from the ad lib fed control mice. The authors also 

revealed a similar improvement in engraftment when control MuSCs were transplanted 

into a CR host, indicating a role for both innate MuSC metabolism and the environment 

of the host tissue. 

 The notion that aerobic glycolysis may play an important role in the provision of 

glycolytic intermediates for biosynthesis has gained widespread support (DeBerardinis 

et al., 2008; Lunt and Vander Heiden, 2011). It is interesting to consider the significant 

overlap in the pathways contributing to shifts in cell fate and control of proliferation and 

differentiation and those pathways that control metabolism. The PI3K/AKT/mTOR 

pathway has diverse biological roles in promoting cell growth and anabolism and the 

control of cell proliferation. A direct link between glycolytic flux and PI3K/AKT/mTOR 

signalling was documented by Saha and colleagues where increased glucose 

availability increased signalling through the PI3K/AKT/mTOR pathway, a change 

related to shifts in the lactate: pyruvate ratio (Saha et al., 2010). Signalling through 

sterol regulatory element-binding proteins (SREBPs), downstream of mTORC1, 

regulates glycolysis through enhanced transport of glucose into cells via GLUT and 

increased transcription of glycolytic enzymes (DeBerardinis et al., 2008; Ward and 

Thompson, 2012). The roles of 4E binding protein (4EBP) and S6K in regulating amino 
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acid metabolism and protein synthesis is well documented (Koopman et al., 2014). A 

study demonstrated reciprocal signaling between the glycolytic pathway and the 

PI3K/AKT/mTOR axis (Lee et al., 2009). Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) is a key enzyme in glycolysis and regulates the binding of Rheb to mTOR; 

an interaction required for the signalling of mTORC1 to downstream proteins. This 

suggests cross-talk between glycolytic flux and the mTORC1 signalling (Koopman et 

al., 2014; Lee et al., 2009). Studies have demonstrated a role for the PI3K/AKT/mTOR 

pathway in the control of stem cell fate. Deletion of phosphatase and tensin homolog 

(PTEN), a negative regulator of PI3K/AKT/mTOR, and hence enhanced 

PI3K/AKT/mTOR signalling, resulted in significant increases in neuronal stem cell 

(NSC) proliferation (Gregorian et al., 2009).  

It is important to note that an earlier study documented the opposite effect in 

HSC, whereby depletion of PTEN resulted in stunted proliferation of HSC (Yilmaz et 

al., 2006). Similarly, reduced levels of Tsc resulted in decreased HSC numbers 

(Yilmaz et al., 2006), likely because of a deregulation of mitochondrial biogenesis 

controlled via the Tsc-mTOR axis (Chen et al., 2008). Yu and colleagues report that 

the loss of PTEN-like mitochondrial phosphatase (PTPMT1) function significantly 

attenuated the differentiation capacity of HSC but increased the total number of HSC 

by ~40-fold (Yu et al., 2013). These alterations to cell cycle kinetics and cell fate 

decisions of HSCs was accompanied by enhanced glycolytic activity and blunted 

OXPHOS (Yu et al., 2013). Elevation in the activity of pyruvate dehydrogenase kinase, 

which increases glycolysis, has similarly been found to enhance HSC reconstitution 

capacity (Takubo et al., 2013). While these studies show an important role of glycolysis 

in the reconstitution capacity of HSCs, Oburoglu and colleges examined the role of 

glycolysis in HSC differentiation (Oburoglu et al., 2014). Interestingly, this study 
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showed the metabolism of HSCs could play an important role in lineage fate decisions. 

Commitment to the erythroid fate of human CD34+ cells was completely abrogated by 

blocking glutamine metabolism but not glucose metabolism. The study shows a crucial 

role of glutamine metabolism in the provision of carbon for de novo nucleotide 

biosynthesis and not anaplerosis of the TCA cycle (Oburoglu et al., 2014). In contrast, 

glucose catabolism was essential for the myeloid lineage commitment in postnatal 

tissue (Oburoglu et al., 2014). HSCs reside within a hypoxic niche and predominantly 

rely on glycolysis for cellular metabolism (Suda et al., 2011). These cells have 

characteristically low mitochondrial mass and activation of HSCs is accompanied by 

mitochondrial biogenesis (Yu et al., 2013). Inhibition of mitochondrial activity under 

culture conditions by chemically uncoupling the ETC significantly enhanced HSC self-

renewal while attenuating the differentiation of these cells (Vannini et al., 2016). 

Mitochondrial complex III activity plays an essential role in differentiation of HSCs 

(Anso et al., 2017). Together, these results demonstrate important roles of both 

glucose and glutamine metabolism in HSC lineage decisions and function. 

 Glucose and glutamine metabolism are closely interrelated. Glutamine 

transport is a rate limiting step in the activation of mTOR signalling, and mTOR has a 

crucial role in the upregulation of both glucose uptake and glycolytic flux. Rodgers and 

colleagues have demonstrated a direct link between mTORC1 signalling and MuSC 

fate, and the regulation of quiescence (Rodgers et al., 2014). These authors 

characterized a novel state that exists as an intermediary between quiescent MuSCs 

and activated and proliferating MuSCs; a state these authors termed ‘GAlert’. These 

GAlert  MuSCs display distinct cell cycle kinetics and mitochondrial density compared to 

quiescent and activated MuSCs. The authors showed that transitions between the G0 
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and GAlert state is mediated by mTORC1 signalling and in MuSCs, through the cMet 

pathway. When mTORC1 signalling is lost GAlert cells revert to the G0 state.  

The Lin28a/b-let7 axis has been studied in the context of tissue regeneration 

and bioenergetic state (Shyh-Chang et al., 2013). Lin28a/b is an inhibitor of the 

microRNA let7, and the Lin28a/b-let7 pathway regulates a wide range of genes 

involved in OXPHOS and glycolysis (Peng et al., 2011; Zhu et al., 2011). Shyh-Chang 

and colleagues reported lower levels of glycolytic intermediates in Lin28a deficient 

embryos at E10.5 (Shyh-Chang et al., 2013) and Lin28a deficient embryos had lower 

ratios of ATP:AMP and NADH:NAD. In contrast, elevated levels of Lin28a resulted in 

enhanced mitochondrial OXPHOS and glycolytic flux (Shyh-Chang et al., 2013). The 

authors reported significant enhancements in tissue repair in post-natal mice which 

was attributed to reprogramming of cellular metabolism. While these authors 

previously proposed that Lin28a might play an important role as a factor regulating 

stem and progenitor cell self-renewal (Shyh-Chang et al., 2013), this study 

demonstrated this in vivo and attributed it to a regulation of metabolism (Shyh-Chang 

et al., 2013b). The report that Lin28/let7 facilitates aerobic glycolysis in cancer cells 

provides further evidence that this pathway is an important regulator of metabolic 

reprogramming (Rodgers et al., 2014). Lin28a remains to be fully studied and the 

effects of elevated Lin28a and enhancements of OXPHOS on MuSC self-renewal and 

proliferation remains an exciting but unanswered question.  

 Together, the aforementioned studies show an important link between 

metabolic processes that determine cell growth, proliferation and cell fate. There are 

many hypotheses regarding how cell fate may be controlled by metabolism, including 

an important link to chromatin modifications and epigenetics. Transitions in cell state 
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are accompanied by extensive epigenetic changes including modifications to DNA and 

histones. Dynamic post translational modification of DNA and histones and even 

proteins can include, but are not limited to, methylation, acetylation, phosphorylation, 

ubiquitination and glycosylation. In the context of DNA and histones, this can lead to 

changes in transcription. Changes in metabolite levels can also alter the accessibility 

of certain post translational modification processes and thus provide a direct link 

between metabolism and epigenetic modifications and transcriptional outputs (Kaelin 

and McKnight, 2013; Lu and Thompson, 2012).  

1.4.1 Histone/Protein acetylation 

Acetyl-CoA is a key metabolite derived from pyruvate, threonine via threonine 

dehydrogenase (TDH) (Kaelin and McKnight, 2013) or acetate (Liu et al., 2018). 

Acetyl-CoA levels are an important regulator of histone acetyl-transferase (HAT) 

activity and high levels of acetyl-CoA are involved in the acetylation of histones and 

activation of genes involved in cell growth in yeast (Cai et al., 2011). Glucose is a key 

source of cytoplasmic acetyl-CoA however as acetyl-CoA cannot cross the 

mitochondrial membranes, it must first be converted to citrate, which can then be 

transported to the cytoplasm. Cytoplasmic citrate is then converted back to acetyl-CoA 

via ATP-citrate lyase (ACL) which can then be utilized as an acyl donor for histone 

acetylation (Wellen et al., 2009).  

In cultured mammalian myoblasts, loss of ACL activity promotes myogenic 

differentiation (Bracha et al., 2010), and downregulation of genes involved in glycolysis 

(Wellen et al., 2009). It is important to note that Das and colleagues showed that 

knockdown of Acl expression led to a decrease in a number of genes involved in 

myogenic differentiation including Myh1, Myh2 and Tnnt3 (Das et al., 2017). 
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Significant fluctuations in acetyl-CoA levels have also been observed in murine ESC 

during differentiation, with acetyl-CoA levels significantly higher in the undifferentiated 

ESC compared to cells stimulated to differentiate and form an embryoid body (Wang 

et al., 2011; Wang et al., 2009), it has been proposed that these elevated levels of 

acetyl-CoA in the ESC may be responsible for keeping the undifferentiated ESC in a 

specialized epigenetic state (Wang et al., 2011; Wang et al., 2009). By extension it is 

interesting to speculate what role acetyl-CoA may play in cell fate decisions in adult 

stem cell populations.  

While these functions of acetyl-CoA in stem cells remain speculative in 

mammalian cells, a number of studies in yeast have shown a correlation between high 

intracellular acetyl-CoA levels and acetylation marks on histone H3 (K9, K14, K23 and 

K27) and histone H4 (K27) (Cai et al., 2011; Cai and Tu, 2012b). DNA microarrays 

and ChIPseq have revealed that genes associated with ribosomal components, cell 

cycle regulators and cell cycle entry are only activated in the presence of high levels 

of acetyl-CoA (Cai et al., 2011). In fact, the activation of more than 1000 genes 

associated with growth in yeast have been found to be precisely temporally correlated 

with an acetyl-CoA peak that lasts minutes in a 4-5 hour growth cycle (Cai et al., 2011; 

Rowicka et al., 2007; Tu et al., 2005). These remarkable results indicate a profound 

role for metabolites in growth and proliferation, at least in yeast, and provide the basis 

for investigation of the effects of acetyl-CoA and acetylation in mammals as the genes 

upregulated in yeast closely match the set of mammalian equivalents induced by c-

Myc (Ji et al., 2011).   
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1.4.2 Histone/Protein deacetylation 

Fulco and colleagues reported in an in vitro myogenic model of glucose 

restriction, whereby AMPK activation resulted in NAD+   biosynthesis through the NAD+ 

salvage enzyme nicotinamide phosphoribosyltransferase (Nampt) (Fulco et al., 2003). 

The elevated NAD+ level was associated with activation of the NAD+-dependent 

histone deacetylase (HDAC) Sirt1, and this inhibited differentiation in C2C12 myogenic 

cells via reduction in MyoG levels (Fulco et al., 2003). Sirt1 transfers an acetyl group 

from the targeted protein to NAD+, producing nicotinamide, 2’-O-acetyl-ADP ribose 

and a deacetylated target protein. It is worth noting that Sirt1 has a broad range of 

targets including MyoD, the master regulator of cell specification in MuSCs as well as 

target sites on histones such as histone H3 lysine residue 9 (H3K9) and histone H4 

lysine residue 16 (H4K16) (Fulco et al., 2008; Fulco et al., 2003; Koopman et al., 2014; 

Vaquero et al., 2006).  Sirt1 is a member the sirtuin family of deacetylases, of which 

there are seven members. Sirtuins play important roles in the regulation of metabolism 

(Lu and Thompson, 2012) and the level of sirtuin protein expression may be important 

in the adaptation to different metabolic states (Anderson et al., 2014). 

 While the sirtuins are dependent on NAD+ for their HDAC activity many other 

HDAC proteins can deacetylate protein targets in an NAD+-independent manner. A 

study by Shimazu and colleagues found that β-hydroxybutyrate, a ketone body found 

in high concentrations in the body after prolonged exercise or caloric restriction 

(Candido et al., 1978), inhibited the activity of NAD+-independent HDAC proteins 

leading to increased acetylation of H3K9 and H3K14 (Shimazu et al., 2013). These 

results suggest that under conditions of metabolic stress, β-hydroxybutyrate not only 

serves as an alternative metabolic fuel but protects against epigenetic changes 

associated with histone deacetylation (Shimazu et al., 2013). 
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In the context of mammalian cells Ryall and colleagues documented a direct 

link between alterations in innate cell metabolism and acetylation of histones in MuSCs 

(Ryall et al., 2015a). Following activation, MuSCs exhibited a significant enrichment of 

genes involved in glycolysis, and this was coupled by a functional increase in glycolytic 

rates measured by extracellular acidification. An increased flux through glycolysis 

resulted in depletion of NAD+ and a subsequent decrease in SIRT1 mediated histone 

deacetylation. This switch to glycolysis resulted in an elevation in H4K16 acetylation 

and increased gene transcription, as measured via whole transcriptome sequencing 

and ChIPseq. Furthermore, this global enrichment of H4K16 acetylation was linked to 

elevations in MyoD transcription and translation, thus linking altered innate metabolism 

to activation and lineage specification of MuSCs. 

Many enzymes involved in transcriptional and epigenetic regulation show 

potential susceptibility to fluctuations in metabolite levels, particularly, acetyl-CoA, 

ATP, SAM and NAD+ and as such they are poised for regulation by fluctuation and 

changes in metabolism. Altered metabolism results in lasting changes to the 

epigenetic state (Pirola et al., 2010) and the observations that shifts in cell state (in 

ESC, tumorigenic cells and now more recently in MuSCs) are associated with 

extensive remodeling of the metabolic phenotype raises the intriguing possibility that 

extensive changes in metabolism are important not only for the provision of 

metabolites for energy and anabolic requirements, but in the changes in epigenetic 

state required for the changes in cell lineage specification. 

Altogether these results document a role for metabolism in both the regulation 

of proliferation and differentiation, via the provision of new biomass and cell fate, via 

the temporal regulation of histone acetylation. This coupled with recent findings that 
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changes in cell state are associated with extensive remodeling of the metabolic 

phenotype raises the intriguing possibility that metabolism may play an active role in 

cell lineage specification. This leads to the aim of my PhD research which was to 

examine the role of metabolism in regulating MuSC lineage specification. 

 

Chapter 2 

General Experimental Methodology 

2.1 Animals 

All experiments were approved by the Animal Ethics Committee of The 

University of Melbourne and conducted in accordance with the Australian code of 

practice for the care and use of animals for scientific purposes as stipulated by the 

National Health and Medical Research Council (Australia). Animals were housed in 

the Biomedical Research Facility at The University of Melbourne in polypropylene 

cages in a temperature controlled facility with a 12:12 hour light and dark cycle. Water 

and standard chow was provided ad libitum. 

2.1.1 Breeding of transgenic mice for MuSC isolation 

To efficiently isolate a pure population of MuSCs, a transgenic mouse strain 

was generated allowing inducible labelling of MuSCs with enhanced yellow fluorescent 

protein (eYFP). Briefly, the Pax7creERT2 strain containing the inducible creERT2 fusion 

protein driven by the Pax7 promoter (Murphy et al., 2011) was bred with the R26R-

eYFP strain containing a cre-inducible eYFP (Srinivas et al., 2001). Pax7creERT2 mice 
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previously generated using a targeting vector with a pStart plasmid containing an 

iresCreERT2-PGK-Neo cassette downstream of the endogenous stop codon. R26R-

eYFP mice had been previously generated by targeting a pBigT plasmid to the Rosa26 

locus (Srinivas et al., 2001). The eYFP sequence was inserted downstream of a floxed 

PGK-neo-tpA cassette, which was excised following homologous recombination into 

the ROSA26 locus (see Figure 2.1). The PGK-Neo was subsequently removed 

following homologous recombination and negative selection (Figure 2.1). The 

resultant Pax7 inducible YFP (Pax7iYFP) mice irreversibly mark Pax7+ cells with the 

eYFP protein following administration with tamoxifen, allowing for rapid isolation of 

primary MuSCs via FACS.  

 

Figure 2.1 Generation of Pax7iYFP by genetic insertion of eYFP into the ROSA26 
locus. 
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2.1.2 Treatment of Pax7iYFP mice with tamoxifen 

To irreversibly mark Pax7+ cells with eYFP, 9-week-old Pax7iYFP male mice 

were treated with daily intraperitoneal (IP) injections of tamoxifen (2 mg/day for five 

days) to induce recombination. Tamoxifen was dissolved in corn oil at a concentration 

of 20 mg/ml and mice were injected with 100 µL per day for 5 days delivering 2 mg of 

tamoxifen per day as described previously (Madisen et al., 2010). Two weeks after the 

final injection, animals were killed and the hindlimb musculature was collected for 

subsequent MuSC isolation. 

2.1.3 Fluorescence activated cell sorting of MuSCs 

The procedure for FACS isolation of skeletal MuSCs was adapted from the 

protocol of Liu and colleagues (Liu et al., 2015). Briefly, tamoxifen treated 12-week-

old male Pax7iYFP mice were anaesthetised with sodium pentobarbitone (Nembutal, 

60mg/kg, Sigma-Aldrich, Castle Hill, NSW, Australia) via an IP injection until 

unresponsive to a toe pinch stimuli. Mice were then euthanised via cervical dislocation 

and the entire hindlimb musculature was rapidly dissected away from the bone into 10 

cm petri dishes containing 10 ml of wash medium (Ham’s F10 media, 10% (v/v) Horse 

Serum (HS), 100 unit/mL penicillin-100 µg/ml streptomycin). The muscle was cut into 

small fragments first with a surgical blade (size 11, Kai Medical, Selingen, Germany) 

and then small dissection scissors. Minced muscle was transferred into a 50 mL 

Falcon tube and digested with 10 mL of collagenase II (800 U/mL) dissolved in wash 

medium for 90 mins in a shaking water bath (60 rpm at 37°C). Ice cold wash medium 

was added to the slurry to a final volume of 50 mL, the resultant slurry was centrifuged 

at 500 g (Centrifuge 5417R, Eppendorf, Hamburg, Germany) for 5 mins at 4°C and 

the supernatant was aspirated leaving 8 mL remaining in the tube. Collagenase II (1 

mL of 1000 U/mL, PBS) and dispase solution (1 mL of 11 U/mL, PBS) were added to 
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the slurry which was then resuspended by gentle trituration with a 10 mL serological 

pipette. The slurry was incubated for a further 45 mins in a shaking water bath (60 rpm 

at 37°C). To assist the breakdown of the connective tissue and liberate single cells 

into suspension, the slurry was triturated through a 10 mL syringe with a 20-gauge 

needle several times. Ice cold wash medium was added to the slurry to a final volume 

of 50 mL, and then centrifuged at 1600 rpm for 5 mins at 4°C. The supernatant was 

aspirated leaving a volume of 10 mL. The pellet was resuspended with a 10 mL 

serological pipette and the resulting cell suspension filtered through a 40 μM nylon 

strainer into a fresh 50 mL Falcon tube. An additional 10 mL of wash medium was 

passed through the filter to ensure all cells had been collected. Wash media was 

added to the cell suspension to a final volume of 50 mL and then centrifuged at 1600 

rpm for 5 mins at 4°C. The supernatant was immediately removed, and cells 

resuspended in 1 mL wash medium for cell sorting.  

Cells were sorted at the Walter and Eliza Hall Institute and the Melbourne Brain 

Centre Flow Laboratory on a FACS Aria III (Becton Dickinson Biosciences, New 

Jersey, USA). Cells were gated based on the forward scatter and side scatter to 

remove cellular debris and cell doublets, with MuSCs selected on the basis of eYFP 

positivity. Using this technique, it was possible to isolate ~2x105 eYFP+ MuSCs per 

mouse (~2-5% of all cells). Pax7 immunofluorescence confirmed that >97% of all 

sorted cells were Pax7+ve.  
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Figure 2.2 Isolation of YFP+ MuSCs. (A) Timeline for the tamoxifen treatment of 
Pax7iYFP mice. (B) Gating strategies for the isolation of YFP+ MuSCs while excluding 
cellular debris and cell doublets. (C) Quantification of the proportion of YFP+ cells 
isolated that are Pax7+. 
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2.2 Cell culture 

2.2.1 Culture conditions for proliferating C2C12 cells 

C2C12 myoblast cells obtained from the American Type Culture collection 

(ATCC, Manassas, VA, USA) were seeded at a predefined cell density in growth 

media containing Dulbecco’s Modified Eagle Medium (DMEM 11966025, Invitrogen, 

Carlsbad, CA, USA) supplemented with 20% (v/v) fetal bovine serum (FBS, Invitrogen, 

Carlsbad, CA, USA), 100 unit/mL penicillin-100 µg/ml streptomycin, 1 mM sodium 

pyruvate (Gibco, Carlsbad, CA, USA) and one of three alternative carbohydrate 

sources; 25 mM glucose (high glucose, HG, Gibco, Carlsbad, CA, USA), 5 mM 

glucose (low glucose, LG, Gibco, Carlsbad, CA, USA) or 10 mM galactose (GAL, 

Sigma Aldrich, St Louis, MO, USA). Cells were maintained in normoxia in an incubator 

maintained at 37ºC, 95% humidity and 5% CO2. C2C12 cells were induced to 

differentiate following acquirement of 90-95% confluency by replacing growth media 

with differentiation media (DMEM (25 mM glucose, 1 mM Na-pyruvate, 1 mM 

glutamine), 2% (v/v) horse serum and 100 unit/mL penicillin-100 µg/ml streptomycin). 

2.2.2 Culture conditions for primary muscle stem cells 

Following FACS isolation primary MuSCs from Pax7iYFP mice were cultured in 

growth media containing DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 

10% (v/v) FBS (Invitrogen, Carlsbad, CA, USA), 10% (v/v) HS (Gibco, Carlsbad, CA, 

USA), 0.5% (v/v) chick embryo extract (CEE, United States Biological, Jomar Life 

Research, Victoria, Australia), 2.5 ng/ml basic fibroblast growth factor (bFGF, 

PeproTech, New Jersey, USA), 100 unit/mL penicillin-100 µg/ml streptomycin, 1 mM 

sodium pyruvate (Gibco, Carlsbad, CA, USA) and one of three alternative 

carbohydrate sources; HG (25 mM glucose, Gibco, Carlsbad, CA, USA), LG (5 mM 

glucose, Gibco, Carlsbad, CA, USA) or GAL (10 mM galactose, Sigma Aldrich, St 
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Louis, MO, USA). Primary MuSCs were maintained at normoxia in an incubator at 

37ºC, 95% humidity and 5% CO2. Primary MuSCs were cultured on extracellular 

matrix gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma Aldrich, E1270, St 

Louis, MO, USA) coated glass coverslips (Neuvitro, El Monte, CA, USA) or culture 

plates. 

2.3 Protein isolation and western immunoblotting 

Whole cell lysates were prepared from cells following culture in either HG, LG 

or GAL based growth media. Cells were washed with PBS before being incubated in 

Trypsin-EDTA (0.25%, Thermo Scientific, Waltham, Massachussetts, USA) to detach 

cells from cell culture plates. Cells were centrifuged at 1,600 rpm for 5 minutes, with 

the resulting pellet washed twice in ice cold PBS before being snap frozen in liquid 

nitrogen and stored at -80ºC. Prior to lysing, pellets were washed with ice cold PBS 

containing 1 mM phenylmethylsulfonyl fluoride (PMSF, Pierce Biotechnology, 

Rockford, Illinois, USA), 0.1% protease inhibitor cocktail (P8340, Sigma Aldrich) and 

0.1% phosphatase inhibitor cocktail (P2850, P5726, Sigma Aldrich). Cells were lysed 

in ice cold radio-immunoprecipitation assay (RIPA) lysis buffer (50 mM TrisHCL, 150 

mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 1% (v/v) Na-Deoxycholic acid, 0.1% 

(v/v) sodium dodecyl sulphate (SDS)). To ensure complete breakdown of cell and 

nuclear membranes, cells were sonicated for 10 s (Microson Ultrasonic Cell Disruptor, 

Misonix, Farmingdale, New York, USA).  

Cell lysates were centrifuged at 10,000 g for 10 minutes and the supernatant 

harvested. The cell lysate protein concentration was measured via a standard Lowry 

protein assay (BioRad Laboratories, Hatfield, PA, USA) with absorbance 

measurements at 750 nm using a Multiskan Spectrum photospectrometer (Thermo 
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scientific, Waltham, MA, USA). Samples were equalized to a concentration of 1 µg/µL 

of protein by addition of RIPA lysis buffer. Samples were denatured at 95°C for 5 

minutes and equal amounts of protein (20 µg diluted in 4x Laemmli loading buffer) was 

loaded into precast (SDS)-polyacrylamide gels. Proteins were then separated based 

on electrophoretic mobility by exposing the polyacrylamide gel to a constant voltage 

of 150 V, until the migrating dye front reached the bottom of the gel. Equal protein 

loading was confirmed using a stain-free visualization system (Criterion TGX Stain-

Free Precast Gels, BioRad Laboratories, Hatfield, PA, USA) and the protein 

transferred to 0.45 mm polyvinylidene difluoride (PVDF) membrane using the Trans-

Blot Turbo transfer system (BioRad Laboratories, Hatfield, PA, USA).  

Following Ponceau staining and destaining, non-specific binding sites were 

blocked in 3% bovine serum albumen (BSA) in Tris-buffered saline containing 0.1% 

(v/v) Tween 20 (TBST) at room temperature for two hours. Membranes were incubated 

overnight in primary antibodies at 4ºC diluted in blocking buffer. Membranes were then 

washed in TBST before being incubated for 2 hours at room temperature in 

horseradish peroxidase-conjugated secondary antibodies diluted in blocking buffer. 

Specific concentrations and conditions for each antibody will be discussed in the 

appropriate chapter.  After six 10 minute washes in TBST, membranes were labelled 

with Supersignal West Femto Chemiluminescent Substrate (Pierce Biotechnology, 

Rockford, Illinois, USA). Membranes were imaged using the ChemiDoc XRS (BioRad, 

Hercules, CA, USA) and quantified using ImageLab Software (BioRad, Hercules, CA, 

USA). α-tubulin was used as a loading control. 
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2.4 Immunofluorescence 

C2C12 cells or primary MuSCs were seeded at a density of 104 cells per well 

in 12 well plates on 18 mm collagen coated glass coverslips (Neuvitro, El Monte, CA, 

USA) and cultured for 24 hours in either HG, LG or GAL based growth media. Cells 

were then fixed with 4% paraformaldehyde (PFA, Electron Microscopy Science, 

Hatfield, PA, USA) diluted in PBS for 15 minutes and then permeabilised with 0.1% 

Triton X-100 (BioRad Laboratories, Hatfield, PA, USA) in PBS for 10 minutes. Non-

specific antigen binding of cells was blocked with 3% BSA in PBS (Sigma-Aldrich, St. 

Louis, MO, USA) for 1 hour at room temperature. Cells were then incubated overnight 

in blocking solution containing primary antibodies against Pax7 (1:10, mouse 

monoclonal IgG1, Developmental Studies Hybridoma Bank, University of Iowa, IA, 

USA), MyoD (1:200, rabbit polyclonal, Santa Cruz Biotechnology, Dallas, TX, USA), 

MyoG (1:200, mouse monoclonal IgG1, Santa Cruz Biotechnology, Dallas, TX, USA) 

or pan-myosin (MF20, 1:10, mouse monoclonal IgG2b, Developmental Studies 

Hybridoma Bank, University of Iowa, IA, USA). The following day, cells were incubated 

with an appropriate fluorescent Alexa Fluor secondary antibody diluted 1:1000 in 

blocking medium for 2 hours at room temperature. After this incubation, the cells were 

washed with PBS and counterstained with 4’6-diamidino-2-phenylindole (DAPI, 

5mg/ml, Molecular Probes, Invitrogen, Carlsbad, USA) in PBS to label nuclei. Finally, 

the coverslips were mounted on glass slides with mounting medium (ProSciTech, 

Kirwan, QLD, Australia).   

2.5 Image acquisition and analyses 

Images were acquired using a Zeiss Axio Imager D1 microscope fixed with a 

monochrome camera (AxioCamMc3, Carl Zeiss Pty. LTD., Oberkochen, Baden-
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Wurttemberg, Germany) with Axiovision software (Carl Zeiss Pty. LTD., Oberkochen, 

Baden-Wurttemberg, Germany) or the Axio Imager M2 (AxioCamMc3, Carl Zeiss Pty. 

LTD., Oberkochen, Baden-Wurttemberg, Germany) running Zen 2.1 (Carl Zeiss Pty. 

LTD., Oberkochen, Baden-Wurttemberg, Germany). Analyses of images were 

performed using ImageJ software (National Institute of Health, Bethesda, Maryland, 

USA). 

2.6 Single cell RNA sequencing 

In well barcoding, library generation, pooling of samples and sequencing was 

performed at The Walter and Eliza Hall Institute by Dr. Shalin Naik and Dr. Daniela 

Zalcenstein. Post-sequencing processing of data and bioinformatics was performed 

by Dr. Matt Ritchie, Mr. Shian Su and Mr. Luyi Tian at The Walter and Eliza Hall 

Institute. Single MuSCs were flow sorted into a chilled 384-well PCR plate (Greiner, 

785290) containing 1.2μl of primer/lysis mix (20 nM indexed polydT primer (custom 

made, IDT), 1:6,000,000 dilution of ERCC RNA spike-in mix (Ambion , Invitrogen, 

Carlsbad, USA), 1 mM dNTPs (New England Biolabs, Massachusetts, USA), 1.2 

units SUPERaseIN Rnase Inhibitor (Thermo scientific, Waltham, MA, USA), DEPC 

water (Thermo scientific, Waltham, MA, USA)) using a BD FACSAria III flow 

cytometer (BD Biosciences, San Jose, CA, USA). Sorted plates were sealed, 

centrifuged for 1 min at 3000 rpm and immediately frozen upside down at -80°C until 

further processing using an adapted CELSeq2 protocol (Hashimshony et al., 2016). 

Sorted plates were thawed on ice and briefly centrifuged. To lyse the cells and 

anneal the mRNA capture primer, the plate was incubated at 65°C for 5 min and 

immediately chilled on ice for at least 2 min before adding 0.8 μL reverse 

transcription reaction mix (in 2 μL RT reaction: 1x Fist Strand buffer (Invitrogen, 
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Carlsbad, USA), 20 mM DTT (Invitrogen, Carlsbad, USA), 4 units RNaseOUT 

(10777-019, Invitrogen, Carlsbad, USA), 10 units SuperScript II (Invitrogen, 

Carlsbad, USA)). The plate was incubated at 42°C for 1 hr, 70°C for 10 min and 

chilled to 4°C to generate first strand cDNA. For second strand cDNA synthesis 6 μL 

of second strand reaction mix was added (1x NEBNext Second Strand Synthesis 

buffer (New England Biolabs, Massachusetts, USA), NEBNext Second Strand 

Synthesis Enzyme Mix: 2.4 units DNA Polymerase I (E. coli), 2 units RNase H, 10 

units E. coli DNA Ligase (New England Biolabs, Massachusetts, USA), DEPC water 

(Thermo scientific, Waltham, MA, USA)). The plate was incubated at 16°C for 2 hrs 

to generate double stranded cDNA. 

All samples were pooled and cleaned using a 1.2X NucleoMag NGS clean-up and 

size select magnetic beads (Macherey-Nage, Bethleham, PA, USA) according to 

manufacturer’s instructions. To reduce the amount of beads for each 100 μL pooled 

sample 20 μL beads and 100 μL bead binding buffer (20% PEG8000, 2.5M NaCl, 

pH5.5) was added. The cDNA was eluted in 6.4 μL DEPC water and combined with 

9.6 μL of IVT reaction mix (1.6 μL of each of the following: A,G,C,U, 10X T7 buffer, T7 

enzyme (MEGAscript T7 Transcription Kit, Ambion , Invitrogen, Carlsbad, USA)) and 

then incubated at 37°C for 13 hrs and then chilled and kept at 4°C. 

To remove leftover primers 6 μL ExoSAP-IT For PCR Product Clean-Up 

(Affymetrix, Thermo scientific, Waltham, MA, USA) was added and the sample was 

incubated at 37°C for 15 min and then chilled and kept at 4°C. 

Chemical heat fragmentation was performed by adding 5.5 μL of 10X 

Fragmentation buffer (RNA fragmentation reagents, Ambion, Invitrogen, Carlsbad, 

USA) to the sample which was then incubated in a pre-heated thermal cycler at 94°C 
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for 2.5 min and then immediately chilled on ice. Following this, 2.75 μL of 

Fragmentation Stop buffer (RNA fragmentation reagents, Ambion, Invitrogen, 

Carlsbad, USA) was added and the fragmented amplified RNA was purified using 1.8X 

RNAClean XP beads (Beckman coulter, CA, USA) according to manufacturer’s 

instructions and eluted in 6 μL DEPC water. 5 μL of fragmented RNA was transcribed 

into cDNA using 5’-tagged random hexamer primers 

(GCCTTGGCACCCGAGAATTCCANNNNNN) introducing a partial Illumina adapter 

as also described in CELseq2 (Hashimshony et al., 2016). To remove RNA secondary 

structure and anneal the mRNA capture primer 1μl of tagged random hexamer (100 

μM) and 0.5 μL of 10 mM dNTPs (dNTP solution set, New England Biolabs, 

Massachusetts, USA) were added to the sample, incubated at 65°C for 5 min and then 

immediately chilled on ice for at least 2 min before adding 4 μL reverse transcription 

reaction mix [in 10 μL RT reaction: 1x Fist Strand buffer (Invitrogen, Carlsbad, USA), 

20 mM DTT (Invitrogen, Carlsbad, USA), 4 units RNaseOUT (Invitrogen, Carlsbad, 

USA) and 10 units SuperScript II (Invitrogen, Carlsbad, USA)). 

The PCR primers introduce the full-length adaptor sequence required for Illumina 

sequencing (for details see Illumina small RNA PCR primers). PCR was performed in 

12.5 μL using half of the ranhexRT sample as a template (1X KAPA HiFi HotStart 

ReadyMix (KapaBiosystems, Massachusetts, USA), 400 nM each primer). 

The final PCR amplified library was submitted to two consecutive 1x NucleoMag 

NGS Clean-up and Size select magnetic bead selections (Macherey-Nagel - 

7449970.5) according to the manufacturer’s instructions. The final library was eluted 

in 20 μL of 10 mM Trizma hydrochloride solution (Sigma-Aldrich, St Louis, Missouri, 

USA) and 50 bp paired-end sequencing was performed on an Illumina NextSeq 550.  



 

58 
 

Data quality control was performed by utilizing an in-house QC pipeline as 

previously described (Tian et al., 2018) by Dr. Matt Ritchie, Mr. Shian Su and Mr. Luyi 

Tian at The Walter and Eliza Hall Institute. Briefly, sequencing data was filtered 

utilizing a customized edgeR package that searched for perfect matches with an index 

primer from a custom reference library (Robinson et al., 2010). Reads were mapped 

to the mm10 mouse genome via the Subread aligner (Liao et al., 2013) and assigned 

to genes using scPipe with ENSEMBL v86 annotation. Quality control was performed 

utilizing the detect_outlier function from scPipe and any sample that had fewer than 

1000 total genes detected were removed from analysis. A ComBat batch correction 

from the sva package (Johnson et al., 2007) was performed to remove batch effects 

across plates prior to analyses. Raw data (fastq format) was deposited at the Gene 

Expression Omnibus with accession number GSE117386. 

The gplots package running heatmap2 with Ward’s criterion for hierarchical 

clustering was used on the normalized data to generate heatmaps. 

computeSumFactor in scran was run on the normalised log2-cpm expression values 

to perform a dimensionality reduction (Lun et al., 2016). 

Rtsne package was used to generate t-Distributed Stochastic Neighbor 

Embedding (t-SNE) plots using correlation distance between cells. K-means clustering 

analysis was performed on the normalised expression values with mean-difference 

(MD) plots generated using limma (Ritchie et al., 2015) and Glimma (Su et al., 2017). 

Differential expression analyses utilizing likelihood ratio tests were estimated with the 

estimateDisp function from the edgeR package (McCarthy et al., 2012, Robinson et 

al., 2010). 
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2.7 Statistical analyses 

Statistical analyses were performed using GraphPad Prism software 

(GraphPad Software, CA, USA). All values are expressed as mean ± standard error 

of the mean (SEM) unless stated otherwise. One-way and two-way ANOVA were used 

to compare differences between groups with Tukey’s post hoc test used to detect 

significant differences between groups. Where data was determined to not conform to 

a normal distribution, results are reported as mean and 95% confidence interval (CI) 

with results considered significant where there was no overlap of CI. Significance was 

set at P<0.05. All analyses of data concerning immunofluorescent images were 

performed in a double blinded manner. 
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Chapter 3 

Single cell sequencing reveals transcriptome 
heterogeneity among cultured MuSCs 

 

3.1 Introduction 

Numerous studies have reported on the whole transcriptome signature of 

quiescent and activated MuSCs (Machado et al., 2017; Ryall et al., 2015a). While 

these studies often differ in the method of MuSC activation or state of quiescence, an 

accepted signature has begun to emerge. Analysis of both freshly isolated and in situ 

fixed MuSCs have revealed a specific enrichment of Spry1, Calcr and several Hox 

genes (including hoxa, hoxb and hoxc genes) in quiescent MuSCs (Machado et al., 

2017; Pallafacchina et al., 2010; Shea et al., 2010). As quiescent MuSCs have been 

found to exhibit an elevated resistance to radiation induced DNA damage compared 

to differentiated progenies (Vahidi Ferdousi et al., 2014) it is not surprising that genes 

associated with genomic and DNA stability (Garcia-Prat et al., 2016), protection 

against oxidative stress (Pallafacchina et al., 2010) and protection against protein 

misfolding (Ryall et al., 2015a) are also enriched in quiescent MuSCs. In addition, and 

of relevance to this discussion, quiescent MuSCs have a clear metabolic signature, 

with an enrichment of genes involved in fatty acid oxidation (including fabp4 and cd36) 

(Ryall et al, 2015, Machado et al., 2017). 
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In contrast to quiescent MuSCs, activated MuSCs exhibit an enrichment of 

genes associated with cell cycling and chromatin remodelling, with components of the 

SWI/SNF complex and genes such as Smarca4 (Brg1) and Smarcc1 enriched, likely 

suggesting an important role of chromatin remodelling in the activation process and 

the transcription of genes needed for a proliferation competent state (Ohkawa et al., 

2007; Pallafacchina et al., 2010). Similarly, both canonical Wnt and Notch signalling 

have been implicated in the activation of MuSCs (Brack et al., 2008). Notch and numb 

are known to preferentially segregate in self-renewing MuSCs, with downstream 

markers of Notch signalling significantly downregulated in activated MuSCs (Mourikis 

et al., 2012). Finally, while quiescent MuSCs exhibit an enrichment of FAO genes, 

activated MuSCs undergo a process of metabolic reprogramming leading to a 

depletion of FAO genes and an enrichment of glycolytic genes such as hk1 and pgk1 

(Ryall et al., 2015a). 

While RNAseq of cell populations has provided these archetypal genes they 

assume that all cells within the population are identical. Recent developments in single 

cell sorting and subsequent sequencing has shown that cells within a population are 

rarely identical and developing approaches to study cells at single cell resolution has 

revealed complexities of cell-to-cell heterogeneity and identified novel cell populations 

(Villani et al., 2017). In MuSCs, single cell studies are revealing previously 

unappreciated levels of heterogeneity. Porpiglia and colleagues utilized an adapted 

proteomics approach for single cells, termed single cell mass cytometry (cyTOF), to 

demonstrate a previously unrecognized diversity of MuSCs, documenting a 

subpopulation marked by the expression of CD9 and CD104 that exist in a state of 

activation poised to undergo differentiation (Porpiglia et al., 2017).  
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Cho and Doles recently reported the first scRNAseq study performed on freshly 

isolated MuSCs and identified significant gene heterogeneity among freshly isolated 

MuSCs including the expression of muscle specific transcripts (Cho and Doles, 2017). 

While these studies highlight a potential heterogeneity among MuSCs, the 

identification of novel sub-populations of MuSCs remains understudied due to the low 

cell numbers analysed. The strength of single-cell resolution mapping to identify novel 

cell populations in skeletal muscle has been recently highlighted by Giordani and 

colleagues who combined scRNAseq with CyTOF to characterize two novel population 

of cells in skeletal muscle (a resident tenocyte-like cells and a myogenic subset of 

smooth muscle and mesenchymal marker cells (SMMCs)) (Giordani et al., 2018). 

Giordani and colleagues clearly demonstrate that single cell analyses strategies are 

successful in deconstructing and identifying novel cell populations and unravelling 

cellular heterogeneity. Since our goal was to examine heterogeneity of MuSCs with 

respect to myogenic specification and metabolism, and potentially unravel the link 

between these two processes, we used a modified CELseq approach with integrated 

unique molecular identifiers to perform single cell RNA sequencing (scRNAseq) on 

freshly isolated and in vitro activated MuSCs. Resolving the heterogeneity of MuSC 

transcriptomes at the single cell level will add to our understanding of MuSC biology 

and likely lead to the identification of subsets of MuSCs that exhibit higher therapeutic 

potential. 

3.2 Methods 

3.2.1 Cell isolation and CELseq2 analysis of single MuSCs 

Primary MuSCs were isolated from Pax7iYFP mice as described in Chapter 2. 

scRNAseq was performed on either freshly isolated MuSCs or MuSCs that had 

undergone 96 hrs of culture in growth media (5 mM glucose). Cells were transferred 
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into a pre-chilled 384-well round bottom plate (Greiner, Kremsmunster, Austria) at a 

density of one cell per well by FACS, with 150 freshly isolated cells and 150 cultured 

cells collected into individual wells. scRNAseq was performed as described previously 

(see Chapter 2.6). 

3.3 Results 

3.3.1 Global gene expression of MuSCs diverge during the process 

of activation 

Following 96 hrs of culture the transcriptional signature of MuSCs was 

significantly different from that of freshly isolated (FI) MuSCs (Figure 3.1A). To 

visualize overall differential gene expression, log-fold change was mapped against the 

log of the average counts per million (CPM, Figure 3.1B). Importantly, those genes 

found to be enriched in either FI MuSCs or cultured MuSCs matched those previously 

identified in whole population sequencing datasets (Ryall et al., 2015; Machado et al., 

2017) and included arl4d, fabp4 and hspa1a in FI MuSCs and actb, eif3f and pgk1 in 

cultured MuSCs (Supplementary Table 9.1). 
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Figure 3.1 Culture of MuSCs results in a divergent genetic signature. (A) 
Heatmap showing the top 50 most differentially expressed genes in freshly isolated 
and cultured (96 hrs) MuSCs (n=102-125 cells/group). (B) A mean-difference plot 
examining log-fold change mapped against average log counts per million (CPM) to 
visualize differential gene expression. Genes enriched in either FI (blue) or cultured 
(red) are highlighted with the false discovery rate cut-off of 0.05.   

3.3.2 Analysis of single transcripts reveals two subpopulations of 

activated MuSCs 

A two-dimensional t-SNE analysis of freshly isolated and activated MuSCs 

followed by a K-means clustering analysis was used to identify two distinct clusters of 

cells (Cluster I and Cluster II, Figure 3.2A). 99% of freshly isolated MuSCs segregated 

into cluster I while 70% of cultured MuSCs segregated to Cluster II (Figure 3.2B). 

Interestingly, a small subset of cultured MuSCs (~30%) segregated to Cluster I and 

more closely aligned with the freshly isolated MuSCs with respect to their genetic 

signature. 

An examination of biological processes specifically enriched in FI MuSCs in 

Cluster I revealed terms typically associated with quiescent MuSCs; including 

developmental processes, negative regulation of cellular proliferation and cell 



 

65 
 

adhesion (Figure 3.2C, Liu et al., 2015, Ryall et al., 2015). In contrast an analysis of 

the 30% of cultured MuSCs in Cluster I revealed an enrichment of terms associated 

with cell cycle arrest and the negative regulation of cellular proliferation (Figure 3.3D). 

Interestingly, these cells also showed an enrichment of terms associated with 

response to stress and breakdown processes, including autophagy and mitophagy. 

Finally, cultured MuSCs in Cluster II were enriched for several metabolic processes 

including; glycolysis, TCA cycle, oxidation-reduction and ATP metabolic processes 

(Figure 3.3E). 
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3.3.3 Cultured MuSCs are enriched for genes associated with 

metabolic processes 

In an examination of individual gene expression in cells in Clusters I and II, pax7 

was expressed in ~30% of cells. Of those cells that did express pax7, expression was 

increased by two-fold in Cluster I compared to Cluster II (Figure 3.3A). In contrast to 

pax7, an analysis of individual genes involved in glycolysis (Figure 3.4B), TCA cycle 

(Figure 3.3C) and ETC (Figure 3.3D) revealed an increase in MuSCs as they undergo 

Figure 3.2 Clustering analyses identifies a subpopulation of cultured MuSCs that more closely 
align with freshly isolated MuSCs. (A) A two-dimensional t-distributed stochastic neighbor 
embedding (t-SNE) analysis of single cells followed by a K-means clustering analysis identified two 
clearly segregated clusters of cells. (B) Cluster II was predominantly composed of cultured MuSCs 
whereas Cluster I was split 30:70 with cultured MuSCs and freshly isolated MuSCs respectively. (C-
E) We performed gene ontology analyses separating cluster I into freshly isolated and cultured sub-
clusters. 
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activation, with the majority of FI MuSCs showing an almost complete repression of 

genes encoding these metabolic regulators. Interestingly, Cluster I (cultured) cells 

exhibited an intermediate level of gene transcription for metabolic genes (Figure 3.3B-

D). 
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Figure 3.3 Violin plots examining individual expression of genes. (A) pax7 expression in FI vs 
cultured MuSCs. (B) Glycolysis and the pentose phosphatase pathway is enriched in cultured cells 
compared to freshly isolated cells, similarly the (C) tricarboxylic acid cycle and genes of the (D) electron 
transport chain complexes show enrichment during activation.  

White circles indicate the median value; black bars represent the interquartile range; and whiskers 
extend 1.5x this range. 
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3.4 Discussion 

The work presented in this chapter provides the first comprehensive scRNAseq 

analysis of both FI and cultured MuSCs. Importantly, while FI MuSCs were largely 

homogenous, cultured MuSCs exhibited significant heterogeneity with subsequent 

analyses identifying a subpopulation of cultured MuSCs that closely aligned with FI 

MuSCs. Based on elevated expression of pax7 cultured MuSCs in Cluster I might 

indicate a population of MuSCs marked for self-renewal and repopulation of the stem 

cell niche. Additionally, despite all cultured cells MuSCs being maintained under 

identical conditions, the heterogeneity observed supports a level of pre-programming 

for myogenic commitment. 

MuSCs are a highly heterogeneous population exhibiting differing activation 

and self-renewal potential (Olguin & Olwin., 2004; Zammit et al., 2004; Kuang et al., 

2007; Kuang et al., 2008), but little is known about what contributes to this diversity, 

including transcriptional heterogeneity. Cho and Doles published the first scRNAseq 

experiments on FI MuSCs (Cho and Doles, 2017). Importantly, the work presented in 

this chapter presents a significant advance on this previous study with over 200 cells 

sequenced in the current work. Complementary to the current work, Dell’Orso and 

colleagues recently reported scRNAseq of thousands of MuSCs utilizing the 

Chromium 10x genomics platform (Dell'Orso et al., 2019). The depth of sequencing of 

the dataset presented in this thesis and the large cell numbers presented by Dell’Orso 

and colleagues will provide an important complementary resource to study MuSCs. 

Interestingly, in both the current study and that by Cho and Doles (2017) the proportion 

of MuSCs that expressed detectable levels of archetypical MuSC genes pax7, myf5 

and myod1 (Cho and Doles, 2017) ranged from 30% (pax7) to 75% (myf5) and ~90% 
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(myod1) of all cells analysed (see Supplemental Table 1). Importantly, these results 

suggest that these genes alone cannot be utilized as an indelible marker of MuSCs at 

single cell resolution, at least for the current depth of sequencing by existing 

techniques. 

Previous whole transcriptomics studies have begun to detail a metabolic profile 

of MuSCs, with enrichment of FAO in the quiescent state and a shift to glycolysis being 

a hallmark of activation (Machado et al., 2017; Ryall et al., 2015a). The work presented 

in this chapter confirms previous results at the single cell level, directly linking 

activation to an enrichment of metabolic genes. While glycolysis has been linked to 

activation, here we the extend the link between activation to an upregulation of the 

pentose cycle, the TCA cycle and ETC complexes, further highlighting the important 

role of metabolism in the regulation of cell state. This upregulation of metabolic 

processes has similarly been shown in MuSCs activated in vivo in response to notexin 

injury (Dell'Orso et al., 2019). Dell’Orso and colleagues examined the changes to the 

metabolic pathways by performing droplet based scRNAseq on MuSCs isolated from 

uninjured muscles, MuSCs isolated from notexin injured muscles and primary 

myoblasts (activated by ex vivo culture before scRNAseq). Importantly the results 

presented by Dell’Orso and colleagues support the notion that the metabolic blueprint 

of MuSCs are associated with defined MuSC states. Interestingly, Cluster I (cultured) 

and Cluster II (cultured) cells displayed differential enrichment of these processes 

despite being in the same extracellular metabolic milieu. These results suggest a 

degree of metabolic pre-programming that is linked to the propensity of cells to 

undergo activation. Interestingly, Cluster I (cultured) cells show enrichment of 

downstream genes involved in the pentose cycle (pgd and taldo1) yet g6pd2 remains 

unenriched. G6pd is the rate-limiting enzyme of the pentose cycle, and these results 
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suggest that these cells are potentiated to generate new biomass through the pentose 

cycle but have a limiter at the level of g6pd. 

It was interesting that myod1 was detected in almost all cells analysed, a result 

similar to that observed by de Morree and colleagues (2017) who found myod1 

transcripts in quiescent MuSCs despite the absence of MyoD protein. In this study, 

myod1 transcripts were found to be prevented from being translated through their 

interaction with the RNA binding protein Staufen1 at the 3’ untranslated region (UTR) 

and loss of Staufen1 results in elevated translation of myod1 to MyoD (de Morree et 

al., 2017). Recent reports have shown that post-transcriptional RNA processing and 

mRNA pathways are heavily involved in the regulation of MuSC activation. For 

example Farina and colleagues (2012) demonstrated that MuSCs isolated 12 hrs after 

an injury protocol were significantly enriched for RNA binding proteins and genes 

involved in post transcriptional RNA regulation, suggesting that RNA post-

transcriptional mechanisms are likely important in the regulation of quiescence in 

MuSCs (Farina et al., 2012). Interestingly, the ARE-binding proteins, Tristetrapolin 

(zfp36) and related family members zfp36l1/2 are dramatically decreased in activated 

MuSC compared to FI MuSC. Knockdown of Tristetrapolin, a regulator of RNA decay, 

results in accumulation of MyoD and precocious activation and differentiation of 

MuSCs (Hausburg et al., 2015).  

GO analyses of each cluster revealed an enrichment of mitophagy, autophagy 

and cellular stress in MuSCs in Cluster I (cultured). Autophagy and mitophagy are 

among the primary means by which cells can eliminate whole organelles, including 

mitochondria (Ashrafi and Schwarz, 2013). Previous work has demonstrated a 

correlation between the myogenic specification state of MuSCs and mitochondrial 

content (Rocheteau et al., 2012) and as MuSCs undergo activation, mitochondrial 
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content increases (Rodgers et al., 2014). Mitochondria are a major source of reactive 

oxygen species, and so a protective mechanism employed by stem cell populations to 

limit exposure is to decrease mitochondria via mitophagy (Joshi and Kundu, 2013). 

Furthermore, an increased level of autophagy has previously been demonstrated to 

be important for sustaining MuSC quiescence by preventing cytotoxicity (Garcia-Prat 

et al., 2016). Thus, it is possible that these processes are upregulated following 

activation and division as MuSCs undergo asymmetric self-renewal, a state associated 

with lower mitochondrial content. Whether the autophagy detected here is indicative 

of mitochondrial specific autophagy, is worthy of further investigation. 

Taken together, these datasets support the proposal that the Cluster I (cultured) 

cells are a self-renewing population of MuSCs. However, it is important to note that an 

alternative interpretation is that these cells are dying cells and undergoing breakdown 

processes. Autophagic processes have been documented to precede apoptosis 

(Franzetti et al., 2012; Harr and Distelhorst, 2010) with these cells also exhibiting a 

response to cellular stress. However, the combined dataset showing increased pax7 

expression, depletion of genes involved in RNA transcription and translation, and 

increased response to cellular stress and macro-organelle breakdown processes, 

would support self-renewal rather than cell death. It would be important for future 

experiments to functionally examine the cluster I (cultured) cells, one potential 

experiment to consider is to specifically sort these cells and exam them in culture. 

Lineage tracing experiments will also provide important information regarding the self-

renewal of this cluster of cells. 

In conclusion, the work in this chapter represents a significant advance in 

knowledge and insight into the heterogeneity of proliferating MuSCs. The unique 

dataset presented in this chapter will provide an important database to improve our 
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understanding of what regulates quiescence and activation of MuSCs and facilitate 

identification of regulators of these specification states. The clustering analyses used 

here identified two subpopulations of MuSCs that are marked for self-renewal or 

myogenic commitment and we have linked these clusters to altered expression of 

carbohydrate metabolism and TCA cycle genes. Whether metabolism directs the 

decision of cells to either undergo self-renewal or commitment remains to be explored 

and will be the topics of discussion in subsequent chapters. 
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Chapter 4  

The extracellular metabolic environment 
programs innate cell metabolism  

 

4.1 Introduction 

 MuSCs exist in a complex microenvironment with many neighboring cell types 

and environmental niches that are critical for regulating MuSC quiescence and 

activation (Wosczyna and Rando, 2018). Interestingly ~80% of MuSCs exist within 

5µM of a capillary (Christov et al., 2007). This close colocalization of MuSCs with the 

vasculature and its position in the MuSC niche places these cells within a prime 

position to respond to both intrinsic signaling by the muscle fibre but also to respond 

to changes within the systemic environment. Most recently Verma and colleagues 

have demonstrated that the most deeply quiescent MuSCs (termed “label-retaining 

cells”) reside closest to the capillaries (Verma et al., 2018). Further support for the 

importance of the local microenvironment regulating MuSC biology is the finding that 

type I muscle fibres have significantly more MuSCs when compared to type II fibres 

(Hawke and Garry, 2001). Type I muscle fibers are slow-oxidative fibers and are 

characterized by being enriched with a rich network of capillaries (Hawke and Garry., 

2001).  

Interestingly Latil and colleagues reported that viable MuSCs can be extracted 

up to 17 days (human) and 14 days (mice) post mortem (Latil et al., 2012). The viable 
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MuSCs that   persisted had a lower mitochondrial content and metabolic activity 

compared to those isolated immediately post mortem. The alterations in the metabolic 

environment post mortem were proposed to trigger a cellular response such that 

MuSCs adopted a deeper state of quiescence. 

 Ryall and colleagues (2015) combined FACS isolation of MuSCs with whole 

transcriptome sequencing to reveal an enrichment of genes associated with FAO in FI 

MuSCs and showed that myogenic commitment is linked to an increase in glycolysis 

(Ryall et al., 2015). Machado and colleagues confirmed this enrichment of FAO genes 

in quiescent MuSCs using an in vivo fixation technique prior to the isolation of MuSCs 

(Machado et al., 2018). Together these studies show an innate metabolic signature of 

MuSCs associated with different states of lineage specification. 

Diabetes melitus (DM) is one of the most common metabolic disorder 

characterized by hyperglycaemia, this alters both local and systemic metabolic 

conditions. MuSCs isolated from streptozotocin-induced diabetic mice exhibit 

significant dysfunctions with an inability to form myotubes in culture (Jeong et al., 

2013) while diabetic Akita mice exhibit impaired muscle regeneration an inability to 

properly recruit MuSCs into the injured area (Krause et al., 2013). Furthermore, 

D’Souza and colleagues report a depletion of MuSC numbers in both human and 

mouse skeletal muscle tissue in patients and animals with diabetes (D'Souza et al., 

2016). In contrast to diabetes (a condition of excess monosaccharide), caloric 

restriction (CR, a model of substrate limitation) has been shown to elevate both MuSC 

numbers as well as enhance regenerative potential in mice (Cerletti et al., 2012). 

Together these studies suggest the intriguing possibility that whole-body substrate 

availability can regulate MuSC lineage fate decisions. 
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Taken together, these results show that MuSC biology can be regulated by the 

local microenvironment. The work presented in the previous chapter suggests a link 

between myogenic progression and innate cell metabolism, however the initiating 

signals leading to a shift in innate metabolism remain poorly understood. While the 

process of MuSC activation in vivo in response to muscle injury has previously been 

linked to paracrine signalling between MuSCs and the invading inflammatory cells 

(Farrup et al., 2015), one of the earliest signals MuSCs receive (following injury and 

breakdown of the niche) is a change in the local microenvironment, including a change 

to the metabolic microenvironment. However, to date no study has directly examined 

the impact of the local microenvironment on the innate metabolism of MuSCs. Thus 

the aim of this chapter was to investigate the link between the extracellular 

microenvironment and innate cell metabolism of MuSCs. 

4.2 Methods 

4.2.1 Mitotracker labelling of C2C12 cells for immunofluorescence 

C2C12 cells were seeded on 18 mm glass coverslips in 12 well plates at a 

density of 1x104 cells/well and cultured overnight in standard growth media (defined 

in Chapter 2). On the next day cells were cultured for one hour in growth media 

containing 100 nM Mitotracker Red CMXRos (a red fluorescent dye that labels 

mitochondria in live cells). Mitotracker labelled cells were subsequently fixed, labelled 

with either Pax7 (1:10, mouse monoclonal IgG1, Developmental Studies Hybridoma 

Bank, University of Iowa, USA) or MyoD (1:200, rabbit polyclonal, Santa Cruz 

Biotechnology, Dallas, TX, USA) and then mounted onto glass slides, as described in 

Chapter 2. The integrated optical density (IOD) of Pax7, MyoD and Mitotracker was 

measured in relative fluorescence units calculated as: 
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IOD= integrated density – (area of cell x mean fluorescence of background) 

Background fluorescence was measured as the average of five separate locations per 

field of view. 

4.2.2 Carbon substrate phenotype microarrays 

To assess the ability of proliferating C2C12 cells to utilize different carbon 

sources, C2C12 cells were seeded in assay medium (MC0 Assay Medium, Biolog, 

Hayward, CA, USA) at a density of 2 x 104 cells/well into a phenotype microarray 

microplate 1 (PMM1, Biolog, Hayward, CA, USA). Each well of the PMM1 contains a 

single carbon substrate at millimolar concentrations. The microplate was cultured 

under standard conditions for 3 hrs to allow attachment of cells to the plate. Following 

cell attachment 10 μL of a redox dye mix (Biolog, Hayward, CA, USA) was dispensed 

into each well and then cultured for a further 2 hrs to allow dye reduction and colour 

formation. Colourimetric recordings were performed on a Fluoroskan 

spectrophotometer with absorbance measured at 590 nm (and a reference reading at 

750 nm) 

4.2.3 Analysis of Mitotracker labelling by flow cytometry 

C2C12 cells (or mouse MuSCs) were seeded in 6 well plates at a density of 

5x104 cells/well and cultured in either HG, LG or GAL based growth media for 24 hrs 

(or 96 hrs for MuSCs). Cells were then cultured for one hour in growth media 

containing 100 nM Mitotracker Red CMXRos. Cells were subsequently trypsinized and 

centrifuged at 1600 rpm for 5 mins. The cell pellet was washed with PBS and fixed in 

1 mL ice cold 4% PFA (Electron Microscopy Science, Hatfield, PA, USA) diluted in 

PBS. Flow cytometric analyses was performed on a BD Fortessa 4-Laser Analyser 

(Beckman Coulter, Mount Waverley, VIC, Australia). 
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4.2.4 Western immunoblotting for electron transport chain 

complexes 

Cell lysates were extracted from either C2C12 cells or mouse MuSCs cultured 

in HG, LG or GAL based growth media as described previously (see Chapter 2.2). 

SDS-PAGE was performed as described in Chapter 2 with the omission of heat 

denaturation. Following transfer to a PVDF membrane, the membrane was incubated 

overnight with an oxidative phosphorylation antibody cocktail (1:1000 diluted in 

blocking buffer, MitoProfile, Abcam, Cambridge, United Kingdom). MitoProfile 

contains five monoclonal mouse antibodies for Ndufb8, SdhB, CoxI, Uqcrc2 and 

ATP5a. The following day the membrane was washed in TBST prior to incubation with 

a mouse IgG horse radish peroxidase conjugated secondary antibody (RD Systems, 

Minneapolis, USA) diluted 1:10,000 in TBST. The resulting chemiluminescence was 

measured and analysed as described in Chapter 2.3. 

4.2.5 Analyses of cellular bioenergetics 

Cellular bioenergetics were measured utilizing the Seahorse XF24 bioanalyser 

according to manufacturer’s instructions (Agilent Technologies, Santa Clara, 

California, USA). Briefly, C2C12 cells (or mouse MuSCs) were seeded into a 24-well 

microplate suspended in 200 µL of media containing either HG, LG or GAL based 

growth media and allowed to attach overnight. At least three wells were left blank to 

allow for background correction. 

One hour prior to the commencement of the assay, cells were washed with XF 

base media (HCO3
- free modified DMEM, Agilent, Santa Clara, California, USA) 

supplemented with 1 mM sodium pyruvate (Gibco, Carlsbad, CA, USA), 1 mM L-

glutamine (Gibco, Carlsbad, CA, USA) and 25 mM glucose (Sigma-Aldrich, St Louis, 

Missouri, USA, pH=7.40) and resuspended in 630 µL of XF base media. Cells were 
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incubated for one hour at 37ºC in a CO2 free incubator to allow equilibration. Basal 

metabolism was then assessed by concurrently measuring the oxygen consumption 

rate (OCR) and extracellular acidification rate (ECAR).  

Following measurements of basal metabolism, a mitochondrial stress test was 

performed as described previously (Nicholls et al., 2010). Briefly, sequential addition 

of metabolic modulators Oligomycin (1 µM, Sigma Aldrich, St Louis, Missouri, USA), 

carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 µM, Sigma Aldrich, 

St Louis, Missouri, USA), antimycin A (3 µM, Sigma Aldrich, St Louis, Missouri, USA) 

and rotenone (3 µM, Sigma Aldrich, St Louis, Missouri, USA) was used to probe 

parameters of mitochondrial and glycolytic metabolism (see Figure 4.1). Oligomycin is 

an inhibitor of ATP synthase (Complex V) and allows for the measurement of oxygen 

consumed to generate ATP or to compensate for H+-leak. FCCP is a mobile ion carrier 

that allows the flow of protons across a membrane. This disrupts the chemiosmotic 

gradient across the mitochondrial membranes and allows the measurement maximal 

respiratory capacity (Figure 4.1) and respiratory reserve (Figure 4.1). Lastly antimycin 

A and rotenone are used to block the flow of electrons through the ETC providing a 

measure of non-mitochondrial OCR. 

4.2.6 Seahorse measurement protocol  

The protocol used to perform the bioenergetic mitochondrial stress test was as 

follows; prior to starting the assay, Seahorse fluxpaks were incubated in calibration 

fluid with a known pH and known oxygen partial pressure overnight to allow hydration 

of probes. Following calibration of probes, the calibration plate was replaced with cell 

culture microplate and basal metabolism was measured three times over 25 minutes 

with each measurement consisting the following steps; 3 minutes of mixing, 2 minutes 

to allow media to equilibrate, and 3 minutes of measurements. After measurements of 
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basal metabolism, Oligomycin, FCCP, antimycin A and Rotenone were added to each 

well via an injection port. Following each injection, the measurement protocol was 

repeated three times, as described above. 

 

  



 

81 
 

 

Figure 4.1 Standard mitochondrial stress test. A mitochondrial stress test makes 
use of different metabolic inhibitors that allow for the determination of specific 
parameters of both mitochondrial and glycolytic function by simultaneously measuring 
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). 
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4.3 Results 

4.3.1 Mitochondrial content is directly correlated with myogenic 

specification 

To examine the link between mitochondrial content and myogenic specification, 

C2C12 cells were labelled with Mitotracker and either Pax7 or MyoD. Pax7- cells 

exhibited greater uptake of Mitotracker dye compared to Pax7+ cells, with Pax7- cells 

exhibiting a two-fold increase in IOD (p<0.05, Figure 4.2A,B). Examining the 

relationship between Pax7 IOD and Mitotracker IOD revealed an inverse relationship 

(R2=0.255, Figure 4.2C). In contrast, MyoD- cells had a 37% reduction in Mitotracker 

IOD compared to MyoD+ cells (p<0.05, Figure 4.2D,E), with a linear relationship 

observed between MyoD IOD and Mitotracker IOD (R2=0.3479, Figure 4.2F).   
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Figure 4.2 Mitochondrial content is correlated to myogenic specification. (A) 
Immunofluorescence of C2C12 cells labelled with Pax7 and Mitotracker. (B) 
Quantification of (A) measuring integrated optical density (IOD) of Mitotracker 
labelling. (C) Correlation of Pax7 and Mitotracker IOD. (D) Immunofluorescence of 
C2C12 cells labelled with MyoD and Mitotracker. (E) Measurements of IOD of 
Mitotracker labelling in MyoD+ and MyoD- cells. (F) Correlation curve examining the 
relationship between MyoD expression and Mitotracker labelling.  

A minimum of 200 cells were analysed, from n=3 replicate experiments. Data in (B,E) 
is median ± IQR. An unpaired t-test was used to determine significant differences. *, 
p<0.05 
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4.3.2 C2C12 cells preferentially metabolise polysaccharides 

containing glucose 

To examine the ability of proliferating C2C12 cells to metabolise different 

carbon substrates (metabolic flexibility), a metabolic phenotype microarray was 

performed. Proliferating C2C12 cells were capable of utilizing a wide range of carbon 

substrates but demonstrated a clear preference for polysaccharides containing 

glucose, with four of the five most highly utilized compounds being polymers of 

glucose; D-maltose, dextrin, glycogen and maltotriose (Figure 4.3). In addition to 

glucose, C2C12 cells were capable of metabolizing other monosaccharides, including 

fructose and (to a lesser extent) galactose. 
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Figure 4.3 Carbon utilization by proliferating C2C12 cells. A phenotype microarray demonstrating the capacity of C2C12 cells to 
utilize a wide range of carbon substrates, the top 50 substrates are displayed. Glucose (red), pyruvate (yellow) and galactose (green) 
are highlighted.
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4.3.2 Extracellular monosaccharide availability regulates innate 

metabolism in both C2C12 cells and MuSCs 

To assess the effect of an altered metabolic environment on innate metabolism, 

C2C12 cells were cultured in either HG, LG or GAL based media for 24 hrs after which 

a mitochondrial stress test was performed (Figure 4.4A). While basal OCR was not 

different between HG and LG, C2C12 cells precultured in GAL exhibited a reduction 

in basal OCR compared to both HG and LG precultured C2C12 cells (56% and 60% 

respectively, p<0.05, Figure 4.4B). Maximal OCR was not different between HG and 

LG cultured C2C12 cells but increased in C2C12 cells cultured in GAL (57% and 63% 

respectively, p<0.05, Figure 4.4C). The decrease in basal OCR was the result of a 

reduced oxygen consumption for the generation of ATP and to maintain the proton 

gradient (Figure 4.4D-E). There was no difference in the spare respiratory capacity 

(Figure 4.4F) or non-mitochondrial OCR in any of the groups (Figure 4.4G). 

Concomitant with the measurements of OCR in C2C12 cells, the response of 

the glycolytic pathway was assessed via determination of ECAR (Figure 4.4H). Basal 

ECAR was not different between HG and LG but elevated in GAL cultured C2C12 cells 

(46% and 27% respectively, p<0.05, Figure 4.4I). There was no difference in maximal 

ECAR observed between the three groups (Figure 4.4J), but GAL cultured C2C12 

cells exhibited a ~60% reduction in the spare glycolytic capacity compared to HG and 

LG (Figure 4.4K). 

Primary MuSCs were precultured in HG, LG or GAL based growth media for 96 

hrs before undergoing a standard mitochondrial stress test (Figure 4.5A). Basal OCR 

was not changed in LG compared to HG MuSCs but culture in GAL led to a two-fold 

decrease in basal OCR compared to either HG or LG (p<0.05, Figure 4.5B). OCR 

associated with ATP production was not changed in LG cultured MuSCs but 
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decreased by 65% in GAL compared to HG (p<0.05, Figure 4.5D). H+ leak was not 

different between the three groups (Figure 4.5E).   

Maximal OCR was 58% higher in LG cultured MuSCs compared to HG. In 

contrast, maximal OCR was decreased by 45% compared to HG in GAL cultured 

MuSCs (p<0.05, Figure 4.5C). Spare OCR was increased more than three-fold in LG 

compared to both HG and GAL cultured MuSCs (p<0.05, Figure 4.5F), but spare OCR 

was not different between HG and GAL. Non-mitochondrial OCR was elevated in LG 

compared to HG, but no differences were observed between GAL and the other two 

groups (p<0.05, Figure 4.5G). 

Basal ECAR was not different between the three groups (Figure 4.5I), but 

maximal glycolysis was two-fold lower in GAL compared to HG cultured MuSCs 

(p<0.05, Figure 4.5J). This translated to an elevated glycolytic reserve capacity in HG 

and LG compared to GAL cultured MuSCs (p<0.05, Figure 4.5K). 

A metabolic phenogram was constructed from the basal and maximal OCR and 

ECAR values, and metabolic capacity calculated. C2C12 cells cultured in LG and HG 

retained a large capacity to increase metabolic output in response to increases in 

metabolic demand. In contrast, GAL cultured cells have a reduced capacity to increase 

metabolic output and thus have a decreased metabolic capacity (Figure 4.6A). 

Similarly to C2C12 cells, primary MuSCs cultured in LG and HG based growth media 

exhibited a large capacity to increase metabolism in response to metabolic demand 

and this increase in metabolic output was diminished following culture in GAL based 

growth media (Figure 4.6B). 
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Figure 4.4 Innate mitochondrial metabolism is regulated by the extracellular 
metabolic environment. (A) A mitochondrial stress test was performed on C2C12 
cells cultured in either high glucose (HG), low glucose (LG) or galactose (GAL) for 24 
hrs. (B-G) Quantification of basal and maximal respiration, spare respiratory reserve 
and oxygen consumption associated with ATP production, H+ leak and non-
mitochondrial processes (determined from (A)). (H) Measurement of extracellular 
acidification rates (ECAR) of C2C12 cells precultured for 24 hrs in HG, LG or GAL 
based growth media. (I-K) Quantification of basal and maximal glycolytic rates and 
spare glycolytic reserve as determined from (H). Data presented as mean ± SEM. 

n= 6-7/condition, ANOVA with Fisher’s LSD comparison, *, p<0.05; **, p<0.01 
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Figure 4.5 Innate cellular metabolism of primary MuSCs is determined by 
carbohydrate availability. (A) Mitochondrial stress test performed on primary MuSCs 
cultured for 96 hrs in either HG, LG or GAL based growth media. (B-G) Similarly, 
quantification of basal and maximal respiration, spare respiratory reserve and oxygen 
consumption associated with ATP production, H+ leak and non-mitochondrial 
processes (determined from (A)). (H) The extracellular acidification rates of primary 
MuSCs cultured in HG, LG or GAL based growth media for 96 hrs. (I-K) Quantification 
of basal and maximal glycolytic rates and spare glycolytic reserve as determined from 
(H). Data presented as mean ± SEM. 

n= 6-7/condition, ANOVA with Fisher’s LSD comparison, *, p<0.05; **, p<0.01 
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Figure 4.6 Carbohydrate availability alters the metabolic capacity of muscle 
progenitor cells. By combining the measurements for basal and max OCR and ECAR 
one can map a metabolic phenogram. (A) C2C12 cells cultured in HG and LG exhibit 
a capacity to increase metabolic output in responses to changes in metabolic demand, 
this capacity is diminished in GAL cultured cells. (B) HG and LG cultured primary 
MuSC can increase both oxidative and glycolytic metabolism in response to metabolic 
stressors, this capacity is decreased following culture in GAL. Data presented as mean 
± SEM. 
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4.3.5 Mitochondrial content is regulated by the extracellular 

carbohydrate environment 

To specifically assess the effects of an altered metabolic milieu on 

mitochondrial content, mtDNA was measured in C2C12 cells after 24 hrs culture in 

either HG, LG or GAL. mtDNA was decreased in both LG and GAL cultured cells 

compared to HG, (63% reduction and 51% reduction, respectively, p<0.05, Figure 

4.7A).  

Flow cytometric analysis of Mitotracker labelled C2C12 cells revealed a bimodal 

distribution of cells with respect to Mitotracker labelling (Figure 4.7B) that could be 

designated as either MitoHi cells or MitoLo cells. The proportion of MitoHi cells was 

greatest in HG cells (78%) compared to LG (59%) and GAL (46%). Consequently, the 

proportion of MitoLo cells was highest in GAL and lowest in HG. Mitotracker labelling 

followed by manual measurements of IOD confirmed a decrease (~20%) in the mean 

Mitotracker IOD in both GAL and LG cultured cells compared to HG (p<0.05, Figure 

4.7D-E). 

Mitotracker labelling of primary MuSCs followed by flow cytometric analyses 

revealed that, unlike C2C12 cells, MuSCs exhibit a normal distribution with respect to 

Mitotracker labelling (Figure 4.7F). Furthermore, LG cultured cells had an increased 

proportion of cells exhibiting high Mitotracker intensity compared to HG whereas GAL 

cultured cells saw a shift of cells with an increased proportion of exhibiting a lower 

intensity of Mitotracker. 

 



 

92 
 

 

 

 

 



 

93 
 

 

 

 

 

 

 

 

Figure 4.7 The extracellular carbohydrate environment alters cellular 
mitochondrial content. (A) RT-qPCR analysis of mitochondrial content of C2C12 
cells precultured in either HG, LG or GAL based growth media. (n=3/group, mean ± 
SEM) (B) Flow cytometric analysis of mitochondrial content in C2C12 cells cultured in 
HG, LG or GAL based growth media showing a bimodal distribution of cells with 
respect to Mitotracker labelling. A minimum of 10,000 cells analysed per group with 
n=3 replicate experiments. (C) Quantification of MitoLo and MitoHi cells from (B). (D) 
Immunofluorescent Mitotracker labelling of C2C12 cells. (E) Quantification of 
Mitotracker labelling in (D) by measurements of integrated optical density (IOD). A 
minimum of 500 cells were analysed from n=3 replicates per group. Data are mean ± 
95% CI.  (F) Flow cytometric analyses of Mitotracker staining in primary MuSCs 
cultured in HG, LG or GAL based growth media for 96 hrs. A minimum of 10,000 cells 
analysed per group with n=3 replicate experiments. 

ANOVA with Fisher’s LSD comparison, *, p<0.05 compared to HG; ^, p<0.01 
compared to LG 
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4.3.6 The extracellular environment regulates electron transport 

chain complex proteins 

To specifically assess the effect of altering the metabolic microenvironment on 

ETC function, cell lysates from C2C12 cells or primary MuSCs pre-cultured in HG, LG 

and GAL based growth media were probed with an OXPHOS antibody cocktail 

containing antibodies against components of each of the five ETC complexes (see 

Figure 4.8A for schematic of ETC), revealing extensive remodelling of the ETC (Figure 

4.8B-C). In C2C12 cells all five complex subunits were significantly decreased in both 

LG and GAL compared to HG (p<0.05, Figure 4.8D), with complexes III and V showing 

a further reduction in GAL compared to LG. Complex V was reduced by 98% in GAL 

cultured cells compared to HG whereas LG displayed a 57% reduction compared to 

HG (p<0.05, Figure 4.8D). While complex II was decreased in both LG and GAL 

compared to HG, the magnitude of decrease was much smaller compared to the other 

four complexes (~14% in both groups, Figure 4.8D), suggesting a relative sparing of 

this complex. Similarly, there was a depletion of complex V in GAL cultured MuSCs 

(~90% reduction) however no differences were observed between LG and HG for 

complex V (Figure 4.8E). In contrast to C2C12 cells, Complex III and IV increased in 

LG and GAL cultured MuSCs compared to HG, with no differences observed for 

complexes I and II (Figure 4.8E).  
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Figure 4.8 Carbohydrate availability regulates electron transport chain proteins. 
(A) Schematic showing the five complexes of the electron transport chain (ETC). (B-
C) Western immunoblot analysis of subunits of each of the five ETC complexes in (B) 
C2C12 cells and (C) primary MuSCs. n=2/group, mean ± SEM (D-E) Quantification of 
the relative amounts of each complexes in (B-C). (F) Relative expression of total ETC 
complex protein by summation of protein in all five complexes. 

ANOVA with Fisher’s LSD comparison, *, p<0.05 compared to HG; ^, p<0.01 
compared to LG 
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4.4 Discussion 

In this chapter I found a clear link between monosaccharide availability in the 

extracellular environment and the innate metabolism of skeletal MuSCs and together 

with findings from the previous chapter, these results provide strong evidence for a 

correlative link between the extracellular environment and myogenic lineage 

progression, a model directly supported by the link between mitochondrial density and 

MyoD. My findings also document a clear difference in the metabolic profile of 

proliferating C2C12 cells and primary MuSCs, with the latter exhibiting a significantly 

reduced metabolic state. 

The first link between metabolism and lineage progression in MuSCs was 

identified by Rocheteau and colleagues (2012) who found that Pax7Hi cells exhibited 

reduced labelling intensity for Mitotracker compared to Pax7Lo cells (Rocheteau et al., 

2012). This inverse link between mitochondrial content and MuSC “stemness” was 

further strengthened by Rodgers and colleagues who demonstrated a gradual 

increase in mitochondrial content as MuSCs shift from a quiescent G0 to GAlert and 

finally to an activated state (Rodgers et al., 2014). I confirmed these previous findings 

in C2C12 cells where Pax7+ cells exhibited a reduced intensity of Mitotracker labelling 

compared to Pax7- cells. Together these studies inversely link mitochondrial content 

to MuSC “stemness”. Importantly, I have extended on these findings and found a direct 

correlation between myogenic commitment (MyoD expression) and mitochondrial 

content. The examination of Pax7 and MyoD concurrently provides a strong framework 

for determining cell specification state of MuSCs (Olguin et al., 2007). Thus, this 

combined dataset examining both Pax7 and MyoD expression, and Mitotracker 
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labelling suggests a direct correlation between mitochondrial content and myogenic 

lineage progression. 

While C2C12 cells have been used for decades to study skeletal muscle 

myogenesis, little is known about their metabolism. The comprehensive analysis of 

substrate utilization performed in this chapter revealed a clear preference of 

proliferating C2C12 cells for polymers of glucose, with four of the five most highly 

utilized substrates of this form. The monosaccharide fructose was also found to be 

efficiently utilized by C2C12 cells. Fructose can be converted into glyceraldehyde-3-

phosphate to feed both glycolysis and/or the pentose cycle. Given the interest 

surrounding dietary fructose and its link to health complications (Rizkalla, 2010), the 

effect of long-term culture on C2C12 proliferation and/or differentiation is worthy of 

further investigation. 

The substrate utilization assay confirmed that C2C12 cells were capable of 

metabolizing the monosaccharide galactose. Several recent studies have used 

galactose based growth media to force MuSCs and/or C2C12 cells to adopt a more 

oxidative phenotype (Theret et al., 2016; Ryall et al., 2015). When glucose is replaced 

with galactose in the growth media, cells must first convert galactose to G6P in a 

reaction that consumes two molecules of ATP, rendering glycolytic conversion of 

galactose through to pyruvate an energy neutral reaction. For cells to generate ATP 

from the breakdown of galactose, they must oxidize galactose derived pyruvate (Gohil 

et al., 2010). While a previous study concluded that C2C12 cells were incapable of 

metabolizing galactose (Elkalaf et al., 2013), these authors cultured cells for an 

extended period in galactose (7 days). This extended culture in galactose was 

associated with a reduction in cellular metabolism and a decreased proliferation rate. 

Based on the results presented in this chapter, it seems unlikely that this result is due 
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to an inability to metabolise galactose. Additional studies focused on long-term culture 

of galactose and MuSC quiescence and/or senescence may help reconcile these 

observations. 

The measurements of cellular bioenergetics presented herein provides the first 

comprehensive comparison of C2C12 metabolism to that of primary MuSCs. A 

comparison of basal OCR and ECAR reveals C2C12 cells are more metabolically 

active than primary MuSCs. This is not surprising since C2C12 cells are significantly 

larger than the activated primary MuSCs (Rodgers et al., 2014; Yaffe and Saxel, 

1977). While C2C12 cells have an increase in the metabolic rates they recapitulate all 

the metabolic responses observed in a standard mitochondrial stress test as those for 

primary MuSCs, with these cells simply representing a larger more metabolically active 

counterpart to the primary MuSCs. These results suggest that C2C12 cells are a good 

surrogate for examining metabolism when studying primary MuSCs. 

Interestingly, while there were no differences in metabolism between HG and 

LG cultured C2C12 cells, an increase in maximal OCR and spare respiratory capacity 

was observed in LG cultured primary MuSCs. These results are consistent with the 

increase in Mitotracker labelling observed by flow cytometry in LG cultured primary 

MuSCs. The differences between C2C12 cells and MuSCs are likely a result of the 

difference in culture time (24 hrs vs 96 hrs). Based on the analyses of cellular 

bioenergetics, LG can be considered an in vitro model of CR (with reduced OCR and 

ECAR compared to HG). CR has previously been found to lead to mitochondrial 

biogenesis in a range of cell types (Lanza et al., 2012; Lopez-Lluch et al., 2006), 

including MuSCs (Cerletti et al., 2012). In these in vivo models of CR, restriction occurs 
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over a period of weeks-to-months. The results presented herein suggest that more 

than 24 hrs is required to induce mitochondrial biogenesis. 

While measurements of cellular bioenergetics (OCR and ECAR) showed either 

no change (C2C12 cells) or an increase (MuSCs) in metabolic capacity after culture 

in LG, these results were not reflected at the level of individual ETC complexes. This 

mismatch between OXPHOS activity and capacity and mitochondrial content and ETC 

complex levels has been observed in pluripotent stem cell priming (Zhou et al., 2012). 

This study showed that despite having more mitochondria and more developed 

mitochondria, the more primed cells displayed lower levels of OXPHOS activity. These 

results suggest that an increase mitochondrial mass and ETC protein plays an 

important role in reprogramming beyond the generation of ATP.  In C2C12 cells, 

culture in either LG or GAL led to a decreased expression of each of the five 

complexes, while in primary MuSCs, LG and GAL exhibited an increased expression 

in Complex IV with GAL also linked to an almost ten-fold decrease in the Complex V 

(ATP synthase). Interestingly, Complex II appears to be more resistant to substrate 

dependent changes. As Complex II is the only complex directly involved in both the 

ETC and the TCA cycle, these results suggest there may be preferential maintenance 

of TCA cycle activity in LG and GAL cultured cells.  

Interestingly, while Complexes III and IV were decreased in C2C12 cells in LG 

and GAL compared to HG, these two complexes were elevated in primary MuSCs. 

Additionally, Complex I was decreased in LG and GAL cells in C2C12, while no 

difference was observed in primary MuSCs. This finding is likely a result of the 

differences in the length of culture (24 hrs vs 96 hrs) and may indicate that the ETC in 

C2C12 cells is undergoing active remodeling. Hansson and colleagues found that ETC 

complexes were differentially regulated during different phases of iPSC 
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reprogramming, with Complexes I and IV reduced in early reprogramming and 

Complexes II, III and IV induced in the intermediate phase of reprogramming (Hansson 

et al., 2012).  

In summary, these results provide evidence for the regulation of innate cellular 

metabolism by the extracellular metabolic milieu, namely alterations in substrate 

availability and concentration. These results provide an extensive characterization of 

metabolism in both C2C12 cells and primary MuSCs and provide detailed analyses of 

two models to induce distinct metabolic signatures; one where G6P is limiting but 

metabolic capacity is retained (LG) and another where G6P is limiting and metabolic 

capacity is significantly diminished (GAL).  
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Chapter 5 

The extracellular microenvironment regulates 
cell proliferation and histone acetylation 

 

5.1 Introduction 

In addition to requiring ATP, proliferating cells must be able to support the 

biosynthesis of new macromolecules, with glycolytic metabolites providing many of the 

building blocks required for the generation of nucleotides (pentose cycle), amino acids 

and de novo lipid biosynthesis (Lunt and Vander Heiden, 2011). There are currently 

myriad studies demonstrating the importance of glucose and glutamine derived carbon 

in the proliferation of tumourigenic cells and embryonic stem cell populations (Cairns 

et al., 2011; Hanahan and Weinberg, 2011; Le et al., 2012; Lunt and Vander Heiden, 

2011; Mullen et al., 2011; Tohyama et al., 2016). However, little is known about how 

glucose and glutamine metabolism might regulate proliferation and global post-

translational modifications in myogenic cells. 

Wellen and colleagues have previously demonstrated that glucose availability 

directly regulates histone acetylation via increased conversion of nucleocytoplasmic 

citrate to acetyl-CoA in a reaction catalyzed by ATP-citrate lyase (Wellen et al., 2009). 

Given my earlier findings of altered innate MuSC metabolism during myogenic 

progression, it is important to explore how this may affect intracellular metabolite 

concentrations and the subsequent effect on the epigenetic signature of myogenic 
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cells. Interestingly, Ryall and colleagues previously identified a link between innate 

metabolism and an altered epigenetic signature of MuSCs as they undergo activation 

in vitro (Ryall et al., 2015). The switch to glycolysis during activation was linked to a 

depletion of NAD+, a cofactor necessary for SIRT1 mediated histone deacetylation. 

This resulted in elevated H4K16 acetylation prior to the appearance of MyoD protein 

expression. Importantly, these authors showed that deletion of SiRT1 was sufficient to 

allow for H4K16ac at the MyoD locus and increased MyoD expression. These results 

provided the first clear evidence of a metabolic control mechanism in myogenic 

specification. 

Histone acetylation involves a negatively charged acetyl group (usually from 

acetyl-CoA) transferred to one or more lysine residues on the histone proteins by 

HATs. This increases the negativity of the histone proteins diminishing the electrostatic 

affinity of histones to DNA, which itself carries a negative charge due to the phosphate 

backbone of DNA (Csordas, 1990; Loidl, 1994; Turner and O'Neill, 1995). The addition 

of the negative charge is believed to impair the ability of chromatin to compact, thus 

resulting in the unwinding of chromatin and increasing spatial access (Csordas., 1990, 

Loidl., 1994, Turner & O’Neil., 1995). Chromatin generally exists in two states: a 

permissive transcriptional environment termed euchromatin; and a non-permissive 

state termed heterochromatin (Csordas., 1990, Loidl., 1994, Turner & O’Neil., 1995). 

The acetylation status of histone proteins is proposed to regulate transition between 

these two states, with the presumption that acetylation weakens histone-DNA 

interactions within the nucleosome, thereby disrupting higher order chromatin 

structure (Csordas., 1990, Loidl., 1994, Turner & O’Neil., 1995). This open structure 

is likely important to allow access to DNA by transcriptional machinery, such as RNA 
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pol II. Therefore, the work by Wellen and colleagues (2009), suggests a temporal link 

between glucose availability, global histone acetylation and gene transcription. 

These studies suggest a role for metabolism in the regulation of proliferation 

and histone acetylation, but the direct role of the extracellular metabolic environment 

on MuSC proliferation and epigenetics remains to be explored. The aim of this chapter 

was therefore to explore the role of the metabolic environment in determining 

intracellular metabolite concentrations and how these may regulate cellular 

proliferation and the epigenetic signature of myogenic cells. 

5.2 Methods 

5.2.1 Measurements of intracellular metabolites 

Colorimetric and fluorimetric assays were performed in accordance with the 

manufacturer’s instructions to determine the concentration of key metabolites; G6P, 

PEP, pyruvate, lactate, acetyl CoA, citrate, α-ketoglutarate and ATP (Biovision Inc., 

Milipitas, CA, USA). Briefly, C2C12 cells were cultured for 24 hrs in either HG, LG or 

GAL based growth media before being trypsinized and snap frozen in liquid nitrogen. 

1-5 x 106 cells were lysed and then centrifuged at 10,000 rpm at 4°C to remove any 

insoluble material. Cell lysates were incubated in the presence of a 

colorimetric/fluorometric probe at room temperature for 30 mins and the absorbance 

read on a photospectrometer (Multiskan, Thermo Scientific, Waltham, MA, USA) at 

570 nm (for colorimetric assays) and 535 nm (for fluorometric assays). Metabolite 

concentrations were then extrapolated from a standard curve and corrected to total 

protein within the cell lysates. 
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5.2.2 C2C12 substrate utilization assay 

To examine the capacity of C2C12 cells to utilize different substrates, cells were 

seeded on XF24 microplates at a density of 2 x 104 cells/well and cultured in HG, LG 

or GAL as described previously. One hour prior to the commencement of the assay, 

cells were washed with XF base medium (HCO3
- free modified DMEM, Agilent, Santa 

Clara, California, USA) without glucose, sodium pyruvate or glutamine, and then 

resuspended in 630 µL of the same media. Cells were incubated for one hour at 37ºC 

in a CO2 free incubator to allow equilibration. Basal metabolism was then assessed by 

measuring OCR and ECAR concurrently. Following baseline measurements; glucose 

(25 mM), sodium-pyruvate (1 mM) or glutamine (1 mM) were added to the media. 

Utilization was determined by the ratio of pre-substrate to post-substrate OCR and 

ECAR values. 

5.2.3 Analysis of cellular proliferation rates 

C2C12 cells (3 x 104) or primary MuSCs (5 x 103) were seeded into six-well 

culture plates in 1.5 mL of growth media supplemented with either HG, LG or GAL 

based growth media. The total number of C2C12 cells was assessed at 24, 48 or 72 

hours post-seeding utilizing a BioRad TC20 Automated Cell Counter (BioRad 

laboratories, Hercules, California, USA), while the total number of primary MuSCs 

were counted at 96 and 144 hours. The results from the cell counts were used to 

generate a logarithmic growth curve, from which the mean doubling time (Td) was 

calculated. 

5.2.4 Bromodeoxyuridine labelling 

C2C12 cells (1 x 104 cells) were seeded onto 18 mm round glass coverslips in 

either HG, LG or GAL based growth media and cultured for 24 hrs. Following pre-

culture in either HG, LG or GAL the media was replaced with media containing 
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bromodeoxyuridine (10 μg/mL, BrdU, Sigma-Aldrich, St Louis, Missouri, USA) for one 

hour. BrdU is a synthetic analogue of the DNA base thymidine and is incorporated into 

DNA during the S-phase of the cell cycle. Cells were fixed in 4% PFA in PBS, 

incubated in 2M hydrochloric acid for 15 minutes (to denature the DNA) and then 

washed in borate buffer (to neutralize the HCL). Cells were then permeabilised and 

blocked (3% BSA in PBS), as described in Chapter 2. Cells were incubated overnight 

in anti-BrdU primary antibody (1:1000 in blocking buffer, mouse monoclonal IgG1, 

Sigma-Aldrich, St-Louis, Missouri, USA). The following day, cells were washed with 

PBS and incubated for 2 hours with goat anti-mouse IgG1 secondary antibody (1:1000 

in blocking buffer, Alexa 488 goat anti-mouse IgG1, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) at room temperature. Cells were then counterstained 

with DAPI and finally mounted onto glass slides with Fluoro-Gel mounting medium 

(ProSciTech, Townsville, Queensland, Australia). 

5.2.5 Analysis of cell cycle by flow-cytometry 

Proliferating C2C12 cells were synchronized by culturing in serum free growth 

media for 40 hours, after which cells were cultured in either HG, LG or GAL based 

growth media for 24 hours. Cells were trypsinized and collected by centrifugation 

(1600 rpm for 5 minutes), the resultant cell pellet was then carefully washed with PBS 

(x3) and fixed with ice-cold ethanol (70% v/v with distilled water) for 30 minutes at 4°C. 

The fixed cells were centrifuged, washed in PBS and then stained with propidium 

iodide (PI, 50μg/mL, Sigma-Aldrich, St-Louis, Missouri, USA). PI staining of individual 

cells were analysed on a BD LSRFortessa flow cytometer (Franklin Lakes, New 

Jersey, USA). A bandpass filter was selected to capture emission around 605 nm with 

forward and side scatter utilized to identify single cells and exclude debris. 
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5.2.6 Evaluation of histone acetylation via western immunoblotting 

Cell lysates were extracted from C2C12 cells cultured for 24 hrs in HG, LG or 

GAL based growth media as described previously (Chapter 2.3), with the addition of 

a histone deacetylase inhibitor to lysis buffer (Sodium butyrate, 1 mM, Sigma-Aldrich, 

St Louis, Missouri, USA). Electrophoresis and Western immunoblotting were 

performed as detailed in Chapter 2. The resultant PVDF membranes were blocked 

with 3% BSA in TBST for 2 hours and incubated overnight with either acetylated 

H4K16 antibody (1:1000 in blocking buffer, Abcam, Cambridge, United Kingdom) or 

pan-acetyl lysine antibody (1:1000 in blocking buffer, Cell Signalling Technology, 

Danvers, MA, USA). After overnight primary incubation, PVDF membranes were 

washed and incubated with appropriate secondary antibodies, as described in Chapter 

2.2. 

5.2.7 Evaluating the link between glycolysis and histone acetylation 

 To specifically evaluate the link between glycolysis and histone acetylation, 

proliferating C2C12 cells were cultured in 6 well plates in HG alone or in the presence 

of the glycolytic inhibitor 2-deoxy glucose (2DG, 100mM) and/or 100mM acetate, 

which can be converted into acetyl Co-A for 24 hours. Evaluation of histone acetylation 

via western immunoblotting was performed as described earlier. 

 

5.3 Results 

5.3.1 Monosaccharide availability regulates intracellular metabolite 

concentrations 

The intracellular concentration of key metabolites was determined in C2C12 

cells cultured in either HG, LG or GAL based growth media. The concentration of G6P 
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was elevated by 86% and 26% respectively in LG and GAL cultured cells compared 

to HG (p<0.05, Figure 5.1A). PEP was not different between HG and LG cultured cells 

but was elevated 1.5-2 fold following culture in GAL compared to HG or LG (p<0.05, 

Figure 5.1B). The concentration of pyruvate was not different between HG and LG but 

was reduced by 62% in GAL cultured cells compared to HG (p<0.05, Figure 5.1C). 

Lactate was elevated 3-fold in LG cultured cells compared to both HG and GAL 

(p<0.05, Figure 5.1D) but was not different between HG and GAL. Looking at several 

key TCA cycle intermediates, while there was no change in the concentration of acetyl-

CoA between the three groups, citrate was elevated by 77% in LG cultured cells and 

1.5 fold in GAL cultured cells compared to HG (p<0.05, Figure 5.1F) and α-

ketoglutarate was decreased by 84% in LG cultured cells and 67% in GAL cultured 

cells compared to HG (p<0.05, Figure 5.1G). Finally, the intracellular concentration of 

ATP was not different between HG and LG cultured cells, however there was a 2-fold 

reduction in ATP in GAL cultured cells compared to both HG and LG (p<0.05, Figure 

5.1H). 

Since culture in LG and GAL results in an accumulation of glycolytic 

intermediates upstream of PKM (Figure 5.1I) I examined the expression of the 

alternative expression of the Pkm splice isoforms (Figure 5.1J). While there was no 

significant difference in Pkm1 expression between the three groups, Pkm2 was found 

to be increased 2-fold in GAL compared to both HG and LG cultured cells (p<0.05, 

Figure 5.1J). 
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Figure 5.1 Intracellular metabolite concentrations are dependent on 
extracellular monosaccharide availability. Measurements of key glycolytic (A-D), 
and TCA cycle metabolites (E-G) in C2C12 cells cultured in HG, LG or GAL based 
growth media. (H) Quantification of ATP concentrations. (I) Schematic showing 
relevant metabolites. (J) RT-qPCR measurements of alternative splice isoforms of 
PKM. n=3-4/condition, data presented as mean ± SEM ANOVA followed by Tukey’s 
multiple comparison procedure *, p<0.05, **, p<0.01. 
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5.3.2 Remodeling of substrate utilization by the extracellular 

environment 

Following baseline OCR and ECAR measurements of C2C12 cells in media 

free of glucose, glutamine and sodium pyruvate, either glucose (25 mM), glutamine (1 

mM) or sodium pyruvate (1 mM) was added to the assay media and OCR and ECAR 

were determined. Prior to any substrate addition basal oxygen consumption was 

decreased in LG and GAL compared to HG cultured cells (p<0.05, Figure 5.2A). 

Similarly, ECAR was reduced in both LG and GAL compared to HG, with LG cells 

exhibiting a further ~2-fold reduction in ECAR compared to GAL cultured cells (p<0.05, 

Figure 5.2B).  

Cells precultured in HG responded strongly to the addition of glucose, leading 

to a 30% decrease in OCR and a three-fold increase in ECAR (p<0.05, Figure 5.2C,D). 

While the addition of sodium pyruvate did not alter either OCR or ECAR in HG 

precultured cells (Figure 4.7C,D), addition of glutamine increased OCR by 16% 

(Figure 5.2C).  

In cells precultured in LG, addition of glucose did not alter OCR, but led to a 

3.5-fold increase in ECAR (Figure 5.2C,D). Similarly, addition of sodium pyruvate led 

to a two-fold increase in ECAR in LG precultured cells (Figure 5.2D). Finally, glutamine 

addition, led to a 46% increase in OCR in LG precultured cells (Figure 5.2C).  

The addition of glucose to cells precultured in GAL did not alter OCR but led to 

a 48% increase in ECAR (p<0.05, Figure 5.2C,D). Sodium pyruvate addition led to a 

two-fold increase in both OCR and ECAR in GAL precultured cells (p<0.05, Figure 

5.2C,D), while glutamine addition led to a two-fold increase in OCR with no significant 

increase in ECAR (Figure 5.2B,D). 
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Figure 5.2 Altered metabolite utilization by C2C12 cells. (A) Measurement of basal 
oxygen consumption rate (OCR) following culture in either HG, LG or GAL based 
growth media. (B) Quantification of basal extracellular acidification rates. (C) 
Quantification of change to OCR in response to the addition of 25mM glucose, 1mM 
sodium pyruvate or 1 mM glutamine expressed as fold change. (D) Change in ECAR 
following addition of 25 mM glucose, 1mM sodium pyruvate or 1 mM glutamine 
expressed as fold change compared to baseline. Data presented as mean ± SEM. 

(A-B) n= 6-7/condition ANOVA with Fisher’s LSD comparison, *, p<0.05; **, p<0.01 

(C-D) n= 6-7/condition ANOVA with Fisher’s LSD comparison, *, p<0.05; **, p<0.01 

compared to baseline  
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5.3.3 Cellular proliferation is enhanced in LG and GAL conditions 

C2C12 cells cultured in LG and GAL based growth media exhibited a significant 

increase in their rate of proliferation, as evidenced by a decrease in mean doubling 

time compared to HG (HG: 13.8 ± 0.6 hrs, LG: 12.7 ± 0.5 hrs, GAL: 12.8 ± 0.4 hrs, 

p<0.05, values presented as mean ± 95% CI).  

MuSCs exhibited a prolonged mean doubling time compared to C2C12 cells, 

likely a result of the previously reported increased time to first division following 

isolation (Rodgers et al., 2015). Similar to C2C12 cells, primary MuSCs cultured in 

GAL exhibited a significant increase in proliferation rates compared to HG, with a two-

hour decrease in mean doubling time compared to HG. In contrast to C2C12 cells LG 

cultured MuSCs did not exhibit a change in mean doubling time compared to HG or 

GAL cultured MuSCs (HG: 32.3 ± 1.1 hrs, LG: 31.4 ± 0.5 hrs, GAL: 29.0 ± 0.3 hrs, 

p<0.05; mean ± 95% CI). 
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Figure 5.3 Cellular proliferation is altered with reduced glucose. (A) A cell count 
proliferation assay was performed on C2C12 cells cultured in HG, LG or GAL based 
growth media over 72 hrs. (B) Quantification of mean doubling time (2T) based on (A). 
(C) Standard cell counts were performed on primary MuSCs at 96 and 144 hrs. (D) 
Quantification of 2T based on (C). n=3/condition/time point, (B,D) values presented as 
mean ± 95% CI. ANOVA with Tukey’s multiple comparison procedure;  

(A,C) *, p<0.05 GAL vs HG; ^, p<0.05 LG vs HG.  

(B,D) *, p<0.05. 
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5.3.4 Cell cycle progression is regulated by monosaccharide 

availability in the extracellular environment 

To further assess changes in cell proliferation, C2C12 cells were cultured for 

24 hrs in either HG, LG or GAL based growth media before being cultured for 1 hr in 

media containing BrdU (Figure 5.4A). Cells cultured in either LG or GAL exhibited an 

~40% increase in the proportion of BrdU+ cells compared to HG (p<0.05, Figure 5.4B).  

To directly examine cell cycle progression, flow cytometric analysis of cell 

cycling was performed. Prior to culture with either HG, LG or GAL the cell cycle was 

synchronized by culturing C2C12 cells in serum free media for 40 hrs resulting in over 

85% of cells residing in the G1 phase of the cell cycle (Figure 5.4C-E). Flow cytometric 

analysis revealed no significant differences between LG and HG cultured cells (Figure 

5.4F). In contrast, cells cultured in GAL exhibited a reduced proportion of cells in G1, 

with a concomitant increase of cells in G2/M compared to both HG and LG. Culture of 

cells in either HG, LG or GAL did not influence the proportion of cells in the S-phase 

of the cell cycle (Figure 5.4F). 
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Figure 5.4 Cell cycle progression is altered by the extracellular milieu. (A) 
Immunofluorescence of BrdU incorporation in C2C12 cells cultured in either HG, LG 
or GAL based growth media. (B) Quantification of the proportion of BrdU+ cells based 
on (A). n=3 replicates/condition. (C-E) Flow cytometric traces of PI labelled C2C12 
cells. Cells cultured in (C) HG, (D) LG or (E) GAL. Dash trace indicates synchronized 
cell population. n=10,000 cells/group with three replicate experiments. (F) 
Quantification of cells in the different phases of the cell cycle based on (C-E). Data are 
mean ± SEM, ANOVA with Tukey’s multiple comparison procedure; *, p<0.05; **, 
p<0.01. 
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5.3.5 The metabolic microenvironment regulates histone acetylation 

in proliferating myogenic cells 

Intracellular metabolites play an important role in the regulation of histone 

acetylation, with acetyl-CoA being an important acetyl donor for histone and protein 

acetylation (Figure 5.4A). Cells cultured in LG and to a greater extent GAL exhibited 

a reduction in total H3 and H4 acetylation (Figure 5.4B). In contrast, the specific mark, 

histone H4 lysine 16 acetylation (H4K16ac) was reduced in GAL but not LG cultured 

cells, compared to HG (Figure 5.4B). Inhibition of glycolysis through 2DG (Figure 5.4C) 

resulted in a dramatic decrease in global histone acetylation (Figure 5.4D). In contrast, 

supplementation with acetate resulted in a significant increase in global histone 

acetylation (Figure 5.4D). Importantly, the addition of acetate circumvented the actions 

of 2DG leading to a similar increase in histone acetylation as for observed following 

acetate alone. 
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Figure 5.5 The extracellular metabolic milieu directly influences internal cellular 
acetylation status. (A) Western immunoblots for histone acetylation. n=2/condition 
with three replicate experiments performed. (B) Western immunoblotting of global 
histone acetylation in the presence of 2DG and/or acetate (representative blots shown, 
n=4/group). (C) Schematic showing the role of TCA cycle intermediates in the 
provision of acetyl groups for histone acetylation. 2DG inhibits glucose uptake while 
acetate directly supplies a source of acetyl CoA. Arrows (Black – HG, Red – LG and 
Blue – GAL) show proposed direction of movement of metabolites. LG and GAL 
cultured cells are likely deacetylating histones to supply TCA intermediate anaplerosis. 
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5.4 Discussion 

In this study, the extracellular metabolic microenvironment was shown to 

regulate intracellular metabolite concentrations, and rates of cell proliferation in 

proliferating myogenic cells. Importantly, new mechanistic insights into the regulation 

of histone acetylation by the metabolic microenvironment have been revealed, with 

reduced glucose availability and/or uptake directly linked to histone acetylation. These 

exciting results suggest the temporal regulation of chromatin accessibility by the 

metabolic microenvironment.  

Glycolytic intermediates play an essential role in cellular proliferation by 

supplying the necessary building blocks for nucleotides, amino acids and 

phospholipids (Lunt and Vander Heiden, 2011). Glycolytic intermediates upstream of 

pyruvate, including G6P and PEP, were found to be elevated in LG and GAL cultured 

cells, a result likely due to decreased conversion of PEP to pyruvate. Conversion of 

PEP to pyruvate is regulated by the enzyme PKM. In addition to regulating supply of 

glycolytic intermediates for generating biomass, the glycolytic enzyme PKM plays an 

important role in cell cycle regulation (Yang et al., 2012). Unlike PKM1, PKM2 is able 

to translocate to the nucleus where it is able to phosphorylate histone H3 threonine 11 

(H3T11). The phosphorylation of H3T11 was found to be required for the acetylation 

of the adjacent lysine residue (H3K9), the acetylation of which results in the 

transcription of cell cycle regulators such as cyclin-D1 and C-Myc. It has previously 

been observed that PKM2 protein abundance and activity is modulated by glucose 

dependent acetylation of lysine 305 (K305) on PKM2 (Lv et al., 2011).  

Interestingly, the ratio of lactate to pyruvate correlates with the ratio of 

intracellular NAD+/NADH (Williamson et al., 1967). In both LG and GAL, the lactate: 
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pyruvate ratio is increased compared to HG and as a result, the NAD+/NADH ratio is 

likely to also increase, mediated by an increase in intracellular lactate in LG cells 

compared to HG, whereas GAL cells have a decrease in pyruvate concentration. Ryall 

and colleagues documented a direct link between depletion of NAD+ concentrations 

and the increased transcription of MyoD as MuSCs switched to glycolysis in 

undergoing activation (Ryall et al., 2015). NAD+ acts as a cofactor that mediates SIRT1 

deacetylase activity. Given that H4K16 acetylation is associated with activation of 

MuSCs, our dataset suggests that alterations to metabolism through regulation of 

histone deacetylation could potentially control cell fate decisions through regulation of 

MyoD transcription. This concept will be explored in subsequent chapters. 

Fulco and colleagues showed that culture of C2C12 cells in LG media led to an 

elevation of Nampt activity, which resulted in elevated production of NAD+ and 

increased deacetylation of MyoD and inhibition of differentiation (Fulco et al., 2015). 

Here we show that culture of proliferating C2C12 cells in either LG or GAL based 

growth media is associated with global histone deacetylation. Furthermore, the results 

show that glycolysis plays an important role in the provision of acetyl Co-A for histone 

acetylation and that the restoration of acetyl-CoA via co-culture with acetate is 

sufficient to overcome a 2DG mediated inhibition of glycolysis and promote global 

histone acetylation. In this chapter I have proposed a model whereby reduced glucose 

availability is associated with TCA cycle acetyl-CoA to citrate anaplerosis. Cells 

cultured under these conditions are starved of TCA cycle intermediates leading to 

histone deacetylation to maintain TCA cycle activity. Taken together, this suggests 

that the extracellular metabolic environment plays an important role in providing 

temporal regulation of global histone acetylation and chromatin accessibility in 

proliferating myogenic cells. 
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These findings provide important insight into the role of the extracellular 

metabolic environment. The rates of proliferation of both C2C12 cells and primary 

MuSCs can be controlled by the monosaccharide concentration and type in the 

extracellular environment and this has important implications for how in vitro culture 

conditions can be altered to optimise proliferation and throughput. Furthermore, these 

results provide important new mechanistic insight into the regulation of global histone 

acetylation and transcriptional activity where the microenvironment can signal the 

MuSCs to provide temporal regulation of gene transcriptional activity. These results 

suggest that alterations in the metabolic environment after injury, trauma and 

breakdown of the niche plays an important cue in the activation of MuSCs. 
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Chapter 6 

The local metabolic milieu can regulate cell fate 
through temporal regulation of global histone 
acetylation  

6.1 Introduction 

In the previous chapters, the extracellular metabolic environment was shown to 

directly regulate innate cell metabolism and global histone acetylation. As histone 

acetylation is an important regulator of gene transcription, in this chapter I chose to 

explore the role of the extracellular metabolic environment in the regulation of global 

gene expression in proliferating myogenic cells. 

Recent studies have shown that microenvironmental oxygen concentrations 

can regulate MuSC activity and regulate the self-renewal capacity of MuSCs via 

upregulation of Pax7 expression and downregulation of both MyoD and MyoG (Liu et 

al., 2012). These results suggest that the microenvironment surrounding MuSCs may 

play an important role in the regulation of cell fate. In support of this concept Ryall and 

colleagues (2015) showed that activation of MuSCs is associated with an increase in 

glycolysis which subsequently leads to a decrease in [NAD+]. As NAD+ is a requisite 

metabolite for SIRT1 mediated histone deacetylation, the decline in [NAD+] in activated 

MuSCs was linked to an increase in the acetylation status of H4K16 and increased 

MyoD transcription (Ryall et al., 2015). Fulco and colleagues documented a similar 

role for Sir2 (a yeast homolog of SIRT1) in the regulation of myogenic differentiation 

(Fulco et al., 2003). The authors showed that activation of Sir2 inhibited myogenic 
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differentiation, and conversely, inhibition of Sir2 enhanced differentiation and resulted 

in significant enrichment of muscle specific transcripts (Fulco et al., 2003). Taken 

together, these studies convincingly demonstrate an important role for metabolism in 

the regulation of myogenic specification through the regulation of histone 

deacetylation. However, histone deacetylation only represents one side of the story, 

with histone acetyltransferases (HATs) and the availability of acetyl-CoA likely 

providing an additional level of regulation. This raises the possibility that myogenic 

specification is regulated by the balance between histone acetylation and 

deacetylation. 

An additional role of histone acetylation is the recruitment and activation of non-

histone proteins and enzymes that can either further recruit other histone modifying 

proteins or directly dock onto the chromatin and DNA  (Kouzarides, 2007; Shogren-

Knaak and Peterson, 2006). Acetylated lysines are recognized by bromodomains, 

which are common to HATS and chromatin remodelling complexes (such as the 

SWI/SNF remodelling complex) (Hassan et al., 2002; Mujtaba et al., 2007). A role for 

chromatin remodelling has already been extensively explored in the context of 

embryonic stem cells (Lessard and Crabtree, 2010; Singhal et al., 2010). The 

SWI/SNF complex is required for the MyoD mediated conversion of fibroblasts into the 

myogenic lineage (Berkes et al., 2004; de la Serna et al., 2001). In support of a 

fundamental role of chromatin remodelling in myogenic specification is the observation 

that MyoD directly interacts with BAF60C, a component of the SWI/SNF complex, 

found in the regulatory region of MyoD-regulated genes. 

Given the extensive role of histone acetylation in regulating gene transcription, 

the aim of this chapter was to explore how the metabolic microenvironment, through 

its temporal regulation of global histone acetylation, would affect gene transcription in 
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myogenic cells. I hypothesised that any decline in global histone acetylation would be 

linked to changes in gene expression. 

 

6.2 Methods 

6.2.1 RNA extraction 

Total RNA was extracted from C2C12 cells pre-cultured (n=4/group) in either 

HG, LG or GAL based growth media for 24 hrs using an RNeasy kit (Qiagen, Venlo, 

Limburg, Netherlands) according to manufacturer’s instructions. Briefly, C2C12 cells 

were harvested and snap frozen as a pellet. Lysis buffer was added to the pellet and 

then triturated to induce breakdown of cellular and nuclear membranes. RNeasy mini 

spin columns were utilized to isolate and clean RNA, following which RNA was eluted 

in 50 μL of diethyl pyrocarbonate (DEPC) treated water (Invitrogen, Carlsbad, CA, 

USA). The quality and concentration of RNA was measured on a Nanodrop 2000c 

spectrophotometer (Thermo Scientific, Waltham, MA, USA), assessing the 260 

nm/280 nm ratio as a measure of RNA purity.  

6.2.2 RNA library preparation for whole transcriptome sequencing 

Total RNA was isolated as described from the 12 samples and poly(A) purified 

mRNA was isolated utilizing magnetic poly(dT) beads (NEBNext poly(A) mRNA 

magnetic isolation module, New England Biolabs, Massachusetts, USA). cDNA 

libraries were generated from purified mRNA samples with library quality assessed on 

an Experion Automated Electrophoresis System with an Experion RNA StdSens 

Analysis kit (BioRad Laboratories, Hatfield, PA, USA). Whole transcriptome 

sequencing was performed on an Illumina HiSeq2500 (Illumina, San Diego, CA, USA) 

which performs sequencing by synthesis and allows for massively parallel sequencing. 
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Sequencing was performed in rapid mode with a read length of 100 base pairs. 

Samples were barcoded to allow multiple samples to be processed per lane in a 

patterned two lane flow cell (Illumina, San Diego, CA, USA) with each biological 

replicate sequenced over both lanes of the flow cell and resultant reads mapped to the 

mouse genome (mm10 assembly) utilizing the Galaxy project suite (Afgan et al., 2016) 

running TopHat2 (Kim et al., 2013). Functional annotation of gene ontology (GO) 

analyses of biological processes was performed utilizing the database for annotation, 

visualization and integrated discovery (DAVID, National institute of Allergy and 

Infection Diseases, NIH, Bethesda, Maryland, USA) (Huang da et al., 2009). Gene set 

enrichment analyses (GSEA) for enrichment of set terms were performed using GSEA 

(Subramanian et al., 2005). 

6.2.3 cDNA synthesis and real-time PCR 

Following RNA isolation and quality assessment, RNA was transcribed into 

cDNA using a superscript VILO cDNA Synthesis kit (Invitrogen, Carlsbad, CA, USA) 

as per the manufacturer’s instructions. Reverse transcription of RNA into DNA was 

performed in an Eppendorf Mastercycler PCR express (Eppendorf, North Ryde, NSW, 

Australia) as follows: 25°C for 10 mins, 42°C for 60 mins, 85°C for 5 mins and held at 

4°C following completion. 

To analyse the expression of target genes, sense and antisense primers for 

myogenic markers were designed using Primer-BLAST (NCBI, U.S National Library of 

Medicine, Bethesda, MD, USA) and primer efficiency was confirmed by a single melt 

curve. Gene expression was compared in 10 µL reactions containing 100 nM each of 

the sense and antisense primer, 1x fast SYBR Green (Applied Biosystems, Mulgrave, 

VIC, Australia) and 2.5 ng of sample cDNA. Real time quantitative PCR was performed 

on a CFX384 Touch Real-Time PCR detection system (BioRad, Gladesville, NSW, 
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Australia) with amplification performed as follows; 95°C for 30 s followed by 39 cycles 

of 95°C for 5 s and 60°C for 10 s. Following amplification, a melt curve was constructed 

as follows; 65°C for 36 s followed by 0.5°C incremental increases per cycle until a 

temperature of 90°C was reached. RT negative and no template control samples were 

included to ensure specificity of primer pairs. Relative gene expression was 

determined utilizing the ΔΔCt method. Furthermore, to confirm equal loading the 

single-stranded DNA content in each sample was determined using the Quant-iT 

OliGreen ssDNA assay Kit (Invitrogen, Carlsbad, CA, USA) and a Fluoroskan Ascent 

Microplate Fluorometer (Thermo Scientific, Waltham, MA, USA). 

Table 6.1 Table of primer sequences 

Gene Primer Sequence 

myod1 Forward – AGCACTACAGTGGCGACTCA 

Reverse - GCTCCACTATGCTGGACAGG 

myf5 Forward – TGAGGGAACAGGTGGAGAAC 

Reverse - AGCTGGACACGGAGCTTTTA 

myog Forward – CTACAGGCCTTGCTCAGCTC 

Reverse - AGATTGTGGGCGTCTGTAGG 

six1 Forward – CGGAGTCTAGCTCACCCCTA 

Reverse - CTAACCCCCTCCCTAGCCTT 

six4 Forward – CCCCACCGGGCAGATTG 

Reverse - ATGCGCCTGAAAGTGGATGA 

bmp Forward – CCCGGAAGCTAGGTGAGTTC 

Reverse - AATCCCATCAGGGACGGAGA 

 

6.2.4 ΔΔCT Method for gene expression 

  To quantify gene expression the ΔΔCT method was utilised. The threshold level 

was selected such that the selected value was during the exponential phase of 

amplification and above background level. ΔCT was calculated by comparing at the 
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difference in CT value of the sample against the CT value of a house keeping gene; 

in this case ribosomal 18S subunit.  

ΔCT= CT(gene of interest) - CT(ribosomal 18S)  

A normalization step was used by comparing the CT of the sample of interest 

against control (HG), called a calibrator, to give a ΔΔCT.  

ΔΔCT=ΔCT(sample) - ΔCT(calibrator, HG)  

Finally, a value of 2-ΔΔCT gave a relative expression of the gene of interest with 

respect to expression of the house keeping gene. Gene expression was then 

expressed relative to HG.  

6.2.5 Western blot analyses 

Cell lysates were extracted from either C2C12 cells or mouse MuSCs 

(n=4/group) cultured in either HG, LG or GAL based growth media and SDS-PAGE 

performed as described previously (see Chapter 2.2). Following transfer to PVDF 

membrane, membranes were incubated overnight in either anti-MyoD (1:250, Rabbit 

polyclonal, Santa Cruz, Texas, USA) or Six1 (1:1000, Rabbit polyclonal, ProSci, QLD, 

Australia) after which the membranes were washed, labelled with secondaries and the 

resultant chemiluminescence was measured and analysed as described previously.  

6.2.6 Immunofluorescence of primary MuSCs 

Immunofluorescence of primary MuSCs was performed as described 

previously (see Chapter 2.4). Briefly primary MuSCs were isolated from two mice and 

cultured in either HG, LG or GAL based growth media for 72 or 96 hrs on glass ECM 

coated coverslips at a density of 104 cells per well (n = 3/group). MuSCs were then 

fixed, permeabilised and blocked before being labelled with Pax7 (1:10, mouse 

monoclonal IgG1, DSHB, University of Iowa, IA, USA) and MyoD (1:200, rabbit 
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polyclonal, Santa Cruz Biotechnology, Dallas, USA). The following day MuSCs were 

incubated with the appropriate secondary antibody diluted 1:1000 in blocking buffer, 

washed in PBS and counterstained with Dapi. Labelled MuSCs were mounted on 

glass slides for imaging as described previously (see Chapter 2.5). 

6.2.7 Evaluation of the effects of metabolic inhibitors on myogenic 

specification 

Cell lysates were extracted from C2C12 cells cultured in increasing 

concentrations of the metabolic inhibitors; 2-DG, DCA and Antimycin A (n = 3/group). 

Cells were cultured for 24 hrs after which protein extraction, SDS-Page and 

immunoblotting was performed as described previously. Membranes were imaged and 

analysed for the expression of MyoD as described previously. 

6.3 Results 

6.3.1 The metabolic microenvironment alters gene transcription in 

C2C12 cells 

To better understand the downstream effects of the decreased level of global 

histone acetylation identified in the previous chapter, whole transcriptome sequencing 

was performed on proliferating C2C12 cells cultured for 24 hrs in either HG, LG or 

GAL based growth media. A principal component analysis revealed significant 

divergence in the transcriptional signature with clear segregation of HG, LG and GAL 

cultured cells into three clusters (Figure 6.1A). An alteration to the extracellular 

carbohydrate environment was associated with a change in over 1500 genes, with a 

greater number of genes downregulated in LG and GAL compared to HG (Figure 

6.1B,C, Supplementary Table 9.6.2).  
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Downstream bioinformatics and gene ontology analyses highlighted key 

biological processes changed in response to an altered extracellular metabolic 

microenvironment (Figure 6.1D-F). Cells cultured in HG were enriched for terms 

associated with myogenic specification and differentiation such as; skeletal muscle 

tissue development, cell fate commitment and muscle cell differentiation (Figure 6.1D). 

Cells cultured in LG also exhibited an enrichment of the term cell fate commitment 

when compared to GAL cultured cells (Figure 6.1E). In agreement with results 

presented in the previous chapter, monosaccharide availability was found to 

significantly alter transcription of genes associated with innate cellular metabolism with 

terms such as amino acid activation/transport and carboxylic acid biosynthetic process 

enriched in LG cultured cells (Figure 6.1E) while carbohydrate biosynthetic process, 

glutamate metabolic process and hexose metabolic process being enriched in GAL 

cultured cells (Figure 6.1F). Interestingly acetyl-CoA biosynthetic process was 

enriched in HG cultured cells compared to GAL while positive regulation of cell division 

was enriched in GAL cultured cells compared to HG (Figure 6.1F). 
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Figure 6.1 Whole transcriptome sequencing reveals control of transcriptional activity 
regulated by the extracellular microenvironment. To examine the effects of an altered 
metabolic microenvironment on transcriptional activity, C2C12 cells were cultured in either HG (25 
mM glucose), LG (5 mM glucose) or GAL (10 mM galactose) for 24 hours (n=4/group). (A) Principal 
component analysis of RNAseq showing group level differences of C2C12 cells. (B) Altered 
extracellular monosaccharide availability was associated with a change in over 1500 genes. (C) 
Clustered heat-map showing differential gene-expression. (D-F) Gene ontology analysis of 
biological processes enriched in either (D) HG, (E) LG or (F) GAL. 
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6.3.2 Monosaccharide availability regulates myogenic specification 

of C2C12 cells 

As gene ontology analyses suggested that the metabolic environment could 

affect myogenic specification (Figure 6.2A), a gene set enrichment analysis (GSEA) 

for the molecular signature muscle cell development was performed, revealing a 

significant enrichment in HG compared to both LG and GAL cultured cells (Figure 

6.2B). However, there was no significant difference between LG and GAL (data not 

shown).  

BigWig traces showing reads mapping to two known myogenic regulators; six1 

and myod1, confirmed a reduction of reads mapping to these two genes in LG and 

GAL cultured cells compared to HG (Figure 6.2C). A quantification of key myogenic 

regulators such as six1, six4, myod1, myf5 and myog revealed a significant decrease 

in LG and/or GAL cultured cells, with a greater decline observed in GAL cultured cells 

(Figure 6.2D). This reduction in expression of myogenic regulators was confirmed by 

targeted qPCR (Figure 6.2E) and translated to a reduction in Six1 and MyoD protein 

in LG and GAL cultured cells (Figure 6.2F). 
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Figure 6.2 High monosaccharide availability is required for myogenic specification. (A) 
Heat-map of differential gene expression for genes associated with the GO term “Regulators of 
muscle specification”. (A) A gene set enrichment analyses for the molecular signature “muscle 
cell development” showed an enrichment in HG compared to both LG and GAL. (B) BigWig 
showing reads mapped to myod1 and six1. (C) Individual gene expression from sequencing 
analysis for known regulators of myogenesis. (n=4/group) (D) qPCR analysis of gene expression 
of myogenic regulators. (n=4/group) (E) Western blot analyses of MyoD and Six1 expression 
(representative blot shown, n=4/group). 

ANOVA with Fischer’s LSD multiple comparison procedure. 

D) *, p<0.05 

E) *, p<0.05 vs HG, ^, p<0.05 vs LG 
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6.3.3 The metabolic microenvironment regulates MuSC specification 

To extend upon the observation that altering the metabolic microenvironment 

could regulate myogenic specification in immortalised C2C12 cells, primary MuSCs 

were cultured in HG, LG or GAL based growth media for 96 hrs and labelled with Pax7 

and MyoD (Figure 6.3A).  After 96 hrs of culture the proportion of Pax7+/MyoD- cells 

was significantly elevated in GAL cultured cells compared to HG but not different 

between LG and HG (Figure 6.3B). While not significantly different, there was a trend 

suggesting an increased proportion of Pax7+/MyoD- cells in GAL compared to LG 

(p=0.07, Figure 6.3B). The proportion of Pax7+/MyoD+ cells was significantly reduced 

in GAL compared to both HG and LG (Figure 6.3B). Similar to that observed in C2C12 

cells, MyoD protein was reduced significantly in MuSCs cultured in GAL compared to 

HG, and to a lesser extent in LG compared to HG (Figure 6.3C). 
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Figure 6.3 Specification of primary MuSCs is regulated by the extracellular concentration 
and subtype of carbohydrates. (A) Immunofluorescence of primary MuSCs cultured for 96 
hrs in either HG, LG or GAL based growth media labelled with Pax7 and MyoD (n=6/group). 
(B) Quantification of (A). (n=6/group, mean ± SEM) (C) Western immunoblots examining the 
expression of MyoD in primary MuSCs (n=4/group). 

ANOVA with Fisher’s LSD multiple comparison procedure, *, p<0.05 
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6.3.4 Pharmacological regulation of glycolysis and OXPHOS directly 

controls cell specification state 

To directly confirm a link between metabolism and myogenic commitment, 

C2C12 cells in HG were cultured in increasing concentrations of three metabolic 

modulators (Figure 6.4A) and MyoD protein expression examined (Figure 6.4B). 2-

deoxy glucose (2DG) an inhibitor of glycolysis repressed MyoD protein in a dose-

dependent manner (Figure 6.4B). Conversely, dichloroacetate (DCA, an inhibitor of 

pyruvate dehydrogenase kinase) and antimycin-a (an inhibitor complex III of the ETC) 

increased MyoD protein (Figure 6.4B). 

 

 

Figure 6.4 Regulating glycolysis through pharmacological manipulation controls 

myogenic specification. C2C12 cells were cultured in increasing concentrations of 2-

deoxyglucose (2DG), dichloroacetate (DCA) or antimycin A. (A) Schematic showing the site 

of action of each modulator. (B) Western blots showing the expression of MyoD following 

exposure of C2C12 cells to increasing concentrations of each modulator. 
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6.4 Discussion 

The metabolite balance within stem cells and differentiated cells alike can 

directly impact on the epigenome by regulating post-translational modifications of 

histones, proteins and DNA (Carey et al., 2015; Moussaieff et al., 2015; Ryall et al., 

2015b; Shiraki et al., 2014; Wellen et al., 2009). In this chapter, the extracellular 

metabolic environment, through its regulation of innate cellular metabolism and global 

histone acetylation, was shown to impact upon the global transcriptional signature of 

myogenic cells, with HG, LG and GAL cultured cells exhibiting distinct transcriptional 

profiles. Furthermore, exposing myogenic cells to reduced or altered monosaccharide 

availability resulted in overall transcriptional repression and decreased expression of 

genes and protein related to specification and commitment to the myogenic lineage. 

The mRNAseq data presented herein show the extensive impact the metabolic 

microenvironment has upon gene transcription, with HG, LG and GAL cultured cells 

clearly segregating into three distinct groups based upon both clustering and principal 

component analyses. To provide stronger support for the link between global histone 

acetylation, chromatin permissiveness and enrichment of genes linked to myogenic 

specification future studies should perform an Assay for Transposase-Accessible 

Chromatin using sequencing (ATACseq). In this assay cells cultured in HG, LG or GAL 

could be assessed to provide gene-level data to directly link the temporal changes to 

global histone de-/acetylation and chromatin accessibility. Regardless, these results 

suggest that metabolism is not only a key regulator of the epigenome but also global 

transcriptional activity. Furthermore, the results in the current study provide the first 

evidence that regulating the metabolic environment is sufficient to induce 
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despecification of myogenic cells. The analysis of Pax7/MyoD immunofluorescence in 

MuSCs suggests these results are not limited to immortalised C2C12 cells.  

In support of the previous findings, the RNAseq data revealed an enrichment 

of gene ontology terms associated with biosynthetic processes and cellular 

proliferation in GAL cultured cells compared to HG. These results, together with those 

presented in the preceding chapter, suggest a model where extracellular glucose 

availability regulates TCA cycle (citrate-to-acetyl-CoA) cataplerosis and global histone 

acetylation. In conditions of reduced glucose availability there is histone acetylation 

and transcriptional repression. In both LG and GAL media, proliferating C2C12 cells 

prioritized cellular division over histone acetylation, with carbon substrates generated 

in glycolysis likely supporting the generation of new biomass. It is important to note 

that an alternative interpretation is that GAL cultured cells are utilising glutamine as an 

anaplerotic substrate with histone acetylation simply correlating to the level of 

monosaccharide availability. Future experiments should examine cellular proliferation 

of GAL cultured cells in the presence of HDAC inhibitors to address this point. Further, 

to provide even stronger evidence, the response of C2C12 cells or primary MuSCs to 

culture in BPTES, a selective inhibitor of glutaminase 1, could help address the role of 

glutamine metabolism in the observed metabolic reprogramming in GAL cultured cells. 

Theret and colleagues have previously suggested that the decision of MuSCs 

to self-renew and return to quiescence is regulated in part by glycolysis (Theret et al., 

2017). These authors found that MuSC specific deletion of AMPK led to a decrease in 

oxidative capacity and an increase in MuSC self-renewal and that this was associated 

with an elevation in the activity of LDH, despite no change in glycolytic rates. In this 

chapter, a direct link between glycolysis and expression of MyoD has been shown, 

with the expression of MyoD highly sensitive to the availability of monosaccharides 
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and histone acetylation. Inhibition of glycolysis via culture with 2DG led to a dose-

dependent decrease in global histone acetylation and MyoD protein. Conversely, 

increasing pyruvate oxidation with DCA led to an increase in MyoD protein. The work 

presented thus far, suggests a crucial role for the TCA cycle in the regulation of both 

histone acetylation and myogenic commitment. Together with the work of Theret and 

colleagues, these results demonstrate a link between decreased oxidative capacity 

and self-renewal, it would be important for future work to examine the role of TCA 

cycle metabolites in MuSC self-renewal.  

In summary, the work presented in this chapter documents the profound impact 

of the extracellular metabolic environment on global gene transcription. These findings 

are the first to show that myogenic cells shifted to conditions of reduced carbohydrate 

or altered carbohydrate results in reduced specification to the myogenic lineage and 

this is in part due to direct regulation of metabolites through glycolysis. These results 

have important implications as the control and regulation of myogenic specification is 

of ongoing interest for the field of MuSC transplantation. How the metabolic 

environment results in a decreased myogenic specification and a reduction in MyoD 

remains to be explored and will be the topic of exploration in the next chapter.  
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Chapter 7 

The local metabolic milieu regulates cellular 
heterogeneity and maintains stemness through 
control of asymmetric division 

  

7.1 Introduction 

MuSCs are a heterogeneous population and a subpopulation of MuSCs are 

predisposed to undergo self-renewal by undergoing asymmetric division (Beauchamp 

et al., 2000; Montarras et al., 2005; Rocheteau et al., 2012; Sacco et al., 2008). 

Considerable evidence has arisen in recent years to suggest an essential role for 

asymmetric division in generating both a self-renewing stem cell and a differentiation 

competent progenitor cell. It has been proposed that dysregulated asymmetric division 

through bias towards symmetric stem cell expansion or symmetric progenitor 

expansion contributes to muscle wasting and dysfunction through stem cell 

hyperplasia or gradual exhaustion of the muscle stem cell pool (Dumont and Rudnicki, 

2016; Dumont et al., 2015). Thus, the ability of MuSCs to balance quiescence, self-

renewal and commitment is crucial to the maintenance of the MuSC pool and life-long 

muscle regenerative capacity.  

The complex balance between extrinsic and intrinsic cues that regulate MuSC 

activation and commitment is still poorly understood and the role of metabolism in 

controlling MuSC heterogeneity and its link to self-renewal is only beginning to be 
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explored. The regulation of myogenic specification is of great interest to the field of 

MuSCs as a number of studies have now shown that myogenic specification is a 

significant limiting factor in autologous transplantation of MuSCs in the treatment of 

muscle wasting diseases (Asakura et al., 2007; Smythe and Grounds, 2001; Smythe 

et al., 2001; White et al., 2000). Initial studies involving MuSC transplantation reported 

extremely poor survival of transplanted MuSCs (Beauchamp et al., 1999) and cells 

that did survive exhibited extremely poor migration from the site of engraftment (Skuk 

and Tremblay, 2003). Interestingly, further studies revealed that if transplanted cells 

are unspecified (Montarras et al., 2005) or lack MyoD (Asakura et al., 2007; Smythe 

and Grounds, 2001; Smythe et al., 2001; White et al., 2000) then survival, migration 

and transplantation efficiency is improved significantly. As such, studies that can shed 

light on the control of myogenic specification will likely reveal novel targets to enhance 

the therapeutic feasibility of this approach.  

The aim of this chapter was to explore the effect of an altered metabolic 

environment, through regulation of carbohydrate concentration and subtype, on 

cellular heterogeneity and myogenic specification at a single cell resolution and to test 

whether the extrinsic metabolic environment can be modified to enhance the 

engraftment potential of MuSCs. 

7.2 Methods 

7.2.1 Cell isolation and CELseq2 analysis of single MuSCs 

Primary MuSCs were isolated from Pax7iYFP mice as described in Chapter 2. 

scRNAseq was performed on either freshly isolated MUSCs or MuSCs that had 

undergone 96 hrs of culture in either HG (25 mM glucose), LG (5 mM glucose) or GAL 

(10 mM galactose) based growth media for 96 hrs. Cells were transferred into a pre-
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chilled 386-well round bottom plate (Greiner, Kremsmunster, Austria) at a density of 

one single cell per well by FACS, with 100-150 cultured cells per group collected into 

individual wells. scRNAseq was performed as described previously (see Chapter 2.6). 

7.2.2 Isolation and culture of extensor digitorum longus fibres 

Mice were anaesthetised with sodium pentobarbital (Nembutal; 60mg/kg, 

Sigma-Aldrich, St Louis, Missouri) via an IP injection. Once the mouse was no longer 

responsive to tactile stimuli, the animal was killed by cervical dislocation. Using 

dissection scissors, a small incision was made in the skin overlying the abdomen and 

the overlying skin was removed to reveal the entire hind limb musculature. The animal 

was placed supine for dissection of the extensor digitorum longus (EDL) muscles. The 

overlying fascia was removed by blunt dissection along the tibia, with the superior 

extensor retinaculum located and then severed to allow access to the distal tendons 

of both the tibialis anterior (TA) and the EDL muscles. The TA was excised to reveal 

the underlying EDL muscle by cutting the distal tendon, slowly lifting the TA and 

severing the muscle at the medial insertion (Figure 7.1). The EDL muscle was then 

excised by cutting the distal tendon prior to the tendon splitting and then placed in 

prewarmed collagenase solution (DMEM (Life technologies; Carlsbad, California, 

USA) and 0.2% (w/v) collagenase type I (Sigma-Aldrich, St Louis, Missouri). The entire 

process was repeated on the opposite hind limb and both EDL muscles were 

incubated in the prewarmed collagenase solution for 60 minutes at 37°C in a water 

bath. Muscles were agitated every 10 minutes by gentle inversion of the tubes. 
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Figure 7.1 Dissection of the extensor digitorum longus muscle for single fibre 
isolation. (A) Hindlimb of a mouse showing the location of proximal and distal tendons 
of the EDL. (B) The EDL muscle lies beneath the TA muscle. (Pasut et al., 2013). 

Following sufficient digestion, EDL muscles were transferred to 5 cm plates 

precoated with HS and containing 5 mL of prewarmed DMEM (Life Technologies, 

Carlsbad, California, USA). The EDL muscles were then gently triturated with flame 

polished Pasteur pipettes coated with HS. Following the liberation of ~30-50 fibres, 

the EDL muscle was then transferred into a subsequent plate and the trituration 

process was repeated. The entire trituration process was repeated over five plates to 

isolate ~200 fibres. 

Using a flame polished Pasteur pipette coated in HS, viable fibres were 

identified (Figure 7.2) and transferred into a 24-well plate with growth media containing 

DMEM (Cat# 11966025, Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) 

FBS (Invitrogen, Carlsbad, CA, USA), 10% (v/v) HS (Invitrogen, Carlsbad, CA, USA), 

0.5% (v/v) chick embryo extract (United States Biological, C3999, Salem, MA, USA), 

100 unit/mL penicillin-100 µg/ml streptomycin, 1 mM sodium pyruvate (Gibco, 

Carlsbad, CA, USA) and one of three alternative carbohydrate sources; 25 mM 
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glucose (high glucose, HG, Gibco, Carlsbad, CA, USA), 5 mM glucose (low glucose, 

LG, Gibco, Carlsbad, CA, USA) or 10 mM galactose (GAL, Sigma Aldrich, St Louis, 

MO, USA). Fibres were cultured individually for 40, 72 or 96 hrs to allow for 

characterisation. To record live imaging of single muscle fibres and the movement of 

MuSCs on the fibre, 24-well plates containing individually cultured single fibres were 

cultured on a CytoSmart live cell imager (Lonza, Basel, Switzerland). 

 

Figure 7.2 Identification of single fibres. (A) Contents of plates following muscle 
digestion and trituration of the muscle showing; live fibres, hyper contracted fibres and 
debris. (B) A collection of live muscle fibres. (C) Comparison of a live and 
hypercontracted muscle fibre (C’). (Pasut et al., 2013). 

 

7.2.4 Culture of single fibres in cytochalasin D 

MuSCs are a highly mobile population of cells that will rapidly move along the 

fibre to which they are attached when cultured (Siegel et al., 2009). To facilitate the 

robust identification of daughter cells, single fibres were cultured in the presence of 
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cytochalasin D, an inhibitor of cytokinesis, allowing for nuclear but not cellular division 

(Casella et al., 1981). Single fibres were cultured in either HG, LG or GAL based 

growth media for 39 hrs, after which the media was replaced with media supplemented 

with 1 mM cytochalasin D (Sigma, St Louis, MO, USA) and cultured for a further hour 

prior to fixation and immunofluorescent labelling. 

7.2.5 Heterometabolic coculture of MuSCs to assess transplantation 

potential 

To assess the potential of the metabolic microenvironment in regulating 

transplantation efficiency, an in-house in vitro assay was devised. Primary MuSCs 

were isolated by FACS as described in Chapter 2. MuSCs were then cultured for 96 

hrs in either HG or GAL based growth media at which time cells were treated with 

trypsin, centrifuged and resuspended at a concentration of 5000 cells/mL. MuSCs 

were then co-cultured with freshly isolated (YFP-) single fibres for 3 hrs. Following co-

incubation, single fibres were washed to remove any unattached cells and individually 

cultured for 24 hrs in standard growth media (25 mM glucose) prior to fixation and 

immunofluorescent labelling. 

7.2.6 Fixation and immunofluorescent labelling of single muscle 

fibres 

Following culture, fibres were washed with 1% glycine solution made up in PBS 

(Sigma-Aldrich, St Louis, Missouri) for 5 mins two times. Fibres were then fixed in 2% 

PFA (made up in PBS) for 15 mins and then washed again in 1% glycine (PBS) and 

permeabilised, blocked and stained with primary and secondary antibodies as 

described previously (Chapter 2.4). Single fibres were labelled with either Pax7/MyoD 

or MyoD/MyoG, then washed with PBS and counterstained with 4’6-diamidino-2-

phenylindole (DAPI, 5 mg/ml, Molecular Probes, Invitrogen, Carlsbad, USA) in PBS to 
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label nuclei. Fibres were finally transferred to glass slides and covered with mounting 

medium (ProSciTech, Kirwan, QLD, Australia) and then sealed under coverslips.   

7.3 Results 

7.3.1 Single cell sequencing reveals sub-populations of MuSCs 

whose state is differentially regulated by the metabolic 

microenvironment 

To better understand the effect of an altered metabolic environment and 

monosaccharide availability on altering gene transcription and control of myogenic 

specification at the single cell resolution, single cell transcriptomics on more than 450 

FACS isolated MuSCs was performed using a modified CELseq2 approach on either 

freshly isolated MuSCs or MuSCs cultured for 96 hrs in either HG, LG or GAL based 

growth media. In robust support of the C2C12 transcriptomics data, >50% of the top 

100 most differentially regulated genes in HG, LG and GAL cultured MuSCs (analysed 

as populations) were identically regulated in C2C12 cells (data not shown). Consistent 

with global histone deacetylation, culture of MuSCs in LG and GAL was associated 

with a greater number of genes downregulated compared HG. Genes typically 

associated with self-renewal (stat3, Zhu et al., 2016) and a less committed state (egr1 

and fosb, van Velthoven et al., 2017) were found to be enriched in LG and GAL 

cultured MuSCs (Figure 7.3A-C, Supplementary Table 9.6.3). 

To visualize cell population dynamics at a single cell resolution a two-

dimensional t-SNE analysis (Figure 7.4A) followed by K-means clustering analyses 

approach was performed, revealing three distinct clusters of cells (Figure 7.4a’). 

Cluster I could be further subdivided into two sub-clusters (Cluster Ia and Cluster Ib, 

Figure 7.4a’’). Clusters Ia and Ib were enriched for terms typically associated with 

freshly isolated MuSCs such as developmental terms, cell adhesion and negative 



 

147 
 

regulation of cell proliferation (Figure 7.4B). Cluster Ib was specifically enriched for 

terms associated with a more activated state or a state “poised” for activation 

including; response to glucose, positive regulation of MAPK  and response to glucose 

(Figure 7.4C). Clusters II and III were enriched for many metabolic terms including 

tricarboxylic acid cycle, aerobic respiration and glycolytic processes and cell 

proliferation (Figure 7.4C). Cluster III cells were specifically enriched for terms such 

as chromatin remodelling and histone acetylation, suggestive of a transcriptionally 

active state. An examination of pax7 revealed the highest expression in Clusters Ia 

and Ib with lower expression in cluster II and the lowest expression in Cluster III (Figure 

7.4D). Specific examination of genes involved in glycolysis (pgk1 and pgd) and TCA 

cycle (cs and pdha) showed an enrichment in Clusters II and III compared to Cluster I 

(Figure 7.4E). Based on pax7 expression, specific expression of metabolic regulators 

and gene ontology, the clusters were classified as either MuSCs (Cluster Ia), primed 

MuSCs (Cluster Ib), early committed myogenic progenitors (CMP, Cluster II) or late 

CMPs (Cluster III). 

An examination of the contribution of freshly isolated MuSCs, HG, LG and GAL 

cultured cells to each cluster revealed that freshly isolated MuSCs were almost 

exclusively located in Cluster I with an equal split between Clusters Ia and Ib (Figure 

7.4F) with very minor contributions to Clusters II and III. The majority of HG cultured 

cells were located in Cluster III with a smaller proportion in Cluster II and a minor 

portion in Cluster Ib, with no HG cultured cells found in Cluster Ia (Figure 7.4F). In 

contrast the majority of both LG and GAL cultured cells were found in Cluster II, with 

smaller populations found in Clusters I and III (~20% of cells). Importantly, a small 
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portion of both LG and GAL cultured cells (~5%) was located in Cluster Ia, a cluster 

completely devoid of HG cultured cells (Figure 7.4F). 

 

Figure 7.3 Monosaccharide availability regulates differential gene expression in primary 

MuSCs. MD plots examining log-fold change mapped against average log counts per million 

(CPM) to visualize enriched (red) or depletion (blue) of genes in MuSCs cultured in either (A) 

HG, (B) LG or (C) GAL based growth media with a false discovery rate cut-off of 0.05. 
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Figure 7.4 Single cell sequencing reveals progression of MuSCs through the 
myogenic lineage is regulated by metabolism. (A) Single MuSCs mapped to two-
dimensions utilizing a t-SNE approach with K-means clustering revealing (a’) three 
clusters of cells. Cluster I could be further subdivided into (a’’) Clusters Ia and Ib 
n=102-125 cells/group. (B-C) Gene ontology analyses of both common and unique 
biological processes enriched in I (a and b), II and III. (D-F) Violin plots of (D) pax7, 
(E) glycolytic genes and (F) TCA cycle genes, Horizontal bars indicates median value 
while vertical bars extend from the 25th to 75th percentile. (G) Proportion of freshly 
isolated MuSCs, HG, LG or GAL cultured cells found in each of the clusters. 
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7.3.3 Monosaccharide availability regulates myogenic specification 

in an ex vivo single fibre model 

The single fibre model provides a powerful tool to study the myogenic 

progression of MuSCs that still remain in contact with and are regulated by both the 

muscle fibre and intact niche. To examine the specification of MuSCs to the myogenic 

lineage, single fibres cultured in HG, LG or GAL based growth media were examined 

concurrently for the expression of Pax7 and MyoD, allowing for identification of MuSCs 

(Pax7+), activated MuSCs (Pax7+/MyoD+) and CMPs (MyoD+) (Figure 7.5A, Olguin et 

al., 2007). Culturing fibres in HG growth media resulted in the rapid activation of MyoD 

expression, with greater than 98% of MuSCs positive for MyoD after 40 hrs of culture 

(p<0.05, Figure 7.5B). By 96 hrs of culture fewer than 2% of cells retained a true MuSC 

phenotype (Pax7+/MyoD-). Single fibres cultured in LG based growth media exhibited 

an increased maintenance of true Pax7+ MuSC phenotype (~4%) and a reduction in 

the proportion of MyoD+ cells at 96 hrs. When fibres were cultured in GAL based 

growth media, greater than 20% of cells maintained a true Pax7+ MuSC phenotype at 

40 hrs of culture and this population remained elevated at 72 and 96 hrs of culture 

(p<0.05, Figure 7.5B) This increased proportion of Pax7+ cells was the result of an 

increased number of Pax7+ cells on GAL cultured fibres (p<0.05, Figure 7.5C). 
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Figure 7.5 Metabolism regulates specification in an ex vivo model of 

myogenesis. (A) Single muscle fibres cultured in HG, LG and GAL based growth 

media and labelled for Pax7 and MyoD. (B) Quantification of (A) examining the 

proportion of true MuSCs (Pax7+/MyoD-), activated MuSCs (Pax7+/MyoD+) and CMPs 

(Pax7-/MyoD+) cells. (C) Quantification of the absolute number of Pax7+/MyoD- MuSCs 

per fibre at 40, 72 and 96 hrs. (n>80 fibres/timepoint, n=6 mice, mean±SEM). 

7.3.4 Monosaccharide availability regulates myogenic differentiation 

in an ex vivo single fibre model 

To examine the effect of altered monosaccharide availability on the 

differentiation of MuSCs, single fibres were labelled for MyoD and MyoG (Figure 7.6A). 

MyoG+ cells were not detected at 40 hrs of culture (Figure 7.6B). Single fibres cultured 

in GAL based growth media exhibited a decrease in the number of differentiated 

muscle progenitors as measured by the proportion of MyoG+ cells (p<0.05, Figure 

7.6B) compared to both LG and HG at 72 and 96 hrs. 
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7.3.5 Monosaccharide availability regulates MuSC self-renewal by 

promoting asymmetric division 

To better understand the mechanism through which monosaccharide 

availability and the metabolic microenvironment were able to regulate the maintenance 

of an increased proportion of Pax7+ true MuSCs, the first division was examined. 

Single fibres were cultured for 40 hrs in either HG, LG or GAL based growth media 

and the type of division was examined by looking at the differential expression of Pax7 

and MyoD in daughter cells (Figure 7.7A-B). A Pax7+ MuSC can undergo one of three 

different types of division; asymmetric division, symmetric stem cell expansion and 

symmetric progenitor expansion. While no difference was observed between HG and 

LG fibres, GAL cultured single fibres exhibited a greater than two-fold increase in the 

proportion of asymmetric divisions compared to both HG and LG (p<0.05, Figure 

7.7C). 

Figure 7.6 Metabolism regulates differentiation of MuSCs. (A) MyoD and MyoG 
immunofluorescent labelling of single fibres cultured in HG, LG and GAL based growth media 
for 40, 72 and 96 hrs. (B) Quantification of (A). (n>80 fibres/timepoint, n=6 mice, mean±SEM). 
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As several previous studies have suggested MuSCs can divide either divide 

symmetrically parallel to the direction of the muscle fibre (planar) or asymmetrically 

and perpendicular to the fibre (apicobasal) (p<0.05, Figure 7.7D, Dumont et al., 2015), 

I investigated the direction of cell division and found the proportion of apicobasal 

divisions was increased in GAL cultured fibres more than two-fold compared to either 

HG or LG cultured fibres (p<0.05, Figure 7.7E). 

While these data clearly supported a model whereby culture in GAL resulted in 

an increased proportion of Pax7+ MuSCs through elevated proportions of asymmetric 

division, it is important to note that MuSCs are a highly mobile population that can 

rapidly traverse the fibre to which they are attached in culture (Siegel et al., 2009). To 

definitively identify daughter cells allowing for robust characterisation of asymmetric 

division, single fibres were cultured in the presence of CytoD (Figure 7.7F-G). In 

addition to preventing cytokinesis, live cell imaging showed that CytoD inhibited the 

movement of MuSCs along the fibre, further strengthening this approach for the 

analysis of asymmetric division (data not shown). Using this approach, culture of fibres 

in LG based growth media was associated with a 2-fold increase in asymmetric 

division, while culture in GAL was associated with a 5-fold increase in asymmetric 

division compared to HG (p<0.05, Figure 7.7H).  
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Figure 7.7 The metabolic microenvironment regulates asymmetric division of MuSC. (A) 

To examine the types of division MuSCs undergo, single fibres were cultured for 40 hrs in 

either HG, LG or GAL based growth media to allow for the majority of cells to undergo first 

division. (B) Immunofluorescent labelling of single fibres for Pax7 and MyoD. (C) Quantification 

of asymmetric division. (n>80 fibres, isolated from n=6 mice, mean±SEM). (D) Schematic 

showing planar and apicobasal division of MuSCs. (E) Quantification of planar and apicobasal 

divisions (n>80 fibres, isolated from n=6 mice, mean ± SEM). (F) Schematic detailing the 

culture of single fibres in CytoD to allow direct assessment of asymmetric division. (G) 

Representative images of an asymmetrically and symmetrically dividing MuSC 

immunofluorescently labelled with Pax7 and MyoD. (H) Quantification of (H). (n>50 fibres, 

isolated from n=2 mice, mean ± SEM). 
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7.3.6 Ex vivo preconditioning increases MuSC engraftment in vitro  

To examine the potential of the metabolic environment in regulating engraftment 

efficiency, we designed a heterometabolic co-culture assay to assess transplantation 

efficiency in an in vitro model (Figure 7.8A-B). Preculture of MuSCs for 96 hrs in GAL 

based growth media resulted in a greater than two-fold increase in the number of YFP+ 

cells that attached to single fibres compared to HG (p<0.05, Figure 7.8C). Importantly, 

the cells that attached were predominantly Pax7+. 

 

 

  

Figure 7.8 Monosaccharide availability enhances engraftment potential in an in vitro 

model of transplantation. (A) Schematic detailing the design of a heterometabolic co-

culture method. (B) Representative images of fibres with successfully attached cells. (C) 

Quantification of the number of YFP+ cells attached. 
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7.4 Discussion 

The work presented in this chapter highlight the significant heterogeneity of 

cultured MuSCs, revealing three distinct clusters of cells. Importantly, the scRNAseq 

reveals that progression from a true MuSC through to CMPs is regulated in a 

metabolism dependent manner, with “response to glucose” being an early marker of 

MuSC activation. Our gene ontology analyses suggests a feedforward mechanism 

whereby the metabolic microenvironment regulates expression of genes involved in 

“histone acetylation” and “chromatin remodelling” which results in chromatin 

restructuring and ultimately the expression of genes involved in “muscle organ 

development” and subsequent specification to the myogenic lineage. The ex vivo 

study of single fibres reveals that metabolism regulated the proportion of Pax7+ true 

MuSCs by controlling cell division mechanics, with GAL cultured single fibres 

associated with a significant increase in asymmetric division of MuSCs. Finally, the 

heterometabolic co-culture assay provides a proof-of-principle to demonstrate the 

potential of altering metabolism to enhance the therapeutic feasibility of MuSC 

transplantation via inhibition of myogenic commitment. 

Previous single cell based sequencing approaches have been unable to group 

MuSCs into distinct clusters or subpopulations (Cho and Doles, 2017). With the 

significant increase in number of cells analysed, combining freshly isolated MuSCs 

and cultured MuSCs revealed four novel subpopulations of cells, two that were 

predominantly composed of freshly isolated MuSCs and two composed of cultured 

cells. In Cluster Ia and Ib we observed an enrichment of biological processes that were 

similarly enriched in quiescent MuSCs (Machado et al., 2017). In particular, we 

observed that in freshly isolated MuSCs, subcluster Ib was enriched for GO terms 
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such as cell migration and response to glucose which were previously shown to be 

upregulated in MuSCs that have been activated for 5 hours (Machado et al., 2017). 

These results suggest that the quiescent MuSC population is heterogeneous with a 

Pax7 low population that are poised to shift to a primed state and rapidly activate 

metabolic processes such as glycolysis and TCA cycle. This is supported by the work 

of Rocheteau and colleagues (2012) who showed two populations of MuSCs with 

respect to Pax7 expression, with Pax7lo cells more rapidly undergoing first division 

(Rocheteau et al., 2012).  

It is interesting to speculate whether subcluster Ib cells represent the primed 

GAlert cells reported by Rodgers and colleagues (2015) while subcluster Ia represent 

the G0  state. The GAlert cells share similarities with subcluster Ib in that both states are 

associated with an increased metabolic profile. Mechanistic target of rapamycin 1 

(mTORC1) has been shown to be crucial for the transition to the GAlert state and as 

such a detailed examination of mTORC1 signalling can help identify these two states 

are one in the same. To confirm the existence of this type of heterogeneity it will be 

important to repeat these scRNAseq analyses on MuSCs that have been fixed in vivo 

to prevent artefacts associated with the isolation process. Additionally, while these 

studies have focussed on an ex vivo method of MuSC activation, future studies should 

make use of in vivo models of muscle injury and MuSC activation. The dataset 

presented herein will serve as important groundwork towards revealing the extent of 

heterogeneity of both freshly isolated and cultured MuSCs. 

Importantly, in the therapeutic context of MuSCs and transplantation, 

preventing commitment is a high priority, as previous experiments have shown that 

grafting a single myofibre (with 7-8 MuSCs attached) gives rise to over 100 new 

myofibres containing up to 30,000 new myonuclei arising from the donor myofibre 
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(Collins et al., 2005). The specification of MuSCs to the myogenic lineage by 

expression of MyoD significantly impairs their engraftment potential as MyoD-/- MuSCs 

exhibit significantly greater survival rates (Smythe et al., 2001; White et al., 2000; 

Asakura et al., 2007) and migrate further from the site of engraftment (Montarras et 

al., 2005, Collins et al., 2005, Smythe et al., 2001). This chapter presents direct 

evidence that the metabolic environment can regulate the number of Pax7+ MuSCs 

and provides preliminary ex vivo data suggesting that this technique could be used to 

improve transplantation potential of ex vivo cultured MuSCs. 

Interestingly, it has been proposed that a loss of asymmetric MuSC division 

contributes to either stem cell hyperplasia or exhaustion of the stem cell pool that 

results in a gradual decline in muscle regenerative capacity in DMD (Dumont et al., 

2015). These results have important implications for therapeutic interventions such as 

gene therapy or exon skipping (Long et al., 2014) that are dependent upon a 

population of MuSCs capable of both replenishing the stem cell pool and generating 

progenitor cells to contribute towards new muscle fibres. A restoration of asymmetric 

division will be critical for the success of these approaches. These findings reveal the 

extracellular environment is an important regulator of asymmetric division, and may 

represent a potential novel therapeutic target, both as a standalone treatment and as 

an adjuvant to current therapeutic interventions. 

In summary, freshly isolated MuSCs primarily exist in either a true or primed 

MuSC state while cells activated in vitro exist in either an early or late committed state. 

Importantly, these studies provide the first evidence that monosaccharide availability 

in the extracellular environment can dictate movement between these cell states and 

plays a direct role in the regulation of cell fate decisions. Finally, I have presented 
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preliminary evidence suggesting the extracellular environment may be a target to 

enhance the therapeutic potential of MuSCs in transplantation therapies. 
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Chapter 8 

Conclusions, limitations and future directions 

  

8.1 Conclusions and limitations 

The movement of skeletal MuSCs from a quiescent to an actively proliferating 

state is linked to the processes of lineage commitment and self-renewal. While the 

transcriptional regulation of MuSC activation has been well characterised (Punch et 

al., 2009; Yin et al., 2013), there is a paucity of knowledge regarding the cellular 

signals that initiate the decision to undergo lineage commitment or self-renewal. 

Numerous studies have identified cell intrinsic lineage biases that can regulate this 

important decision (Beauchamp et al., 2000; Bentzinger et al., 2010; Kuang et al., 

2006; Yin et al., 2013). This study combined single-cell RNA sequencing and cellular 

bioenergetics to show that extracellular monosaccharide availability can provide the 

carbon source required for histone acetylation and subsequent myogenic lineage 

progression. The results indicate that the master myogenic regulator MyoD is directly 

regulated by glucose availability and the oxidation of pyruvate. Under monosaccharide 

limited conditions, MuSCs prioritize proliferation over global histone acetylation, 

resulting in an increased rate asymmetric division and self-renewal. These findings 

demonstrate a crucial role for the metabolic microenvironment in the temporal 

regulation of histone acetylation and myogenic commitment. 

In uninjured adult skeletal muscle, quiescent MuSCs selectively co-localise with 

blood vessels, suggesting a reliance on oxygen availability despite these cells only 
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containing a small network of immature mitochondria (Christov et al., 2007). These 

results suggest that in an ex vivo model exposure of MuSCs to high concentrations of 

glucose, is essential to promote the initiation of myogenic commitment but not 

proliferation. Interestingly, acetyl-CoA metabolism was found to play a central role in 

this regulation of MuSC activation and commitment to the myogenic lineage. These 

results are similar to those observed in undifferentiated ESCs where acetyl-CoA is 

thought to play an important regulatory role in histone acetylation and resultant gene 

transcription (Wang et al., 2011; Wang et al., 2009). MuSCs normally exists in a tightly 

regulated niche, one of the first changes a MuSC will see following breakdown of the 

niche is a change in metabolite availability. While not examined in this study, it is 

interesting to speculate what role changes to metabolite availability may have in 

regulating the initiation of myogenic commitment and changes to the epigenetic 

machinery in vivo. Breakdown of the niche could expose the MuSCs to an environment 

with increased concentrations of glucose, this leads to an increase in the availability 

of acetyl-CoA and remodelling of chromatin allowing for increased transcription and 

the initiation of genes involved in myogenic commitment in vivo. 

Ryall and colleagues (2015) showed that H4K16 acetylation is specifically 

enriched during MuSC activation and that histone deacetylation is maintained in 

quiescent MuSCs via elevated activity of the histone deacetylase SIRT1. However, 

these authors found that the loss of SIRT1 alone was not sufficient to induce 

acetylation of H4K16 to the same levels observed during MuSC activation. In chapter 

5 it was shown that both specific (H4K16) and global (H3 and H4) histone acetylation 

is regulated by glucose availability in the extracellular microenvironment. These results 

support a model of MuSC activation requiring both the removal of the “brake” (SIRT1 
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deacetylase activity) and an “accelerator” signal (increased glucose → acetyl-coA 

availability). 

A number of studies have shown a correlation between high intracellular acetyl-

CoA levels and acetylation of histones H3 (K9, K14, K23 and K27) and histone H4 

(K27) (Cai et al., 2011; Cai and Tu, 2011, 2012a). Gene microarrays and CHIP-seq 

revealed that expression of genes associated with ribosomal components, cell cycle 

regulators and cell cycle entry were enriched for acetylated histone marks during times 

of elevated intracellular [acetyl Co-A] (Cai and Tu, 2011). In fact, the activation of over 

1000 genes associated with growth was precisely and temporally correlated with 

peaks that last only a few minutes in a 4-5 hour growth cycle in yeast (Cai et al., 2011; 

Rowicka et al., 2007; Tu et al., 2005). These results show that [acetyl-CoA] can be 

finely regulated with high temporal resolution to control gene expression and exquisite 

sensitivity. Here we show a crucial role for TCA cycle mediated changes to acetyl-CoA 

concentration in the regulation of MuSC activation and commitment. In a reduced 

glucose environment (LG) or one where glucose is replaced with galactose, we 

observe an inhibition of citrate to acetyl-CoA conversion which was accompanied by 

decreased levels of global histone acetylation. Importantly, our measurement of 

metabolites under these conditions suggest that proliferating cells prioritise cell 

division over histone acetylation allowing for continued TCA cycle activity, but also 

maintaining MuSCs in a transcriptionally repressive state (Figure 8.1). These results 

are consistent with previous findings where glycolysis derived citrate was shown 

crucial for generating of nucleocytoplasmic acetyl-CoA for the acetylation of proteins 

and histones, in an ACL-dependent manner (Wellen et al., 2009). Future experiments 

to examine the link between histone acetylation and chromatin state will strengthen 

the proposed mechanism and provide further insight to how the metabolic milieu can 



 

165 
 

regulate cell fate. To this end experiments, utilizing ATACseq will be highly informative 

and allow the linking of chromatin accessibility and the temporal regulation of global 

histone acetylation status. 

Interestingly, my results demonstrate that extracellular monosaccharide 

availability significantly alters intracellular α-KG concentrations, with a reduction in 

glucose or replacement of glucose (with galactose) resulting in significant reduction in 

α-KG concentrations. α-KG is a cofactor for α-KG-dependent dioxygenase enzymes 

which include the JmjC-domain containing histone demethylases (Kaelin and 

McKnight, 2013). Interestingly, α-KG concentrations play a significant role in the 

regulation of self-renewal and differentiation of other stem cell populations (Carey et 

al., 2015; TeSlaa et al., 2016). It has been proposed that the addition of α-KG to culture 

media enhances self-renewal and inhibits differentiation of ESCs by promoting histone 

and DNA demethylation (Carey et al., 2015) while primed PSCs were accelerated to 

undergo differentiation by α-KG (TeSlaa et al., 2016). These results show disparate 

functions of α-KG in the regulation of lineage progression that likely suggests differing 

roles of α-KG dependent on the cellular context and maturation stage of cells. The 

findings highlight an important role for the regulation of histone and DNA methylation 

in the regulation of cell fate. While the focus of this thesis has primarily been on global 

histone acetylation, the results showing significant alterations to α-KG concentrations 

are worthy of further investigations. 

Several previous studies have shown that epigenetic programming is important 

in the retention of a “memory” of cells to previous exposures to stimuli (Seaborne et 

al., 2018; Sharples et al., 2016). In this manner skeletal MuSCs can retain a memory 

of previous exposures to signals and stimuli that can alter response to future signals. 

While not presented in the current body of work, I previously demonstrated that 
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proliferating myogenic cells retain a ‘metabolic memory’ that drastically alter the 

process of myogenic commitment and differentiation (Supplementary Figure 1). 

C2C12 cells were cultured in either HG, LG or GAL based growth media for 24 hours 

before they were all moved into identical differentiation media. Preculture of cells in 

LG or GAL for 24 hours was sufficient to impair differentiation and elevate the 

proportion of Pax7+ cells after six days of culture in differentiation media. Since histone 

acetylation is a highly dynamic and reversible process it is highly unlikely to mediate 

such a long ‘memory’. These results suggest that in conjunction with a process of 

sequential histone acetylation/deacetylation, DNA and histone methylation is likely to 

play a role in this cellular programming. Together with the changes in α-KG these data 

highlight the potential role of methylation in the regulation of myogenic commitment 

and lineage progression and identify fertile grounds for future areas of study. 

A link between metabolism and MuSC clonogenicity has been documented, 

whereby caloric restriction of mice increased mitochondrial abundance and enhanced 

OXPHOS activity in MuSCs (Cerletti et al., 2012). This was linked to enhanced 

clonogenic potential of MuSCs (Cerletti et al., 2012). These findings are consistent 

with our results whereby LG treated MuSCs showed increased mitochondrial 

abundance and enhanced OXPHOS activity, accompanied by decreased MyoD 

protein. However, in GAL cultured C2C12 cells and MuSCs, a decrease in 

mitochondrial abundance and decreased metabolic potential was observed, which 

was accompanied by a robust decrease in myogenic specification and elevated rates 

of self-renewal. These results suggest that the regulation of myogenic specification 

through changes in intrinsic metabolism is complex and multifactorial.  

Inhibition of glycolysis abolishes iPSC generation whereas hypoxia driven 

increases in glycolysis or pharmacological activation of glycolysis enhances the 
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generation of iPSCs (Folmes et al., 2011; Yoshida et al., 2009; Zhu et al., 2010). The 

expression of Zic3 reduces OXPHOS activity and the cooperative expression of both 

Zic3 and Essrb dramatically increases glycolytic activity (Sone et al., 2017). 

Interestingly, when Esrrb is simultaneously expressed with Zic3 there is an inhibition 

of Zic3-mediated reductions in OXPHOS activity. Sone and colleagues showed this 

enhanced OXPHOS activity enhanced glycolysis driven reprogramming of PSCs into 

the naïve state. These studies in ESCs and iPSCs suggest that activating glycolysis 

and OXPHOS at appropriate proportions is crucial for the acquisition of pluripotency. 

The current study on MuSCs has begun to elucidate the role of these two metabolic 

processes on myogenic lineage progression by altering the monosaccharide 

availability, however to better understand the role of glycolysis or OXPHOS on 

myogenic lineage progression the use of targeted pharmacological 

activators/inhibitors will be important. 

8.2 Future directions 

While the studies presented herein have primarily focused on in vitro and ex 

vivo models of myogenesis, future studies should examine the regulation of 

myogenesis in vivo. To this end, the current study has identified four novel populations 

of MuSCs, two predominantly composed of freshly isolated MuSCs and two composed 

of ex vivo activated MuSCs. Future studies could apply a process of muscle injury 

(such as intramuscular injections of barium chloride) to examine an in vivo activated 

MuSC population.  

A number of key experiments presented in this thesis are composed of data 

generated in the C2C12 myoblast cell lines. As discussed in section 1.2.6 there are a 

number of key limitations to this method. The Pax7iYFP mouse only became available 
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partway through my candidature, recognizing the limitation of the C2C12 cells, an 

important step would be to recapitulate all experiments in primary MuSCs. 

Additionally, future experiments should directly examine the effects of altering 

the local metabolic microenvironment and investigate effects on muscle regeneration 

and MuSC commitment and self-renewal. One such approach is via the direct 

intramuscular injection of metabolic regulators such as glucose, 2DG or acetate 

directly into regenerating muscles, and examining regeneration and/or self-renewal of 

MuSCs. An important caveat to this approach would be whether this would be 

sufficient to alter the metabolic microenvironment sufficiently before compounds are 

cleared. If successful, this approach would allow direct conclusions about the impact 

of altering the metabolic microenvironment on in vivo MuSC function. 

MuSC transplantation is an important therapeutic application of MuSC research 

and many issues need to be overcome to improve the feasibility of this approach to 

treat muscle wasting diseases. Commitment to the myogenic lineage has been 

proposed as a significant limiting factor and preventing this process is linked with 

improved survival (Smythe et al., 2001; White et al., 2000; Asakura et al., 2007) and 

migration further from the site of engraftment (Montarras et al., 2005, Collins et al., 

2005, Smythe et al., 2001). The results presented in this thesis show that substrate 

availability in ex vivo culture can regulate proliferation and commitment of MuSCs; 

both crucial elements for making transplantation a feasible therapeutic option. 

Excitingly, the heterometabolic co-culture experiments presented in Chapter 7 provide 

evidence of improved engraftment potential of MuSCs precultured in GAL-based 

growth media. These results justify future investigations of transplantation in an in vivo 

model, pre-culturing cells in different carbohydrate conditions and assessing the 

engraftment into muscles after injury. 



 

169 
 

8.3 Summary 

The work presented herein represents a significant advance in our 

understanding of how the microenvironment can signal to regulate stem cells, 

providing temporal regulation of chromatin accessibility and gene transcription (Figure 

8.1). scRNAseq was utilised to reveal an innate metabolic signature of MuSCs and 

that carbohydrate availability in the extracellular microenvironment regulates 

intracellular metabolite levels and global histone acetylation. Exposing MuSCs to a 

reduced carbohydrate environment results in reduced global histone acetylation and 

transcription of myogenic regulatory factors (including myod1). Importantly, reduced 

carbohydrate availability was directly linked to increased rates of asymmetric division 

and self-renewal of MuSCs. These results reveal an important role of the extracellular 

metabolic microenvironment in regulating the decision to undergo myogenic 

commitment or self-renewal and reveal new mechanistic insight into the regulation of 

histone acetylation in MuSCs. Finally, these results suggest that targeting local 

metabolite production may be a therapeutic to improve muscle regeneration or as an 

adjuvant to enhance other therapeutic approaches. 
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Figure 8.1 Carbohydrate availability regulates global histone acetylation and myogenic lineage fate 
decisions. 



 

171 
 

Bibliography 

Afgan, E., Baker, D., van den Beek, M., Blankenberg, D., Bouvier, D., Cech, M., Chilton, J., 

Clements, D., Coraor, N., Eberhard, C., et al. (2016). The Galaxy platform for accessible, 

reproducible and collaborative biomedical analyses: 2016 update. Nucleic acids research 44, 

W3-W10. 

Agathocleous, M., and Harris, W.A. (2013). Metabolism in physiological cell proliferation and 

differentiation. Trends in cell biology 23, 484-492. 

Anderson, K.A., Green, M.F., Huynh, F.K., Wagner, G.R., and Hirschey, M.D. (2014). 

SnapShot: Mammalian Sirtuins. Cell 159, 956-956 e951. 

Anso, E., Weinberg, S.E., Diebold, L.P., Thompson, B.J., Malinge, S., Schumacker, P.T., Liu, X., 

Zhang, Y., Shao, Z., Steadman, M., et al. (2017). The mitochondrial respiratory chain is 

essential for haematopoietic stem cell function. Nature cell biology 19, 614-625. 

Armand, O., Boutineau, A.M., Mauger, A., Pautou, M.P., and Kieny, M. (1983). Origin of 

satellite cells in avian skeletal muscles. Archives d'anatomie microscopique et de 

morphologie experimentale 72, 163-181. 

Artavanis-Tsakonas, S., Rand, M.D., and Lake, R.J. (1999). Notch signaling: cell fate control 

and signal integration in development. Science 284, 770-776. 

Asakura, A., Hirai, H., Kablar, B., Morita, S., Ishibashi, J., Piras, B.A., Christ, A.J., Verma, M., 

Vineretsky, K.A., and Rudnicki, M.A. (2007). Increased survival of muscle stem cells lacking 

the MyoD gene after transplantation into regenerating skeletal muscle. Proceedings of the 

National Academy of Sciences of the United States of America 104, 16552-16557. 

Ashrafi, G., and Schwarz, T.L. (2013). The pathways of mitophagy for quality control and 

clearance of mitochondria. Cell death and differentiation 20, 31-42. 



 

172 
 

Beauchamp, J.R., Heslop, L., Yu, D.S., Tajbakhsh, S., Kelly, R.G., Wernig, A., Buckingham, 

M.E., Partridge, T.A., and Zammit, P.S. (2000). Expression of CD34 and Myf5 defines the 

majority of quiescent adult skeletal muscle satellite cells. The Journal of cell biology 151, 

1221-1234. 

Beauchamp, J.R., Morgan, J.E., Pagel, C.N., and Partridge, T.A. (1999). Dynamics of myoblast 

transplantation reveal a discrete minority of precursors with stem cell-like properties as the 

myogenic source. The Journal of cell biology 144, 1113-1122. 

Bentzinger, C.F., von Maltzahn, J., and Rudnicki, M.A. (2010). Extrinsic regulation of satellite 

cell specification. Stem cell research & therapy 1, 27. 

Berkes, C.A., Bergstrom, D.A., Penn, B.H., Seaver, K.J., Knoepfler, P.S., and Tapscott, S.J. 

(2004). Pbx marks genes for activation by MyoD indicating a role for a homeodomain 

protein in establishing myogenic potential. Molecular cell 14, 465-477. 

Bertoncello, I., Hodgson, G.S., and Bradley, T.R. (1985). Multiparameter analysis of 

transplantable hemopoietic stem cells: I. The separation and enrichment of stem cells 

homing to marrow and spleen on the basis of rhodamine-123 fluorescence. Exp Hematol 13, 

999-1006. 

Blackwell, T.K., and Weintraub, H. (1990). Differences and similarities in DNA-binding 

preferences of MyoD and E2A protein complexes revealed by binding site selection. Science 

250, 1104-1110. 

Blais, A., Tsikitis, M., Acosta-Alvear, D., Sharan, R., Kluger, Y., and Dynlacht, B.D. (2005). An 

initial blueprint for myogenic differentiation. Genes & development 19, 553-569. 

Blau, H.M., Pavlath, G.K., Hardeman, E.C., Chiu, C.P., Silberstein, L., Webster, S.G., Miller, 

S.C., and Webster, C. (1985). Plasticity of the differentiated state. Science 230, 758-766. 

Bracha, A.L., Ramanathan, A., Huang, S., Ingber, D.E., and Schreiber, S.L. (2010). Carbon 

metabolism-mediated myogenic differentiation. Nature chemical biology 6, 202-204. 



 

173 
 

Brack, A.S., Conboy, I.M., Conboy, M.J., Shen, J., and Rando, T.A. (2008). A temporal switch 

from notch to Wnt signaling in muscle stem cells is necessary for normal adult myogenesis. 

Cell stem cell 2, 50-59. 

Brand, K.A., and Hermfisse, U. (1997). Aerobic glycolysis by proliferating cells: a protective 

strategy against reactive oxygen species. FASEB journal : official publication of the 

Federation of American Societies for Experimental Biology 11, 388-395. 

Burattini, S., Ferri, P., Battistelli, M., Curci, R., Luchetti, F., and Falcieri, E. (2004). C2C12 

murine myoblasts as a model of skeletal muscle development: morpho-functional 

characterization. European journal of histochemistry : EJH 48, 223-233. 

Cai, L., Sutter, B.M., Li, B., and Tu, B.P. (2011). Acetyl-CoA induces cell growth and 

proliferation by promoting the acetylation of histones at growth genes. Molecular cell 42, 

426-437. 

Cai, L., and Tu, B.P. (2011). On acetyl-CoA as a gauge of cellular metabolic state. Cold Spring 

Harbor symposia on quantitative biology 76, 195-202. 

Cai, L., and Tu, B.P. (2012a). Driving the cell cycle through metabolism. Annual review of cell 

and developmental biology 28, 59-87. 

Cai, L., and Tu, B.P. (2012b). Driving the Cell Cycle Through Metabolism. Annual review of 

cell and developmental biology, 59. 

Cairns, J. (1975). Mutation selection and the natural history of cancer. Nature 255, 197-200. 

Cairns, R.A., Harris, I.S., and Mak, T.W. (2011). Regulation of cancer cell metabolism. Nature 

reviews Cancer 11, 85-95. 

Candido, E.P., Reeves, R., and Davie, J.R. (1978). Sodium butyrate inhibits histone 

deacetylation in cultured cells. Cell 14, 105-113. 

Cao, Y., Kumar, R.M., Penn, B.H., Berkes, C.A., Kooperberg, C., Boyer, L.A., Young, R.A., and 

Tapscott, S.J. (2006). Global and gene-specific analyses show distinct roles for Myod and 

Myog at a common set of promoters. The EMBO journal 25, 502-511. 



 

174 
 

Carey, B.W., Finley, L.W., Cross, J.R., Allis, C.D., and Thompson, C.B. (2015). Intracellular 

alpha-ketoglutarate maintains the pluripotency of embryonic stem cells. Nature 518, 413-

416. 

Carracedo, A., Weiss, D., Leliaert, A.K., Bhasin, M., de Boer, V.C., Laurent, G., Adams, A.C., 

Sundvall, M., Song, S.J., Ito, K., et al. (2012). A metabolic prosurvival role for PML in breast 

cancer. The Journal of clinical investigation 122, 3088-3100. 

Casella, J.F., Flanagan, M.D., and Lin, S. (1981). Cytochalasin D inhibits actin polymerization 

and induces depolymerization of actin filaments formed during platelet shape change. 

Nature 293, 302-305. 

Cerletti, M., Jang, Y.C., Finley, L.W., Haigis, M.C., and Wagers, A.J. (2012). Short-term calorie 

restriction enhances skeletal muscle stem cell function. Cell stem cell 10, 515-519. 

Charge, S.B., and Rudnicki, M.A. (2004). Cellular and molecular regulation of muscle 

regeneration. Physiological reviews 84, 209-238. 

Chen, C., Liu, Y., Liu, R., Ikenoue, T., Guan, K.L., Liu, Y., and Zheng, P. (2008). TSC-mTOR 

maintains quiescence and function of hematopoietic stem cells by repressing mitochondrial 

biogenesis and reactive oxygen species. The Journal of experimental medicine 205, 2397-

2408. 

Chen, Y., Lin, G., and Slack, J.M. (2006). Control of muscle regeneration in the Xenopus 

tadpole tail by Pax7. Development 133, 2303-2313. 

Cho, D.S., and Doles, J.D. (2017). Single cell transcriptome analysis of muscle satellite cells 

reveals widespread transcriptional heterogeneity. Gene 636, 54-63. 

Christofk, H.R., Vander Heiden, M.G., Harris, M.H., Ramanathan, A., Gerszten, R.E., Wei, R., 

Fleming, M.D., Schreiber, S.L., and Cantley, L.C. (2008). The M2 splice isoform of pyruvate 

kinase is important for cancer metabolism and tumour growth. Nature 452, 230-233. 

Christov, C., Chretien, F., Abou-Khalil, R., Bassez, G., Vallet, G., Authier, F.J., Bassaglia, Y., 

Shinin, V., Tajbakhsh, S., Chazaud, B., et al. (2007). Muscle satellite cells and endothelial 

cells: close neighbors and privileged partners. Molecular biology of the cell 18, 1397-1409. 



 

175 
 

Conboy, I.M., and Rando, T.A. (2002). The regulation of Notch signaling controls satellite cell 

activation and cell fate determination in postnatal myogenesis. Developmental cell 3, 397-

409. 

Conboy, M.J., Karasov, A.O., and Rando, T.A. (2007). High incidence of non-random template 

strand segregation and asymmetric fate determination in dividing stem cells and their 

progeny. PLoS biology 5, e102. 

Cooper, R.N., Tajbakhsh, S., Mouly, V., Cossu, G., Buckingham, M., and Butler-Browne, G.S. 

(1999). In vivo satellite cell activation via Myf5 and MyoD in regenerating mouse skeletal 

muscle. Journal of cell science 112 ( Pt 17), 2895-2901. 

Cornelison, D.D., Olwin, B.B., Rudnicki, M.A., and Wold, B.J. (2000). MyoD(-/-) satellite cells 

in single-fiber culture are differentiation defective and MRF4 deficient. Developmental 

biology 224, 122-137. 

Cornelison, D.D., and Wold, B.J. (1997). Single-cell analysis of regulatory gene expression in 

quiescent and activated mouse skeletal muscle satellite cells. Developmental biology 191, 

270-283. 

Csordas, A. (1990). On the biological role of histone acetylation. The Biochemical journal 

265, 23-38. 

D'Souza, D.M., Zhou, S., Rebalka, I.A., MacDonald, B., Moradi, J., Krause, M.P., Al-Sajee, D., 

Punthakee, Z., Tarnopolsky, M.A., and Hawke, T.J. (2016). Decreased Satellite Cell Number 

and Function in Humans and Mice With Type 1 Diabetes Is the Result of Altered Notch 

Signaling. Diabetes 65, 3053-3061. 

Daley, G.Q. (2012). The promise and perils of stem cell therapeutics. Cell stem cell 10, 740-

749. 

Daley, G.Q., and Scadden, D.T. (2008). Prospects for stem cell-based therapy. Cell 132, 544-

548. 



 

176 
 

Das, S., Morvan, F., Morozzi, G., Jourde, B., Minetti, G.C., Kahle, P., Rivet, H., Brebbia, P., 

Toussaint, G., Glass, D.J., et al. (2017). ATP Citrate Lyase Regulates Myofiber Differentiation 

and Increases Regeneration by Altering Histone Acetylation. Cell reports 21, 3003-3011. 

Daughters, R.S., Chen, Y., and Slack, J.M. (2011). Origin of muscle satellite cells in the 

Xenopus embryo. Development 138, 821-830. 

Day, K., Shefer, G., Richardson, J.B., Enikolopov, G., and Yablonka-Reuveni, Z. (2007). Nestin-

GFP reporter expression defines the quiescent state of skeletal muscle satellite cells. 

Developmental biology 304, 246-259. 

de la Serna, I.L., Carlson, K.A., and Imbalzano, A.N. (2001). Mammalian SWI/SNF complexes 

promote MyoD-mediated muscle differentiation. Nature genetics 27, 187-190. 

de la Serna, I.L., Ohkawa, Y., Berkes, C.A., Bergstrom, D.A., Dacwag, C.S., Tapscott, S.J., and 

Imbalzano, A.N. (2005). MyoD targets chromatin remodeling complexes to the myogenin 

locus prior to forming a stable DNA-bound complex. Molecular and cellular biology 25, 

3997-4009. 

de Morree, A., van Velthoven, C.T.J., Gan, Q., Salvi, J.S., Klein, J.D.D., Akimenko, I., Quarta, 

M., Biressi, S., and Rando, T.A. (2017). Staufen1 inhibits MyoD translation to actively 

maintain muscle stem cell quiescence. Proceedings of the National Academy of Sciences of 

the United States of America 114, E8996-E9005. 

DeBerardinis, R.J., Lum, J.J., Hatzivassiliou, G., and Thompson, C.B. (2008). The biology of 

cancer: metabolic reprogramming fuels cell growth and proliferation. Cell Metab 7, 11-20. 

Dell'Orso, S., Juan, A.H., Ko, K.-D., Naz, F., Gutierrez-Cruz, G., Feng, X., and Sartorelli, V. 

(2019). Single-cell analysis of adult skeletal muscle stem cells in homeostatic and 

regenerative conditions. Development, dev.174177. 

Dezawa, M., Ishikawa, H., Itokazu, Y., Yoshihara, T., Hoshino, M., Takeda, S., Ide, C., and 

Nabeshima, Y. (2005). Bone marrow stromal cells generate muscle cells and repair muscle 

degeneration. Science 309, 314-317. 



 

177 
 

Dumont, N.A., and Rudnicki, M.A. (2016). Targeting muscle stem cell intrinsic defects to 

treat Duchenne muscular dystrophy. NPJ Regenerative medicine 1. 

Dumont, N.A., Wang, Y.X., von Maltzahn, J., Pasut, A., Bentzinger, C.F., Brun, C.E., and 

Rudnicki, M.A. (2015). Dystrophin expression in muscle stem cells regulates their polarity 

and asymmetric division. Nature medicine 21, 1455-1463. 

Elkalaf, M., Andel, M., and Trnka, J. (2013). Low glucose but not galactose enhances 

oxidative mitochondrial metabolism in C2C12 myoblasts and myotubes. PloS one 8, e70772. 

Engleka, K.A., Gitler, A.D., Zhang, M., Zhou, D.D., High, F.A., and Epstein, J.A. (2005). 

Insertion of Cre into the Pax3 locus creates a new allele of Splotch and identifies unexpected 

Pax3 derivatives. Developmental biology 280, 396-406. 

Fan, Y., Maley, M., Beilharz, M., and Grounds, M. (1996). Rapid death of injected myoblasts 

in myoblast transfer therapy. Muscle & nerve 19, 853-860. 

Farina, N.H., Hausburg, M., Betta, N.D., Pulliam, C., Srivastava, D., Cornelison, D., and Olwin, 

B.B. (2012). A role for RNA post-transcriptional regulation in satellite cell activation. Skeletal 

muscle 2, 21. 

Folmes, C.D., Nelson, T.J., and Terzic, A. (2011). Energy metabolism in nuclear 

reprogramming. Biomarkers in medicine 5, 715-729. 

Franzetti, E., Huang, Z.J., Shi, Y.X., Xie, K., Deng, X.J., Li, J.P., Li, Q.R., Yang, W.Y., Zeng, W.N., 

Casartelli, M., et al. (2012). Autophagy precedes apoptosis during the remodeling of 

silkworm larval midgut. Apoptosis : an international journal on programmed cell death 17, 

305-324. 

Fukada, S., Uezumi, A., Ikemoto, M., Masuda, S., Segawa, M., Tanimura, N., Yamamoto, H., 

Miyagoe-Suzuki, Y., and Takeda, S. (2007). Molecular signature of quiescent satellite cells in 

adult skeletal muscle. Stem cells 25, 2448-2459. 

Fulco, M., Cen, Y., Zhao, P., Hoffman, E.P., McBurney, M.W., Sauve, A.A., and Sartorelli, V. 

(2008). Glucose restriction inhibits skeletal myoblast differentiation by activating SIRT1 

through AMPK-mediated regulation of Nampt. Developmental cell 14, 661-673. 



 

178 
 

Fulco, M., Schiltz, R.L., Iezzi, S., King, M.T., Zhao, P., Kashiwaya, Y., Hoffman, E., Veech, R.L., 

and Sartorelli, V. (2003). Sir2 regulates skeletal muscle differentiation as a potential sensor 

of the redox state. Molecular cell 12, 51-62. 

Gan, B., Hu, J., Jiang, S., Liu, Y., Sahin, E., Zhuang, L., Fletcher-Sananikone, E., Colla, S., Wang, 

Y.A., Chin, L., et al. (2010). Lkb1 regulates quiescence and metabolic homeostasis of 

haematopoietic stem cells. Nature 468, 701-704. 

Garcia-Prat, L., Martinez-Vicente, M., Perdiguero, E., Ortet, L., Rodriguez-Ubreva, J., Rebollo, 

E., Ruiz-Bonilla, V., Gutarra, S., Ballestar, E., Serrano, A.L., et al. (2016). Autophagy maintains 

stemness by preventing senescence. Nature 529, 37-42. 

Gatta, L., Vitiello, L., Gorini, S., Chiandotto, S., Costelli, P., Giammarioli, A.M., Malorni, W., 

Rosano, G., and Ferraro, E. (2017). Modulating the metabolism by trimetazidine enhances 

myoblast differentiation and promotes myogenesis in cachectic tumor-bearing c26 mice. 

Oncotarget 8, 113938-113956. 

Gayraud-Morel, B., Chretien, F., Flamant, P., Gomes, D., Zammit, P.S., and Tajbakhsh, S. 

(2007). A role for the myogenic determination gene Myf5 in adult regenerative myogenesis. 

Developmental biology 312, 13-28. 

Giordani, L., He, G.J., Negroni, E., Sakai, H., Law, J.Y., Siu, M.M., Wan, R., Tajbakhsh, S., 

Cheung, T.H., and Le Grand, F. (2018). High-dimensional single-cell cartography reveals 

novel skeletal muscle resident cell populations. bioRxiv. 

Gohil, V.M., Sheth, S.A., Nilsson, R., Wojtovich, A.P., Lee, J.H., Perocchi, F., Chen, W., Clish, 

C.B., Ayata, C., Brookes, P.S., et al. (2010). Nutrient-sensitized screening for drugs that shift 

energy metabolism from mitochondrial respiration to glycolysis. Nature biotechnology 28, 

249-255. 

Gregorian, C., Nakashima, J., Le Belle, J., Ohab, J., Kim, R., Liu, A., Smith, K.B., Groszer, M., 

Garcia, A.D., Sofroniew, M.V., et al. (2009). Pten deletion in adult neural stem/progenitor 

cells enhances constitutive neurogenesis. The Journal of neuroscience : the official journal of 

the Society for Neuroscience 29, 1874-1886. 



 

179 
 

Gros, J., Manceau, M., Thome, V., and Marcelle, C. (2005). A common somitic origin for 

embryonic muscle progenitors and satellite cells. Nature 435, 954-958. 

Guillet-Deniau, I., Leturque, A., and Girard, J. (1994). Expression and cellular localization of 

glucose transporters (GLUT1, GLUT3, GLUT4) during differentiation of myogenic cells 

isolated from rat foetuses. Journal of cell science 107 ( Pt 3), 487-496. 

Gurevich, D.B., Nguyen, P.D., Siegel, A.L., Ehrlich, O.V., Sonntag, C., Phan, J.M., Berger, S., 

Ratnayake, D., Hersey, L., Berger, J., et al. (2016). Asymmetric division of clonal muscle stem 

cells coordinates muscle regeneration in vivo. Science 353, aad9969. 

Gussoni, E., Pavlath, G.K., Lanctot, A.M., Sharma, K.R., Miller, R.G., Steinman, L., and Blau, 

H.M. (1992). Normal dystrophin transcripts detected in Duchenne muscular dystrophy 

patients after myoblast transplantation. Nature 356, 435-438. 

Halevy, O., Piestun, Y., Allouh, M.Z., Rosser, B.W., Rinkevich, Y., Reshef, R., Rozenboim, I., 

Wleklinski-Lee, M., and Yablonka-Reuveni, Z. (2004). Pattern of Pax7 expression during 

myogenesis in the posthatch chicken establishes a model for satellite cell differentiation and 

renewal. Developmental dynamics : an official publication of the American Association of 

Anatomists 231, 489-502. 

Hall, M.N., Hall, J.K., Cadwallader, A.B., Pawlikowski, B.T., Doles, J.D., Elston, T.L., and Olwin, 

B.B. (2017). Transplantation of Skeletal Muscle Stem Cells. Methods in molecular biology 

1556, 237-244. 

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the next generation. Cell 144, 

646-674. 

Hansson, J., Rafiee, M.R., Reiland, S., Polo, J.M., Gehring, J., Okawa, S., Huber, W., 

Hochedlinger, K., and Krijgsveld, J. (2012). Highly coordinated proteome dynamics during 

reprogramming of somatic cells to pluripotency. Cell reports 2, 1579-1592. 

Harada, Y., Nakamura, M., and Asano, A. (1995). Temporally distinctive changes of 

alternative splicing patterns during myogenic differentiation of C2C12 cells. Journal of 

biochemistry 118, 780-790. 



 

180 
 

Harel, I., Nathan, E., Tirosh-Finkel, L., Zigdon, H., Guimaraes-Camboa, N., Evans, S.M., and 

Tzahor, E. (2009). Distinct origins and genetic programs of head muscle satellite cells. 

Developmental cell 16, 822-832. 

Harr, M.W., and Distelhorst, C.W. (2010). Apoptosis and autophagy: decoding calcium 

signals that mediate life or death. Cold Spring Harbor perspectives in biology 2, a005579. 

Hashimshony, T., Senderovich, N., Avital, G., Klochendler, A., de Leeuw, Y., Anavy, L., 

Gennert, D., Li, S., Livak, K.J., Rozenblatt-Rosen, O., et al. (2016). CEL-Seq2: sensitive highly-

multiplexed single-cell RNA-Seq. Genome biology 17, 77. 

Hassan, A.H., Prochasson, P., Neely, K.E., Galasinski, S.C., Chandy, M., Carrozza, M.J., and 

Workman, J.L. (2002). Function and selectivity of bromodomains in anchoring chromatin-

modifying complexes to promoter nucleosomes. Cell 111, 369-379. 

Hasty, P., Bradley, A., Morris, J.H., Edmondson, D.G., Venuti, J.M., Olson, E.N., and Klein, 

W.H. (1993). Muscle deficiency and neonatal death in mice with a targeted mutation in the 

myogenin gene. Nature 364, 501-506. 

Hausburg, M.A., Doles, J.D., Clement, S.L., Cadwallader, A.B., Hall, M.N., Blackshear, P.J., 

Lykke-Andersen, J., and Olwin, B.B. (2015). Post-transcriptional regulation of satellite cell 

quiescence by TTP-mediated mRNA decay. eLife 4, e03390. 

Hawke, T.J., and Garry, D.J. (2001). Myogenic satellite cells: physiology to molecular biology. 

Journal of applied physiology 91, 534-551. 

Hernandez-Hernandez, J.M., Garcia-Gonzalez, E.G., Brun, C.E., and Rudnicki, M.A. (2017). 

The myogenic regulatory factors, determinants of muscle development, cell identity and 

regeneration. Seminars in cell & developmental biology 72, 10-18. 

Hodgetts, S.I., Beilharz, M.W., Scalzo, A.A., and Grounds, M.D. (2000). Why do cultured 

transplanted myoblasts die in vivo? DNA quantification shows enhanced survival of donor 

male myoblasts in host mice depleted of CD4+ and CD8+ cells or Nk1.1+ cells. Cell 

transplantation 9, 489-502. 



 

181 
 

Hosios, A.M., Hecht, V.C., Danai, L.V., Johnson, M.O., Rathmell, J.C., Steinhauser, M.L., 

Manalis, S.R., and Vander Heiden, M.G. (2016). Amino Acids Rather than Glucose Account 

for the Majority of Cell Mass in Proliferating Mammalian Cells. Developmental cell 36, 540-

549. 

Huang da, W., Sherman, B.T., and Lempicki, R.A. (2009). Systematic and integrative analysis 

of large gene lists using DAVID bioinformatics resources. Nature protocols 4, 44-57. 

Huard, J., Bouchard, J.P., Roy, R., Labrecque, C., Dansereau, G., Lemieux, B., and Tremblay, 

J.P. (1991). Myoblast transplantation produced dystrophin-positive muscle fibres in a 16-

year-old patient with Duchenne muscular dystrophy. Clinical science 81, 287-288. 

Huard, J., Bouchard, J.P., Roy, R., Malouin, F., Dansereau, G., Labrecque, C., Albert, N., 

Richards, C.L., Lemieux, B., and Tremblay, J.P. (1992). Human myoblast transplantation: 

preliminary results of 4 cases. Muscle & nerve 15, 550-560. 

Hutcheson, D.A., Zhao, J., Merrell, A., Haldar, M., and Kardon, G. (2009). Embryonic and fetal 

limb myogenic cells are derived from developmentally distinct progenitors and have 

different requirements for beta-catenin. Genes & development 23, 997-1013. 

Jeong, J., Conboy, M.J., and Conboy, I.M. (2013). Pharmacological inhibition of 

myostatin/TGF-beta receptor/pSmad3 signaling rescues muscle regenerative responses in 

mouse model of type 1 diabetes. Acta pharmacologica Sinica 34, 1052-1060. 

Ji, H., Wu, G., Zhan, X., Nolan, A., Koh, C., De Marzo, A., Doan, H.M., Fan, J., Cheadle, C., 

Fallahi, M., et al. (2011). Cell-type independent MYC target genes reveal a primordial 

signature involved in biomass accumulation. PloS one 6, e26057. 

Joshi, A., and Kundu, M. (2013). Mitophagy in hematopoietic stem cells: the case for 

exploration. Autophagy 9, 1737-1749. 

Kaelin, W.G., Jr., and McKnight, S.L. (2013). Influence of metabolism on epigenetics and 

disease. Cell 153, 56-69. 



 

182 
 

Kassar-Duchossoy, L., Giacone, E., Gayraud-Morel, B., Jory, A., Gomes, D., and Tajbakhsh, S. 

(2005). Pax3/Pax7 mark a novel population of primitive myogenic cells during development. 

Genes & development 19, 1426-1431. 

Kelly, A.M., and N.A. Rubenstein (1994). The diversity of muscle fiber types and its origin 

during development. In In Myology (New York: McGraw-Hill Inc.), pp. 119–133. 

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L. (2013). TopHat2: 

accurate alignment of transcriptomes in the presence of insertions, deletions and gene 

fusions. Genome biology 14, R36. 

Kitzmann, M., Carnac, G., Vandromme, M., Primig, M., Lamb, N.J., and Fernandez, A. (1998). 

The muscle regulatory factors MyoD and myf-5 undergo distinct cell cycle-specific 

expression in muscle cells. The Journal of cell biology 142, 1447-1459. 

Knobloch, M., Braun, S.M., Zurkirchen, L., von Schoultz, C., Zamboni, N., Arauzo-Bravo, M.J., 

Kovacs, W.J., Karalay, O., Suter, U., Machado, R.A., et al. (2013). Metabolic control of adult 

neural stem cell activity by Fasn-dependent lipogenesis. Nature 493, 226-230. 

Konigsberg, I.R. (1963). Clonal analysis of myogenesis. Science 140, 1273-1284. 

Konigsberg, U.R., Lipton, B.H., and Konigsberg, I.R. (1975). The regenerative response of 

single mature muscle fibers isolated in vitro. Developmental biology 45, 260-275. 

Koopman, R., Ly, C.H., and Ryall, J.G. (2014). A metabolic link to skeletal muscle wasting and 

regeneration. Frontiers in physiology 5, 32. 

Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128, 693-705. 

Krause, M.P., Al-Sajee, D., D'Souza, D.M., Rebalka, I.A., Moradi, J., Riddell, M.C., and Hawke, 

T.J. (2013). Impaired macrophage and satellite cell infiltration occurs in a muscle-specific 

fashion following injury in diabetic skeletal muscle. PloS one 8, e70971. 

Kuang, S., Charge, S.B., Seale, P., Huh, M., and Rudnicki, M.A. (2006). Distinct roles for Pax7 

and Pax3 in adult regenerative myogenesis. The Journal of cell biology 172, 103-113. 



 

183 
 

Kuang, S., Gillespie, M.A., and Rudnicki, M.A. (2008). Niche regulation of muscle satellite cell 

self-renewal and differentiation. Cell stem cell 2, 22-31. 

Kuang, S., Kuroda, K., Le Grand, F., and Rudnicki, M.A. (2007). Asymmetric self-renewal and 

commitment of satellite stem cells in muscle. Cell 129, 999-1010. 

LaBarge, M.A., and Blau, H.M. (2002). Biological progression from adult bone marrow to 

mononucleate muscle stem cell to multinucleate muscle fiber in response to injury. Cell 111, 

589-601. 

Lagha, M., Kormish, J.D., Rocancourt, D., Manceau, M., Epstein, J.A., Zaret, K.S., Relaix, F., 

and Buckingham, M.E. (2008). Pax3 regulation of FGF signaling affects the progression of 

embryonic progenitor cells into the myogenic program. Genes & development 22, 1828-

1837. 

Lansdorp, P.M. (2007). Immortal strands? Give me a break. Cell 129, 1244-1247. 

Lanza, I.R., Zabielski, P., Klaus, K.A., Morse, D.M., Heppelmann, C.J., Bergen, H.R., 3rd, 

Dasari, S., Walrand, S., Short, K.R., Johnson, M.L., et al. (2012). Chronic caloric restriction 

preserves mitochondrial function in senescence without increasing mitochondrial 

biogenesis. Cell Metab 16, 777-788. 

Lassar, A.B., Paterson, B.M., and Weintraub, H. (1986). Transfection of a DNA locus that 

mediates the conversion of 10T1/2 fibroblasts to myoblasts. Cell 47, 649-656. 

Latil, M., Rocheteau, P., Chatre, L., Sanulli, S., Memet, S., Ricchetti, M., Tajbakhsh, S., and 

Chretien, F. (2012). Skeletal muscle stem cells adopt a dormant cell state post mortem and 

retain regenerative capacity. Nature communications 3, 903. 

Le, A., Lane, A.N., Hamaker, M., Bose, S., Gouw, A., Barbi, J., Tsukamoto, T., Rojas, C.J., 

Slusher, B.S., Zhang, H., et al. (2012). Glucose-independent glutamine metabolism via TCA 

cycling for proliferation and survival in B cells. Cell metabolism 15, 110-121. 

Le Douarin, N.M. (1980). The ontogeny of the neural crest in avian embryo chimaeras. 

Nature 286, 663-669. 



 

184 
 

Lee, M.N., Ha, S.H., Kim, J., Koh, A., Lee, C.S., Kim, J.H., Jeon, H., Kim, D.H., Suh, P.G., and 

Ryu, S.H. (2009). Glycolytic flux signals to mTOR through glyceraldehyde-3-phosphate 

dehydrogenase-mediated regulation of Rheb. Molecular and cellular biology 29, 3991-4001. 

Lepper, C., Conway, S.J., and Fan, C.M. (2009). Adult satellite cells and embryonic muscle 

progenitors have distinct genetic requirements. Nature 460, 627-631. 

Lepper, C., and Fan, C.M. (2010). Inducible lineage tracing of Pax7-descendant cells reveals 

embryonic origin of adult satellite cells. Genesis 48, 424-436. 

Lessard, J.A., and Crabtree, G.R. (2010). Chromatin regulatory mechanisms in pluripotency. 

Annual review of cell and developmental biology 26, 503-532. 

Li, X.B., Gu, J.D., and Zhou, Q.H. (2015). Review of aerobic glycolysis and its key enzymes - 

new targets for lung cancer therapy. Thoracic cancer 6, 17-24. 

Liao, Y., Smyth, G.K., and Shi, W. (2013). The Subread aligner: fast, accurate and scalable 

read mapping by seed-and-vote. Nucleic acids research 41, e108. 

Lin, Z., Liu, F., Shi, P., Song, A., Huang, Z., Zou, D., Chen, Q., Li, J., and Gao, X. (2018). Fatty 

acid oxidation promotes reprogramming by enhancing oxidative phosphorylation and 

inhibiting protein kinase C. Stem cell research & therapy 9, 47. 

Liu, L., Cheung, T.H., Charville, G.W., and Rando, T.A. (2015). Isolation of skeletal muscle 

stem cells by fluorescence-activated cell sorting. Nature protocols 10, 1612-1624. 

Liu, W., Wen, Y., Bi, P., Lai, X., Liu, X.S., Liu, X., and Kuang, S. (2012). Hypoxia promotes 

satellite cell self-renewal and enhances the efficiency of myoblast transplantation. 

Development 139, 2857-2865. 

Liu, X., Cooper, D.E., Cluntun, A.A., Warmoes, M.O., Zhao, S., Reid, M.A., Liu, J., Lund, P.J., 

Lopes, M., Garcia, B.A., et al. (2018). Acetate Production from Glucose and Coupling to 

Mitochondrial Metabolism in Mammals. Cell 175, 502-513 e513. 

Loidl, P. (1994). Histone acetylation: facts and questions. Chromosoma 103, 441-449. 



 

185 
 

Long, C., McAnally, J.R., Shelton, J.M., Mireault, A.A., Bassel-Duby, R., and Olson, E.N. 

(2014). Prevention of muscular dystrophy in mice by CRISPR/Cas9-mediated editing of 

germline DNA. Science 345, 1184-1188. 

Lopez-Lluch, G., Hunt, N., Jones, B., Zhu, M., Jamieson, H., Hilmer, S., Cascajo, M.V., Allard, 

J., Ingram, D.K., Navas, P., et al. (2006). Calorie restriction induces mitochondrial biogenesis 

and bioenergetic efficiency. Proceedings of the National Academy of Sciences of the United 

States of America 103, 1768-1773. 

Lu, C., and Thompson, C.B. (2012). Metabolic regulation of epigenetics. Cell Metab 16, 9-17. 

Lun, A.T., Bach, K., and Marioni, J.C. (2016). Pooling across cells to normalize single-cell RNA 

sequencing data with many zero counts. Genome biology 17, 75. 

Lunt, S.Y., Muralidhar, V., Hosios, A.M., Israelsen, W.J., Gui, D.Y., Newhouse, L., Ogrodzinski, 

M., Hecht, V., Xu, K., Acevedo, P.N., et al. (2015). Pyruvate kinase isoform expression alters 

nucleotide synthesis to impact cell proliferation. Molecular cell 57, 95-107. 

Lunt, S.Y., and Vander Heiden, M.G. (2011). Aerobic glycolysis: meeting the metabolic 

requirements of cell proliferation. Annual review of cell and developmental biology 27, 441-

464. 

Lv, L., Li, D., Zhao, D., Lin, R., Chu, Y., Zhang, H., Zha, Z., Liu, Y., Li, Z., Xu, Y., et al. (2011). 

Acetylation targets the M2 isoform of pyruvate kinase for degradation through chaperone-

mediated autophagy and promotes tumor growth. Molecular cell 42, 719-730. 

Machado, L., Esteves de Lima, J., Fabre, O., Proux, C., Legendre, R., Szegedi, A., Varet, H., 

Ingerslev, L.R., Barres, R., Relaix, F., et al. (2017). In Situ Fixation Redefines Quiescence and 

Early Activation of Skeletal Muscle Stem Cells. Cell reports 21, 1982-1993. 

Madisen, L., Zwingman, T.A., Sunkin, S.M., Oh, S.W., Zariwala, H.A., Gu, H., Ng, L.L., Palmiter, 

R.D., Hawrylycz, M.J., Jones, A.R., et al. (2010). A robust and high-throughput Cre reporting 

and characterization system for the whole mouse brain. Nature neuroscience 13, 133-140. 

Mauro, A. (1961). Satellite cell of skeletal muscle fibers. The Journal of biophysical and 

biochemical cytology 9, 493-495. 



 

186 
 

Mazurek, S. (2011). Pyruvate kinase type M2: a key regulator of the metabolic budget 

system in tumor cells. The international journal of biochemistry & cell biology 43, 969-980. 

McLoon, L.K., and Wirtschafter, J. (2003). Activated satellite cells in extraocular muscles of 

normal adult monkeys and humans. Investigative ophthalmology & visual science 44, 1927-

1932. 

Megeney, L.A., Kablar, B., Garrett, K., Anderson, J.E., and Rudnicki, M.A. (1996). MyoD is 

required for myogenic stem cell function in adult skeletal muscle. Genes & development 10, 

1173-1183. 

Minasi, M.G., Riminucci, M., De Angelis, L., Borello, U., Berarducci, B., Innocenzi, A., Caprioli, 

A., Sirabella, D., Baiocchi, M., De Maria, R., et al. (2002). The meso-angioblast: a 

multipotent, self-renewing cell that originates from the dorsal aorta and differentiates into 

most mesodermal tissues. Development 129, 2773-2783. 

Mitchell, K.J., Pannerec, A., Cadot, B., Parlakian, A., Besson, V., Gomes, E.R., Marazzi, G., and 

Sassoon, D.A. (2010). Identification and characterization of a non-satellite cell muscle 

resident progenitor during postnatal development. Nature cell biology 12, 257-266. 

Montarras, D., Morgan, J., Collins, C., Relaix, F., Zaffran, S., Cumano, A., Partridge, T., and 

Buckingham, M. (2005). Direct isolation of satellite cells for skeletal muscle regeneration. 

Science 309, 2064-2067. 

Mourikis, P., Sambasivan, R., Castel, D., Rocheteau, P., Bizzarro, V., and Tajbakhsh, S. (2012). 

A critical requirement for notch signaling in maintenance of the quiescent skeletal muscle 

stem cell state. Stem cells 30, 243-252. 

Moussaieff, A., Kogan, N.M., and Aberdam, D. (2015). Concise Review: Energy Metabolites: 

Key Mediators of the Epigenetic State of Pluripotency. Stem cells 33, 2374-2380. 

Mujtaba, S., Zeng, L., and Zhou, M.M. (2007). Structure and acetyl-lysine recognition of the 

bromodomain. Oncogene 26, 5521-5527. 

Mull, J.L., and Asakura, A. (2012). A New Look at an Immortal DNA Hypothesis for Stem Cell 

Self-Renewal. Journal of stem cell research & therapy 2. 



 

187 
 

Mullen, A.R., Wheaton, W.W., Jin, E.S., Chen, P.H., Sullivan, L.B., Cheng, T., Yang, Y., Linehan, 

W.M., Chandel, N.S., and DeBerardinis, R.J. (2011). Reductive carboxylation supports growth 

in tumour cells with defective mitochondria. Nature 481, 385-388. 

Murphy, M.M., Lawson, J.A., Mathew, S.J., Hutcheson, D.A., and Kardon, G. (2011). Satellite 

cells, connective tissue fibroblasts and their interactions are crucial for muscle regeneration. 

Development 138, 3625-3637. 

Nabeshima, Y., Hanaoka, K., Hayasaka, M., Esumi, E., Li, S., Nonaka, I., and Nabeshima, Y. 

(1993). Myogenin gene disruption results in perinatal lethality because of severe muscle 

defect. Nature 364, 532-535. 

Nakada, D., Saunders, T.L., and Morrison, S.J. (2010). Lkb1 regulates cell cycle and energy 

metabolism in haematopoietic stem cells. Nature 468, 653-658. 

Newsholme, E.A., Crabtree, B., and Ardawi, M.S. (1985). The role of high rates of glycolysis 

and glutamine utilization in rapidly dividing cells. Bioscience reports 5, 393-400. 

Nicholls, D.G., Darley-Usmar, V.M., Wu, M., Jensen, P.B., Rogers, G.W., and Ferrick, D.A. 

(2010). Bioenergetic profile experiment using C2C12 myoblast cells. Journal of visualized 

experiments : JoVE. 

Noguchi, T., Inoue, H., and Tanaka, T. (1986). The M1- and M2-type isozymes of rat pyruvate 

kinase are produced from the same gene by alternative RNA splicing. The Journal of 

biological chemistry 261, 13807-13812. 

Oburoglu, L., Tardito, S., Fritz, V., de Barros, S.C., Merida, P., Craveiro, M., Mamede, J., 

Cretenet, G., Mongellaz, C., An, X., et al. (2014). Glucose and glutamine metabolism regulate 

human hematopoietic stem cell lineage specification. Cell stem cell 15, 169-184. 

Ohkawa, Y., Yoshimura, S., Higashi, C., Marfella, C.G., Dacwag, C.S., Tachibana, T., and 

Imbalzano, A.N. (2007). Myogenin and the SWI/SNF ATPase Brg1 maintain myogenic gene 

expression at different stages of skeletal myogenesis. The Journal of biological chemistry 

282, 6564-6570. 



 

188 
 

Olguin, H.C., Yang, Z., Tapscott, S.J., and Olwin, B.B. (2007). Reciprocal inhibition between 

Pax7 and muscle regulatory factors modulates myogenic cell fate determination. The 

Journal of cell biology 177, 769-779. 

Oustanina, S., Hause, G., and Braun, T. (2004). Pax7 directs postnatal renewal and 

propagation of myogenic satellite cells but not their specification. The EMBO journal 23, 

3430-3439. 

Pallafacchina, G., Francois, S., Regnault, B., Czarny, B., Dive, V., Cumano, A., Montarras, D., 

and Buckingham, M. (2010). An adult tissue-specific stem cell in its niche: a gene profiling 

analysis of in vivo quiescent and activated muscle satellite cells. Stem cell research 4, 77-91. 

Panopoulos, A.D., Yanes, O., Ruiz, S., Kida, Y.S., Diep, D., Tautenhahn, R., Herrerias, A., 

Batchelder, E.M., Plongthongkum, N., Lutz, M., et al. (2012). The metabolome of induced 

pluripotent stem cells reveals metabolic changes occurring in somatic cell reprogramming. 

Cell research 22, 168-177. 

Partridge, T. (2002). Myoblast transplantation. Neuromuscular disorders : NMD 12 Suppl 1, 

S3-6. 

Pasut, A., Jones, A.E., and Rudnicki, M.A. (2013). Isolation and culture of individual 

myofibers and their satellite cells from adult skeletal muscle. Journal of visualized 

experiments : JoVE, e50074. 

Peng, S., Chen, L.L., Lei, X.X., Yang, L., Lin, H., Carmichael, G.G., and Huang, Y. (2011). 

Genome-wide studies reveal that Lin28 enhances the translation of genes important for 

growth and survival of human embryonic stem cells. Stem cells 29, 496-504. 

Pirola, L., Balcerczyk, A., Okabe, J., and El-Osta, A. (2010). Epigenetic phenomena linked to 

diabetic complications. Nature reviews Endocrinology 6, 665-675. 

Porpiglia, E., Samusik, N., Ho, A.T.V., Cosgrove, B.D., Mai, T., Davis, K.L., Jager, A., Nolan, 

G.P., Bendall, S.C., Fantl, W.J., et al. (2017). High-resolution myogenic lineage mapping by 

single-cell mass cytometry. Nature cell biology 19, 558-567. 



 

189 
 

Punch, V.G., Jones, A.E., and Rudnicki, M.A. (2009). Transcriptional networks that regulate 

muscle stem cell function. Wiley interdisciplinary reviews Systems biology and medicine 1, 

128-140. 

Rantanen, J., Hurme, T., Lukka, R., Heino, J., and Kalimo, H. (1995). Satellite cell proliferation 

and the expression of myogenin and desmin in regenerating skeletal muscle: evidence for 

two different populations of satellite cells. Laboratory investigation; a journal of technical 

methods and pathology 72, 341-347. 

Relaix, F. (2006). Skeletal muscle progenitor cells: from embryo to adult. Cellular and 

molecular life sciences : CMLS 63, 1221-1225. 

Relaix, F., Montarras, D., Zaffran, S., Gayraud-Morel, B., Rocancourt, D., Tajbakhsh, S., 

Mansouri, A., Cumano, A., and Buckingham, M. (2006). Pax3 and Pax7 have distinct and 

overlapping functions in adult muscle progenitor cells. The Journal of cell biology 172, 91-

102. 

Relaix, F., Rocancourt, D., Mansouri, A., and Buckingham, M. (2004). Divergent functions of 

murine Pax3 and Pax7 in limb muscle development. Genes & development 18, 1088-1105. 

Relaix, F., Rocancourt, D., Mansouri, A., and Buckingham, M. (2005). A Pax3/Pax7-

dependent population of skeletal muscle progenitor cells. Nature 435, 948-953. 

Richter, E.A., and Hargreaves, M. (2013). Exercise, GLUT4, and skeletal muscle glucose 

uptake. Physiological reviews 93, 993-1017. 

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, G.K. (2015). limma 

powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic 

acids research 43, e47. 

Rizkalla, S.W. (2010). Health implications of fructose consumption: A review of recent data. 

Nutrition & metabolism 7, 82. 

Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package for 

differential expression analysis of digital gene expression data. Bioinformatics 26, 139-140. 



 

190 
 

Rocheteau, P., Gayraud-Morel, B., Siegl-Cachedenier, I., Blasco, M.A., and Tajbakhsh, S. 

(2012). A subpopulation of adult skeletal muscle stem cells retains all template DNA strands 

after cell division. Cell 148, 112-125. 

Rodgers, J.T., King, K.Y., Brett, J.O., Cromie, M.J., Charville, G.W., Maguire, K.K., Brunson, C., 

Mastey, N., Liu, L., Tsai, C.R., et al. (2014). mTORC1 controls the adaptive transition of 

quiescent stem cells from G0 to G(Alert). Nature 510, 393-396. 

Rowicka, M., Kudlicki, A., Tu, B.P., and Otwinowski, Z. (2007). High-resolution timing of cell 

cycle-regulated gene expression. Proceedings of the National Academy of Sciences of the 

United States of America 104, 16892-16897. 

Rudnicki, M.A., Schnegelsberg, P.N., Stead, R.H., Braun, T., Arnold, H.H., and Jaenisch, R. 

(1993). MyoD or Myf-5 is required for the formation of skeletal muscle. Cell 75, 1351-1359. 

Russell, A.P., Foletta, V.C., Snow, R.J., and Wadley, G.D. (2014). Skeletal muscle 

mitochondria: a major player in exercise, health and disease. Biochimica et biophysica acta 

1840, 1276-1284. 

Ryall, J.G., Dell'Orso, S., Derfoul, A., Juan, A., Zare, H., Feng, X., Clermont, D., Koulnis, M., 

Gutierrez-Cruz, G., Fulco, M., et al. (2015a). The NAD(+)-dependent SIRT1 deacetylase 

translates a metabolic switch into regulatory epigenetics in skeletal muscle stem cells. Cell 

stem cell 16, 171-183. 

Ryall, James G., Dell’Orso, S., Derfoul, A., Juan, A., Zare, H., Feng, X., Clermont, D., Koulnis, 

M., Gutierrez-Cruz, G., Fulco, M., et al. (2015b). The NAD+-Dependent SIRT1 Deacetylase 

Translates a Metabolic Switch into Regulatory Epigenetics in Skeletal Muscle Stem Cells. Cell 

stem cell. 

Sacco, A., Doyonnas, R., Kraft, P., Vitorovic, S., and Blau, H.M. (2008). Self-renewal and 

expansion of single transplanted muscle stem cells. Nature 456, 502-506. 

Saha, A.K., Xu, X.J., Lawson, E., Deoliveira, R., Brandon, A.E., Kraegen, E.W., and Ruderman, 

N.B. (2010). Downregulation of AMPK accompanies leucine- and glucose-induced increases 

in protein synthesis and insulin resistance in rat skeletal muscle. Diabetes 59, 2426-2434. 



 

191 
 

Scaal, M., and Christ, B. (2004). Formation and differentiation of the avian dermomyotome. 

Anatomy and embryology 208, 411-424. 

Schienda, J., Engleka, K.A., Jun, S., Hansen, M.S., Epstein, J.A., Tabin, C.J., Kunkel, L.M., and 

Kardon, G. (2006). Somitic origin of limb muscle satellite and side population cells. 

Proceedings of the National Academy of Sciences of the United States of America 103, 945-

950. 

Schultz, E., Gibson, M.C., and Champion, T. (1978). Satellite cells are mitotically quiescent in 

mature mouse muscle: an EM and radioautographic study. The Journal of experimental 

zoology 206, 451-456. 

Seaborne, R.A., Strauss, J., Cocks, M., Shepherd, S., O'Brien, T.D., van Someren, K.A., Bell, 

P.G., Murgatroyd, C., Morton, J.P., Stewart, C.E., et al. (2018). Human Skeletal Muscle 

Possesses an Epigenetic Memory of Hypertrophy. Scientific reports 8, 1898. 

Seale, P., Asakura, A., and Rudnicki, M.A. (2001). The potential of muscle stem cells. 

Developmental cell 1, 333-342. 

Seale, P., Ishibashi, J., Scime, A., and Rudnicki, M.A. (2004). Pax7 is necessary and sufficient 

for the myogenic specification of CD45+:Sca1+ stem cells from injured muscle. PLoS biology 

2, E130. 

Seale, P., Sabourin, L.A., Girgis-Gabardo, A., Mansouri, A., Gruss, P., and Rudnicki, M.A. 

(2000). Pax7 is required for the specification of myogenic satellite cells. Cell 102, 777-786. 

Sharples, A.P., Stewart, C.E., and Seaborne, R.A. (2016). Does skeletal muscle have an 'epi'-

memory? The role of epigenetics in nutritional programming, metabolic disease, aging and 

exercise. Aging cell 15, 603-616. 

Shea, K.L., Xiang, W., LaPorta, V.S., Licht, J.D., Keller, C., Basson, M.A., and Brack, A.S. (2010). 

Sprouty1 regulates reversible quiescence of a self-renewing adult muscle stem cell pool 

during regeneration. Cell stem cell 6, 117-129. 

Shi, D., Reinecke, H., Murry, C.E., and Torok-Storb, B. (2004). Myogenic fusion of human 

bone marrow stromal cells, but not hematopoietic cells. Blood 104, 290-294. 



 

192 
 

Shimazu, T., Hirschey, M.D., Newman, J., He, W., Shirakawa, K., Le Moan, N., Grueter, C.A., 

Lim, H., Saunders, L.R., Stevens, R.D., et al. (2013). Suppression of oxidative stress by beta-

hydroxybutyrate, an endogenous histone deacetylase inhibitor. Science 339, 211-214. 

Shinin, V., Gayraud-Morel, B., Gomes, D., and Tajbakhsh, S. (2006). Asymmetric division and 

cosegregation of template DNA strands in adult muscle satellite cells. Nature cell biology 8, 

677-687. 

Shiraki, N., Shiraki, Y., Tsuyama, T., Obata, F., Miura, M., Nagae, G., Aburatani, H., Kume, K., 

Endo, F., and Kume, S. (2014). Methionine metabolism regulates maintenance and 

differentiation of human pluripotent stem cells. Cell metabolism 19, 780-794. 

Shogren-Knaak, M., and Peterson, C.L. (2006). Switching on chromatin: mechanistic role of 

histone H4-K16 acetylation. Cell cycle 5, 1361-1365. 

Shyh-Chang, N., Daley, G.Q., and Cantley, L.C. (2013). Stem cell metabolism in tissue 

development and aging. Development 140, 2535-2547. 

Siegel, A.L., Atchison, K., Fisher, K.E., Davis, G.E., and Cornelison, D.D. (2009). 3D timelapse 

analysis of muscle satellite cell motility. Stem cells 27, 2527-2538. 

Singh, K., and Dilworth, F.J. (2013). Differential modulation of cell cycle progression 

distinguishes members of the myogenic regulatory factor family of transcription factors. 

FEBS J 280, 3991-4003. 

Singh, R., and Cuervo, A.M. (2012). Lipophagy: connecting autophagy and lipid metabolism. 

International journal of cell biology 2012, 282041. 

Singhal, N., Graumann, J., Wu, G., Arauzo-Bravo, M.J., Han, D.W., Greber, B., Gentile, L., 

Mann, M., and Scholer, H.R. (2010). Chromatin-Remodeling Components of the BAF 

Complex Facilitate Reprogramming. Cell 141, 943-955. 

Skuk, D., and Tremblay, J.P. (2003). Myoblast transplantation: the current status of a 

potential therapeutic tool for myopathies. Journal of muscle research and cell motility 24, 

285-300. 



 

193 
 

Skuk, D., Vilquin, J.T., and Tremblay, J.P. (2002). Experimental and therapeutic approaches 

to muscular dystrophies. Current opinion in neurology 15, 563-569. 

Smith, C.K., 2nd, Janney, M.J., and Allen, R.E. (1994). Temporal expression of myogenic 

regulatory genes during activation, proliferation, and differentiation of rat skeletal muscle 

satellite cells. Journal of cellular physiology 159, 379-385. 

Smythe, G.M., and Grounds, M.D. (2001). Absence of MyoD increases donor myoblast 

migration into host muscle. Experimental cell research 267, 267-274. 

Smythe, G.M., Hodgetts, S.I., and Grounds, M.D. (2001). Problems and solutions in myoblast 

transfer therapy. Journal of cellular and molecular medicine 5, 33-47. 

Snow, M.H. (1977). Myogenic cell formation in regenerating rat skeletal muscle injured by 

mincing. II. An autoradiographic study. The Anatomical record 188, 201-217. 

Sone, M., Morone, N., Nakamura, T., Tanaka, A., Okita, K., Woltjen, K., Nakagawa, M., 

Heuser, J.E., Yamada, Y., Yamanaka, S., et al. (2017). Hybrid Cellular Metabolism 

Coordinated by Zic3 and Esrrb Synergistically Enhances Induction of Naive Pluripotency. Cell 

Metab 25, 1103-1117 e1106. 

Spangrude, G.J., and Johnson, G.R. (1990). Resting and activated subsets of mouse 

multipotent hematopoietic stem cells. Proceedings of the National Academy of Sciences of 

the United States of America 87, 7433-7437. 

Srinivas, S., Watanabe, T., Lin, C.S., William, C.M., Tanabe, Y., Jessell, T.M., and Costantini, F. 

(2001). Cre reporter strains produced by targeted insertion of EYFP and ECFP into the 

ROSA26 locus. BMC developmental biology 1, 4. 

Studitsky, A.N. (1963). Dynamics of the development of myogenic tissue under conditions of 

explanation and transplantation, in: Cinemicrography in Cell Biology. New York: Academic 

Press, 171–200. 

Su, S., Law, C.W., Ah-Cann, C., Asselin-Labat, M.L., Blewitt, M.E., and Ritchie, M.E. (2017). 

Glimma: interactive graphics for gene expression analysis. Bioinformatics 33, 2050-2052. 



 

194 
 

Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A., 

Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S., et al. (2005). Gene set enrichment 

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. 

Proceedings of the National Academy of Sciences of the United States of America 102, 

15545-15550. 

Suda, T., Takubo, K., and Semenza, G.L. (2011). Metabolic regulation of hematopoietic stem 

cells in the hypoxic niche. Cell stem cell 9, 298-310. 

Tajbakhsh, S., and Buckingham, M. (2000). The birth of muscle progenitor cells in the 

mouse: spatiotemporal considerations. Current topics in developmental biology 48, 225-

268. 

Tajbakhsh, S., Rocancourt, D., Cossu, G., and Buckingham, M. (1997). Redefining the genetic 

hierarchies controlling skeletal myogenesis: Pax-3 and Myf-5 act upstream of MyoD. Cell 89, 

127-138. 

Takubo, K., Nagamatsu, G., Kobayashi, C.I., Nakamura-Ishizu, A., Kobayashi, H., Ikeda, E., 

Goda, N., Rahimi, Y., Johnson, R.S., Soga, T., et al. (2013). Regulation of glycolysis by Pdk 

functions as a metabolic checkpoint for cell cycle quiescence in hematopoietic stem cells. 

Cell stem cell 12, 49-61. 

TeSlaa, T., Chaikovsky, A.C., Lipchina, I., Escobar, S.L., Hochedlinger, K., Huang, J., Graeber, 

T.G., Braas, D., and Teitell, M.A. (2016). alpha-Ketoglutarate Accelerates the Initial 

Differentiation of Primed Human Pluripotent Stem Cells. Cell Metab 24, 485-493. 

Thomas, E.D., Lochte, H.L., Jr., Lu, W.C., and Ferrebee, J.W. (1957). Intravenous infusion of 

bone marrow in patients receiving radiation and chemotherapy. The New England journal of 

medicine 257, 491-496. 

Tian, L., Su, S., Dong, X., Amann-Zalcenstein, D., Biben, C., Seidi, A., Hilton, D.J., Naik, S.H., 

and Ritchie, M.E. (2018). scPipe: A flexible R/Bioconductor preprocessing pipeline for single-

cell RNA-sequencing data. PLoS computational biology 14, e1006361. 



 

195 
 

Tohyama, S., Fujita, J., Hishiki, T., Matsuura, T., Hattori, F., Ohno, R., Kanazawa, H., Seki, T., 

Nakajima, K., Kishino, Y., et al. (2016). Glutamine Oxidation Is Indispensable for Survival of 

Human Pluripotent Stem Cells. Cell metabolism 23, 663-674. 

Tsujimoto, Y. (1997). Apoptosis and necrosis: intracellular ATP level as a determinant for cell 

death modes. Cell death and differentiation 4, 429-434. 

Tu, B.P., Kudlicki, A., Rowicka, M., and McKnight, S.L. (2005). Logic of the yeast metabolic 

cycle: temporal compartmentalization of cellular processes. Science 310, 1152-1158. 

Turner, B.M., and O'Neill, L.P. (1995). Histone acetylation in chromatin and chromosomes. 

Seminars in cell biology 6, 229-236. 

Vahidi Ferdousi, L., Rocheteau, P., Chayot, R., Montagne, B., Chaker, Z., Flamant, P., 

Tajbakhsh, S., and Ricchetti, M. (2014). More efficient repair of DNA double-strand breaks in 

skeletal muscle stem cells compared to their committed progeny. Stem cell research 13, 

492-507. 

van Velthoven, C.T.J., de Morree, A., Egner, I.M., Brett, J.O., and Rando, T.A. (2017). 

Transcriptional Profiling of Quiescent Muscle Stem Cells In Vivo. Cell reports 21, 1994-2004. 

Vannini, N., Girotra, M., Naveiras, O., Nikitin, G., Campos, V., Giger, S., Roch, A., Auwerx, J., 

and Lutolf, M.P. (2016). Specification of haematopoietic stem cell fate via modulation of 

mitochondrial activity. Nature communications 7, 13125. 

Vaquero, A., Scher, M.B., Lee, D.H., Sutton, A., Cheng, H.L., Alt, F.W., Serrano, L., Sternglanz, 

R., and Reinberg, D. (2006). SirT2 is a histone deacetylase with preference for histone H4 Lys 

16 during mitosis. Genes & development 20, 1256-1261. 

Verma, M., Asakura, Y., Murakonda, B.S.R., Pengo, T., Latroche, C., Chazaud, B., McLoon, 

L.K., and Asakura, A. (2018). Muscle Satellite Cell Cross-Talk with a Vascular Niche Maintains 

Quiescence via VEGF and Notch Signaling. Cell stem cell 23, 530-543 e539. 

Villani, A.C., Satija, R., Reynolds, G., Sarkizova, S., Shekhar, K., Fletcher, J., Griesbeck, M., 

Butler, A., Zheng, S., Lazo, S., et al. (2017). Single-cell RNA-seq reveals new types of human 

blood dendritic cells, monocytes, and progenitors. Science 356. 



 

196 
 

Wang, J., Alexander, P., and McKnight, S.L. (2011). Metabolic specialization of mouse 

embryonic stem cells. Cold Spring Harbor symposia on quantitative biology 76, 183-193. 

Wang, J., Alexander, P., Wu, L., Hammer, R., Cleaver, O., and McKnight, S.L. (2009). 

Dependence of mouse embryonic stem cells on threonine catabolism. Science 325, 435-439. 

Wang, T., Marquardt, C., and Foker, J. (1976). Aerobic glycolysis during lymphocyte 

proliferation. Nature 261, 702-705. 

Wang, Z., Chatterjee, D., Jeon, H.Y., Akerman, M., Vander Heiden, M.G., Cantley, L.C., and 

Krainer, A.R. (2012). Exon-centric regulation of pyruvate kinase M alternative splicing via 

mutually exclusive exons. Journal of molecular cell biology 4, 79-87. 

Warburg, O. (1956). On the origin of cancer cells. Science 123, 309-314. 

Ward, P.S., and Thompson, C.B. (2012). Metabolic reprogramming: a cancer hallmark even 

warburg did not anticipate. Cancer cell 21, 297-308. 

Weinhouse, S. (1976). The Warburg hypothesis fifty years later. Zeitschrift fur 

Krebsforschung und klinische Onkologie Cancer research and clinical oncology 87, 115-126. 

Wellen, K.E., Hatzivassiliou, G., Sachdeva, U.M., Bui, T.V., Cross, J.R., and Thompson, C.B. 

(2009). ATP-citrate lyase links cellular metabolism to histone acetylation. Science 324, 1076-

1080. 

Wen, Y., Bi, P., Liu, W., Asakura, A., Keller, C., and Kuang, S. (2012). Constitutive Notch 

activation upregulates Pax7 and promotes the self-renewal of skeletal muscle satellite cells. 

Molecular and cellular biology 32, 2300-2311. 

White, J.D., Scaffidi, A., Davies, M., McGeachie, J., Rudnicki, M.A., and Grounds, M.D. (2000). 

Myotube formation is delayed but not prevented in MyoD-deficient skeletal muscle: studies 

in regenerating whole muscle grafts of adult mice. The journal of histochemistry and 

cytochemistry : official journal of the Histochemistry Society 48, 1531-1544. 



 

197 
 

Williamson, D.H., Lund, P., and Krebs, H.A. (1967). The redox state of free nicotinamide-

adenine dinucleotide in the cytoplasm and mitochondria of rat liver. The Biochemical 

journal 103, 514-527. 

Wosczyna, M.N., and Rando, T.A. (2018). A Muscle Stem Cell Support Group: Coordinated 

Cellular Responses in Muscle Regeneration. Developmental cell 46, 135-143. 

Yablonka-Reuveni, Z., and Rivera, A.J. (1994). Temporal expression of regulatory and 

structural muscle proteins during myogenesis of satellite cells on isolated adult rat fibers. 

Developmental biology 164, 588-603. 

Yablonka-Reuveni, Z., Rudnicki, M.A., Rivera, A.J., Primig, M., Anderson, J.E., and Natanson, 

P. (1999). The transition from proliferation to differentiation is delayed in satellite cells from 

mice lacking MyoD. Developmental biology 210, 440-455. 

Yaffe, D., and Saxel, O. (1977). Serial passaging and differentiation of myogenic cells isolated 

from dystrophic mouse muscle. Nature 270, 725-727. 

Yang, W., Xia, Y., Hawke, D., Li, X., Liang, J., Xing, D., Aldape, K., Hunter, T., Alfred Yung, 

W.K., and Lu, Z. (2012). PKM2 phosphorylates histone H3 and promotes gene transcription 

and tumorigenesis. Cell 150, 685-696. 

Yilmaz, O.H., Valdez, R., Theisen, B.K., Guo, W., Ferguson, D.O., Wu, H., and Morrison, S.J. 

(2006). Pten dependence distinguishes haematopoietic stem cells from leukaemia-initiating 

cells. Nature 441, 475-482. 

Yin, H., Price, F., and Rudnicki, M.A. (2013). Satellite cells and the muscle stem cell niche. 

Physiological reviews 93, 23-67. 

Yoshida, Y., Takahashi, K., Okita, K., Ichisaka, T., and Yamanaka, S. (2009). Hypoxia enhances 

the generation of induced pluripotent stem cells. Cell stem cell 5, 237-241. 

Yu, W.M., Liu, X., Shen, J., Jovanovic, O., Pohl, E.E., Gerson, S.L., Finkel, T., Broxmeyer, H.E., 

and Qu, C.K. (2013). Metabolic regulation by the mitochondrial phosphatase PTPMT1 is 

required for hematopoietic stem cell differentiation. Cell stem cell 12, 62-74. 



 

198 
 

Zammit, P.S., Golding, J.P., Nagata, Y., Hudon, V., Partridge, T.A., and Beauchamp, J.R. 

(2004). Muscle satellite cells adopt divergent fates: a mechanism for self-renewal? The 

Journal of cell biology 166, 347-357. 

Zhang, J., and Ju, Z. (2010). Telomere, DNA damage, and oxidative stress in stem cell aging. 

Birth Defects Res C Embryo Today 90, 297-307. 

Zhou, Z., and Bornemann, A. (2001). MRF4 protein expression in regenerating rat muscle. 

Journal of muscle research and cell motility 22, 311-316. 

Zhu, H., Shyh-Chang, N., Segre, A.V., Shinoda, G., Shah, S.P., Einhorn, W.S., Takeuchi, A., 

Engreitz, J.M., Hagan, J.P., Kharas, M.G., et al. (2011). The Lin28/let-7 axis regulates glucose 

metabolism. Cell 147, 81-94. 

Zhu, H., Xiao, F., Wang, G., Wei, X., Jiang, L., Chen, Y., Zhu, L., Wang, H., Diao, Y., Wang, H., et 

al. (2016). STAT3 Regulates Self-Renewal of Adult Muscle Satellite Cells during Injury-

Induced Muscle Regeneration. Cell reports 16, 2102-2115. 

Zhu, S., Li, W., Zhou, H., Wei, W., Ambasudhan, R., Lin, T., Kim, J., Zhang, K., and Ding, S. 

(2010). Reprogramming of human primary somatic cells by OCT4 and chemical compounds. 

Cell stem cell 7, 651-655. 

 

  



 

199 
 

Chapter 9  

Appendices 

9.1 Laemmli loading buffer 

 4x Laemmli loading buffer was made up in distilled water with 0.25 M Tris at 

pH 6.8, 6 % SDS, 40% glycerol (v/v) and 0.04% bromophenol blue. Prior to use, 

dithriothreitol (DTT) was added 16% (w/v).  

9.2 Composition of Ponceau S stain 

 Ponceau S staining solution was prepared by adding 500 mg Ponceau powder, 

1 ml glacial acetic acid (v/v) and making up the solution to 100 ml with distilled water. 

Solution was then stored at room temperature until use.  

9.3 Tris buffered saline  

Tris buffered saline (TBS) was prepared by dissolving 8 g of NaCl and 2.42 g 

Trizma base in distilled water and making up to 50 ml. pH was adjusted to 7.6 before 

use. To prepare Tris buffered saline tween (TBST) solution 0.1% (v/v) Tween 20 was 

added to standard TBS solution.  

9.4 Phosphate buffered saline  

10x Phosphate Buffered Saline was acquired from Gibco (Gibco, Carlsbad, CA, 

USA) and diluted 1:10 in distilled water. pH was adjusted to 7.40 using 5M HCl before 

use. To prepare PBS Triton, Triton X-100 (Biorad, Carlsbad, CA, USA) was added to 

1 x PBS at 0.1% (v/v). 
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9.5 Supplementary figure 1 
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Figure 9.1 Myogenic cells retain a metabolic memory with high glucose 
availability, programming cells for differentiation. (A) To examine the long-term 
effects of an altered metabolic microenvironment, C2C12 cells were cultured for 24 
hrs in either HG, LG or GAL based growth media followed culture in standard 
differentiation media for 96 hrs. (B) DIC imaging of differentiated C2C12 cells 
preincubated in HG, LG or GAL. (C) Quantification of myotube diameter. (n>50 
measurements/replicate, n=3 replicates/group, mean ± SEM). (D) Western 
immunoblots for myogenic transcription factors in differentiated C2C12 cells. (E) 
Immunofluorescent labelling of differentiated cells with Pax7 and myosin heavy chain. 
(F) Quantification of the proportion of Pax7+ cells remaining following 6 days of 
differentiation. (n>5 measurements/replicate, n=3 replicates/group, mean ± SEM). 

ANOVA with Fisher’s LSD multiple comparison procedure, *p<0.05, **p<0.01) 
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9.6 Supplementary tables 

Table 9.1 Differential gene expression from scRNAseq performed on FI and 

cultured MuSCs 

https://drive.google.com/open?id=1yGq3ZD3SV0GF1wmPbHNMFBxZzGL-lpba 

 

Table 9.2 Differential gene expression from population RNAseq performed on 

C2C12 cells cultured for 24 hrs in HG, LG or GAL 

https://drive.google.com/open?id=1quq-3CL-RzPqbg-lgsx44BLvzs6IPUSs 

 

Table 9.3 Differential gene expression from scRNAseq performed on FI and 

cultured MuSCs for 96 hrs in HG, LG or GAL 

https://drive.google.com/open?id=16bQp3UC0OWvUU29Lnn54cG69s2mgyurg 

https://drive.google.com/open?id=1yGq3ZD3SV0GF1wmPbHNMFBxZzGL-lpba
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