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Abstract
It is well established that skeletal muscle homeostasis is dependent on the activity of the muscle
resident stem cells termed satellite cells (SCs). Many neuromuscular dystrophies and
complications brought on from ageing are associated with decline to the SC population. Thus,
there is a critical need to investigate the control mechanisms that dictate SC fate decisions for
self-renewal that are crucial to maintain the SC population. A fundamental regulator of SC fate
decisions is mitochondrial metabolism and thereby mitochondrial ATP generation via
oxidative phosphorylation (OXPHOS). In our study we uncover a potential novel role for the
transcriptional co-repressor retinoblastoma susceptibility protein like 1(Rbll or p107) in
manipulating the self-renewal capacity of SCs through its mitochondrial localization under the
control of the NAD*/NADH ratio. An investigation of this role for p107 function establishes a
new mechanism to target SC decline and improve muscle regeneration that is required in

muscular dystrophies and ageing.
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CHAPTER 1

LITERATURE REVIEW

1.1 Satellite cells

Skeletal muscle, comprising a large portion of total body mass, is a major organ crucial for
physical movement (Diaz-Vegas et al., 2019). This is made possible by muscle contraction of
thousands of multinucleated muscle fibers. In addition to physical movement, skeletal muscle is a
major source for glucose and fatty acid metabolism. Importantly, skeletal muscle demonstrates a
remarkable ability to undergo complete myofiber regeneration to maintain its normal physiology
over its entire lifetime. This is due to its inherent ability to respond to changes in contractile
activity, substrate availability and crucially to injury (Gundersen, 2011; Nguyen et al., 2019; Yin
etal., 2013).

Successful myofiber regeneration is made possible by the presence of muscle resident adult
myogenic stem cells termed satellite cells (SCs) (Mauro, 1961; Sousa-Victor et al., 2022). From
their discovery over half a century ago (Mauro, 1961), SCs have been a major focus of skeletal
muscle research. Due to their peripheral localization, SCs were originally hypothesized to be
dormant cells that are involved in myofiber regeneration (Mauro, 1961). This hypothesis was later
confirmed with advancements in skeletal muscle research revealing that SCs are the primary
myogenic stem cells responsible for skeletal muscle maintenance and regeneration (Moss &
Leblond, 1970; Reznik, 1969).

The SC population consists of 2% to 10 % of total myonuclei that are located between the
basal lamina of myofiber sarcolemma, which allows the signals to be received from the
surrounding microenvironment in a timely manner (Yin et al., 2013) (Dumont, Bentzinger, et al.,

2015). As in other stem cells, the SCs can self-renew to replenish their population or commit to



differentiate, adding nuclei to existing myofibers or altogether forming new myofibers.
Unfortunately, malfunctioning of the SC population is associated with the buildup of fibrotic tissue
from poor skeletal muscle regeneration and results in a progressive loss of muscle strength (Mann
etal., 2011; Sousa-Victor et al., 2022).

SC malfunction is commonly associated with the decline of skeletal muscle that is observed in
neuromuscular disorders such as muscular dystrophies and muscle complications associated with
ageing (N. C. Chang et al., 2016; W. Chen et al., 2020; Hwang & Brack, 2018). In muscular
dystrophies there is a malfunction to SC divisions which leads to poor regeneration (N. C. Chang
et al., 2016). In Duchenne muscular dystrophy, the absence of dystrophin causes SCs to give rise
to progenitors that have reduced transcription of myogenic regulatory factors (N. C. Chang et al.,
2018). This in turn leads to a diminished population of SCs required for sufficient muscle
regeneration. Research on aged skeletal muscle indicates that in both uninjured and injured muscle
there is a decline in the function and number of SCs (Fig. 1.1) (Cosgrove et al., 2014). Moreover,
the age-related changes to the microenvironment are thought to influence quiescent SCs, by
reducing their self-renewal capacity and activation potential (Chakkalakal et al., 2012; Hwang &
Brack, 2018). This contributes to the diminished skeletal muscle regeneration from the smaller
initial starting population of SCs with reduced proliferative ability that is observed in aged muscle

(Fig. 1.1) (Shefer et al., 2006).
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Figure 1.1: Schematic of SC decline observed through ageing. Compared to young skeletal
muscle, aged skeletal muscle is associated with poor regeneration and a diminished SC
population.
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1.2 Satellite cell fate decisions

It is well established that SCs exist as a quiescent adult stem cell population that can
become activated upon the introduction of stimuli, for example from muscle injury (Fig. 1.2) (Yin
et al., 2013). Upon activation, SCs begin to proliferate to eventually generate new quiescent stem
cells or commit to differentiate (Fig. 1.2) (Almada & Wagers, 2016; Giordani et al., 2018; Zammit
et al., 2006). SCs are known to have differing protein and gene expression profiles during
quiescence, activation, and differentiation, which allows for the discrimination of each of these
states (Giordani et al., 2018). Quiescent SCs are characterized by the expression of paired
homeobox transcription factor 7 (Pax7) (Fig. 1.3) (Zammit et al., 2006). Upon the introduction of
stimuli from injury, the quiescent SCs activate and begin protein expression of myogenic
determining factor 1 (MyoD) and might also express myogenic factor 5 (Myf5) (Kuang et al.,
2007; Zammit et al., 2006). In quiescent SCs, MyoD and Myf5 ribonucleic acid (RNA) transcripts

are stored in structures known as granules (Crist et al., 2012). The granules are comprised of non-



translating messenger RNA (mRNA) that is ready for release and translation upon activation to
instigate a rapid start to the myogenic program (Crist et al., 2012; de Morrée et al., 2017).
Correspondingly, SC activation is followed by a rapid increase in MyoD gene and protein
expression which promotes rapid entry to proliferation (Yablonka-Reuveni, 2011; Zammit et al.,
2006). Once activated, SCs enter a proliferative state, rapidly dividing to generate enough cells for
differentiation and for maintenance of the quiescent SC population (Fig. 1.3). A small subset of
the proliferating SCs will discontinue MyoD protein expression and become quiescent SCs (Fig.
1.3) (Zammit et al., 2006). Whereas most will differentiate, terminating Pax7 expression and
initiating the expression of various muscle specific genes that include other myogenic regulatory
factors (MRFs) such as Myogenin (Myog) and structural proteins (Dumont, Bentzinger, et al.,
2015). Thus, based on Pax7 and MyoD protein expression, SCs can be discriminated as quiescent
(Pax7+/MyoD-), activated/proliferating (Pax7+/MyoD+), or differentiating (Pax7-/MyoD+) (Fig.

1.3) (Olguin et al., 2007; Yin et al., 2013; Zammit et al., 2004, 2006).
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Figure 1.2: Schematic of SC fates. SCs are normally quiescent and become activated after the
introduction of a stimuli. SCs then rapidly proliferate to generate sufficient progeny for
differentiation. A small portion of the proliferating SCs replenish the quiescent SC pool.




SCs isolated from tissue or ex vivo from myofibers that are cultured in vitro can proliferate
and be induced to differentiate into myotubes (Yin et al., 2013). In vitro, the proliferating cells are
referred to as myoblasts or myogenic progenitors (MPs), which correspond to myofiber associated
proliferating SCs (Fig. 1.4) (Snow, 1978). Additionally, MPs that are induced to undergo
differentiation but maintain their myogenic potential are referred to as reserve cells (Fig. 1.4).
Reserve cells can become activated and differentiate, thus are thought to be analogous to a
myofiber associated quiescent SC population (Pax7+/MyoD-) (Fig. 1.3) (Nalbandian et al., 2021;

Yoshida et al., 1998).
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Figure 1.3: Pax7 and MyoD expression profile in SC fate. All quiescent SCs exclusively
express Pax7 and only begin to express MyoD once activated. Some activated SCs can lose their
Pax7 expression and differentiate to form myofibers. Self-renewal occurs when activated SCs
downregulate MyoD and return to quiescence.

Quiescent SCs are thought to exist as a heterogenous population, Kuang et al showed that
roughly 90% of SCs are a committed population that have expressed Myf5 at some point during
their lifetime before returning to quiescence, and 10% being an uncommitted population that has
never expressed Myf5 (Feige et al., 2018; Kuang et al., 2007). The latter population can undergo
asymmetric division which produces Myf5 positive and negative cells. Moreover, both populations
can undergo symmetric division, which is responsible for expanding their populations, resulting
in two Myf5 positive or two Myf5 negative cells (Dumont, Bentzinger, et al., 2015; Kuang et al.,

2007; Yin et al., 2013).



The regulation of symmetric and asymmetric SC division that is required for the
maintenance of the SC population is preserved by Wingless-type MMTV integration site 7A
(Wnt7A) signaling and its receptor Frizzled 7 (Fzd7) (le Grand et al., 2009). Recently, the
dystrophin glycoprotein complex has also been implicated in regulating SC asymmetric division
(N. C. Chang et al., 2018; Dumont, Wang, et al., 2015). Studies on mdx mice revealed that
dystrophin controls Carm1 phosphorylation which effects Pax7 methylation and thereby Myf5
transcription (N. C. Chang et al., 2018). In addition, dystrophin is shown to control the expression
of Mark?2 a kinase known to regulate cell polarity (Dumont, Wang, et al., 2015). Both regulatory
pathways function by dictating the polarity of the cell and thus causing a parallel (symmetric) or
perpendicular (asymmetric) division to occur with respect to the basal lamina (N. C. Chang et al.,

2018; Dumont, Wang, et al., 2015; le Grand et al., 2009).

1.3 Glycolysis and OXPHOS in energy metabolism
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Figure. 1.4 Schematic of myogenic progenitor and reserve cell generation from SCs. In vitro
SCs become myogenic progenitors (MPs) that are analogous to the myofiber bound
activated/proliferating SCs. MPs have the ability to differentiate and form new myotubes or to
become reserve cells that are analogous to quiescent SCs. The reserve cells can be activated to
proliferate leading to myotube formation and/or more reserve cells. Figure created with
BioRender.

Crucial to SC function is the interplay between glycolysis and oxidative phosphorylation
(OXPHOS) that generate ATP (Bhattacharya & Scime, 2020). Glycolysis rapidly generates two
molecules of ATP and glycolytic intermediates that might be used to make nucleotides, lipids,

amino acids, reduced nicotinamide adenine dinucleotide (NADH) and reduced nicotinamide



adenine dinucleotide phosphate (NADPH) (Lunt & vander Heiden, 2011). The NADH produced
from glycolysis can remain in the cytoplasm or be transported into the mitochondria via the malate-
aspartate shuttle to be serve as a reducing agent for OXPHOS (Kane, 2014). Pyruvate, the end
product of glycolysis can form acetyl-coA via pyruvate dehydrogenase (Pdh) or oxaloacetate via
pyruvate carboxylase. Acetyl-coA and oxaloacetate might be shuttled into the tri-carboxylic acid
cycle (TCA), which is present in the mitochondria, where the reducing agents NADH and reduced
flavin adenine dinucleotide (FADH2) are produced (Fig. 1.5) (DeBerardinis et al., 2008; Martinez-
Reyes et al., 2016). Alternatively, pyruvate can be converted to lactate in the cytosol with oxidation
of NADH by lactate dehydrogenase (Ldha) (Fig. 1.5). Lactate formation typically occurs in the
absence of oxygen and is known as anaerobic glycolysis. However, aerobic glycolysis occurs if
lactate is formed in the presence of oxygen when the need for rapid ATP supply is required (Lunt

& vander Heiden, 2011).

OXPHOS, which takes place in the mitochondria produces more ATP than glycolysis at a
slower rate (Pfeiffer et al., 2001). The mitochondria are a cellular organelle comprised of an outer
and inner double membrane (Chandel, 2018). The area between the membranes is termed the
intermembrane space, while the matrix is designated as the area enclosed by the inner membrane
(Chandel, 2018). Mitochondrial ATP generation via OXPHOS occurs on the inner membrane
where the electron transport chain (ETC) accepts electrons from reducing agents produced mainly
from the TCA cycle or NADH from glycolysis. The ETC is comprised of 5 major complexes (I
through to V) and a lipid soluble electron carrier between complexes I/II and III called ubiquinone
(UQ) and a water-soluble carrier between complexes III and IV called cytochrome ¢ (Cyt c)
(Martinez-Reyes & Chandel, 2020). NADH and FADH2: enter the ETC through complexes I and

II respectively where they are oxidized and their electrons are passed through the chain and travel



to the final electron acceptor oxygen at complex IV (Fig. 1.5) (Martinez-Reyes & Chandel, 2020).
The passing of electrons through the ETC results in the pumping of protons by complexes I, I,
and IV from the matrix to the inter-membrane space (Martinez-Reyes & Chandel, 2020). The
movement of protons generates the mitochondria membrane potential (y) (Martinez-Reyes et al.,
2016; Martinez-Reyes & Chandel, 2020) that causes protons to funnel through complex V, which
is an ATP synthase causing the production of ATP from ADP (Fig. 1.5) (Martinez-Reyes &

Chandel, 2020).

Glucose
ADP + Pi NAD*
ATP NADH ~
Pyruvate = = = =
NADH
NAD*
Lactate

Figure 1.5: Diagram of glycolysis and OXPHOS. In the cytoplasm, glucose is converted to
pyruvate via glycolysis, which enters the mitochondria and TCA cycle as acetyl-CoA. The
NADH and FADH2 generated from glycolysis and the TCA cycle is oxidized in the ETC by
donating electrons. The electrons () are funneled through the complexes and transported via
ubiquinone (UQ) and cytochrome C (CytC) eventually contributing to the generation of ATP
via OXPHOS. Protons are pumped out of matrix at complex 1 (C1), complex 3 (C3) and complex
4 (C4) and pumped back into the matrix at complex 5 (C5).




1.4 Mitochondrial DNA

The mitochondria contain their own DNA within the matrix. The mitochondrial DNA
(mtDNA) contains about 16,600 base pairs of double stranded DNA (D’Souza & Minczuk, 2018).
It consists of a regulatory non-coding D-loop region and encodes 13 messenger RNAs (mRNAs),
which are translated into subunits of the ETC complexes, 2 ribosomal ribonucleic acids (rRNA)
and 22 transfer ribonucleic acids (tRNA) (Fig 1.6) (D’Souza & Minczuk, 2018). The two strands
of mtDNA can be subdivided into a heavy and light strand. The light strand only contains one gene
promotor element (LSP), whereas the heavy strand contains two unique promoters (HSP1) and
(HSP2) from where transcription can be initiated (Fig. 1.6) (D’Souza & Minczuk, 2018). LSP is
associated with the transcription of Nd6, a subunit of complex I in addition to 8 tRNAs (Guja &
Garcia-Diaz, 2012). HSP1 encodes 16S and 12S rRNA and HSP2 generates a polycistronic RNA
that encodes 12 mRNAs and 12 tRNAs (Fig. 1.6) (D’Souza & Minczuk, 2018; Guja & Garcia-
Diaz, 2012).

For the initiation of mtDNA transcription to occur, transcription factor A of mitochondria
(Tfam), mitochondrial DNA-directed RNA polymerase (Polrmt) and transcription factor B2 of
mitochondria (Tfb2m) are recruited (Farge & Falkenberg, 2019; Gustafsson et al., 2016). Tfb2m
is thought to interact with Polrmt to facilitate a transition to an open promoter, which is required
for transcription initiation (Ramachandran et al., 2017). There are two major hypotheses regarding
the role of Tfam in the transcription complex. In one hypothesis Tfam acts as a transcriptional
activator and detaches from the Tfb2m and Polrmt complex once transcription has begun
(Gustafsson et al., 2016; Hillen et al., 2017; Morozov et al., 2015). In another, Tfam is part of the
Tfb2m and Polrmt complex throughout transcription (Lodeiro et al., 2012; Zollo et al., 2012).

Intriguingly, in proliferating myogenic cell line C2C12 Tfam protein expression remains relatively



low and rapidly increased during differentiation (Collu-Marchese et al., 2015). This suggests that
in SCs Tfam might not be an active member of the mitochondrial transcription complex during
proliferation.

Importantly, the mtDNA is a regulator of ATP synthesis rates, as it is responsible for the
expression of the mitochondrial genes that make up functional components of 4 out of 5 of the
ETC complexes (Fig. 1.6) (Gustafsson et al., 2016). This is apparent in some diseases and with
ageing where mutations in the mtDNA reduces mitochondrial efficiency resulting in decreasing

ATP generation capacity (Carelli & Chan, 2014; Ryzhkova et al., 2018).

Mitochondrial DNA

Figure 1.6: Schematic of mitochondrial DNA. The mitochondrial DNA is comprised of two
heavy strand promoters (HSP1 and HSP2) and one light strand promoter (LSP) (green). The
ETC subunit genes encoded are for complex I, Nd1, Nd2, Nd3, Nd4, Nd5, Nd6 (blue), complex
I, Cyt B (grey), complex IV, CoxI, CoxIl, CoxIII (yellow), and complex V, ATP 6 (red) and
two rRNA genes, 16s rRNA and 12s rRNA (purple). Eight other tRNAs are not visualized.
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1.5 The NAD*/NADH redox ratio and Sirtuins in SC fate choices

The NAD/NADH ratio can act as a measure of the relative contribution of glycolysis and
OXPHOS to ATP generation (Canto et al., 2015). A low NAD*/NADH ratio is associated with an
increased reliance on glycolysis for ATP generation, whereas a high NAD"/NADH ratio is
indicative of a greater contribution from OXPHOS (Fig. 1.7) (Lunt & vander Heiden, 2011). The
phenomena of a low NAD/NADH ratio is a common feature of cells that undergo high levels of
proliferation, such as cancers cells and cells that are exposed to hypoxic environments, where
glycolysis is the driving force for ATP production (Eales et al., 2016; vander Heiden &
DeBerardinis, 2017). Likewise, in conditions of hyperglycemia where the NAD"/NADH ratio is
low, there is a reduction to OXPHOS in favor of glycolysis for ATP production (Xiao et al., 2018).
In contrast, in conditions of caloric deficit or glucose starvation which increase the NAD*/NADH
ratio, there is a reliance on OXPHOS in place of glycolysis for ATP production (Xiao et al., 2018).
Overall, ATP production in a cell is a balance between glycolysis and OXPHOS, and an important
parameter that measures the contribution of either pathway is the NAD*/NADH ratio (Canto et al.,

2015; Eales et al., 2016; Xiao et al., 2018).

Low NAD*/NADH High NAD*/NADH
Glycolysis Glycolysis

Figure 1.7: Schematic of relative contribution of glycolysis and OXPHOS with low or high
NAD*/NADH ratio. When the NAD*/NADH ratio is low there is shift to a more glycolytic
metabolism where glycolysis becomes the main source of ATP generation. In contrast, when
the NAD"/NADH ratio is high there is a reliance on OXPHOS for ATP generation in place of
glycolysis.
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In SCs, there is a gradual decline in mitochondrial content and thereby activity that occurs
with ageing (Garcia-Prat et al., 2016). This is thought to be modulated by the decline to NAD*
levels that occurs alongside mitochondrial decline in ageing (Frederick et al., 2016). Intriguingly,
the replenishment of NAD" to aged mice saw improvements to SC activation and skeletal muscle
regeneration following injury (H. Zhang et al., 2016). Moreover, the replenishment of NAD" in
SCs and C2C12 MPs improved mitochondrial function and reduced the expression of cellular
senescence markers (H. Zhang et al., 2016).

NAD" is involved in many cellular reactions and is known to exert its metabolic effect
through its function as a positive cofactor for the sirtuin (Sirt) family of deacetylases (Boutant &
Canto, 2014). The Sirts are known to act as cellular energy sensors through the NAD*/NADH, as
their activity increase when the ratio is high and there is more NAD" available (Boutant & Cant0,
2014; Cerutti et al., 2014). Sirt1 is known to enhance mitochondrial activity by its NAD" dependent
interaction with peroxisome proliferator-activated receptor gamma coactivator-1o (PGC-1), which
enhances mitochondrial biogenesis (Canto et al., 2012; Gerhart-Hines et al., 2007). Due to the
reliance on NAD" for Sirtl to exert its effects on metabolism, any manipulation to the
NAD'/NADH ratio influences Sirtl activity (Boutant & Canto, 2014; Cerutti et al., 2014). This is
demonstrated in conditions of soaring glucose or fat availability which lower the NAD/NADH
ratio and decrease Sirtl activity or in conditions of caloric restriction, which do the opposite.
(Anderson et al., 2017; Canto et al., 2015).

Sirtl is thought to play a crucial role in SC fate decisions. Its activity during SC activation
is debated and there are opposing views. On one hand Sirtl has been shown to upregulate
autophagy to provide the energy required for SC proliferation (Tang & Rando, 2014). Moreover,

the deletion of SC specific Sirtl has been shown to delay SC activation and reduce muscle

12



regeneration, whereas its overexpression has been shown to improve muscle regeneration in
elderly mice (Myers et al., 2019; Tang & Rando, 2014). On the contrary, Sirtl has been shown to
become less active during SC activation due to the decrease in free NAD™ from the metabolic shift
to glycolysis from OXPHOS (Ryall et al., 2015). Moreover, the absence of Sirtl has been shown
to deregulate SC activation and promote premature differentiation (Ryall et al., 2015). Consistent
with these findings, the activation of Sirtl via caloric restriction is strongly linked with enhanced
SC self-renewal and enhanced proliferative capacity (Cerletti et al., 2012).The diverging role of
Sirt]l explained by these groups might be due to differences in the time point considered for SC
activation and the use of whole body versus SC specific Sirt]1 KO models (Ryall et al., 2015; Tang
& Rando, 2014). Intriguingly, Sirtl and SCs both decline with age, which suggests that Sirtl
activity might have a protective affect against the age-related decline in SC regenerative capacity
(Myers et al., 2019). Notably, SCs with a Sirtl deletion fail to activate, decrease mitochondrial
function, and reduce skeletal muscle regeneration capacity post injury (H. Zhang et al., 2016).

Sirt2, another Sirt family member, is also known to regulate SC fate choices by enhancing
SC self-renewal via its deacetylation of Pax7 (Sincennes et al., 2021). Sirt2 knockdown increased
asymmetric divisions resulting in the expansion of the Myf5 positive SC population and enhanced
Myf5 expression (Sincennes et al., 2021). In addition, Sirt2 activity is shown to be necessary to
maintain MP proliferation and repress differentiation by complexing with MyoD (Fulco et al.,
2003; Massenet et al., 2021). Indeed, cells with decreased Sirt2 expression had a greater propensity
to prematurely differentiate (Fulco et al., 2003).

Sirt3, is known to function solely in the mitochondria and is considered to control
mitochondrial metabolism through its NAD" dependent deacetylase activity (Costa-Machado &

Fernandez-Marcos, 2019). In the mitochondria Sirt3 has been shown to regulate the acetylation
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levels of many mitochondrial proteins involved in transcription, translation, lipid metabolism,
ETC, OXPHOS and the TCA cycle (J. Zhang et al., 2020). Moreover, Sirt3 decline has been shown
to negatively affect mitochondrial OXHPOS activity and is a characteristic of the age-related
mitochondrial decline observed in muscle (Costa-Machado & Fernandez-Marcos, 2019; J. Zhang
et al., 2020). Though there is not much research on the role of Sirt3 in SC fate choices, Sirt3 has
been shown to regulate myoblast differentiation (Abdel Khalek et al., 2014). Abdel et al, show that
in C2C12 cells Sirt3 expression peaks at the onset of differentiation and the inhibition of Sirt3
expression results in diminished terminal differentiation (Abdel Khalek et al., 2014). Moreover,
the reduced differentiation capacity is evidenced by the low expression levels of Myog and decline
of the myofusion index (Abdel Khalek et al., 2014).

The NAD/NADH ratio can be used as a tool to gauge the level of free acetyl-coA. When
the NAD/NADH ratio is low (glycolytic flux is high) there is an increase of acetyl-coA formation
(Klimova et al., 2019; Yucel et al., 2019). Contrarily, when the NAD"/NADH ratio is high
(OXPHOS is favoured) then acetyl-coA is used in the TCA cycle to generate the reducing agents
required for the ETC causing a decline in free acetyl CoA levels (Klimova et al., 2019; Yucel et
al., 2019). In SCs, acetyl-coA has been shown to promote SC activation and myogenic progression
through its control over histone and Pax7 acetylation levels (Massenet et al., 2021; Sincennes et
al., 2021). Moreover, with the onset of differentiation SCs are characterized by hyperacetylation
of histones H3 and H4 which are associated with the promotion of differentiation related genes
(Massenet et al., 2021). Intriguingly, the reduction of acetyl-coA mediated Pax7 acetylation results
in a significant decline to Myf5 expression and promoted an expansion of the quiescent SC

population (Sincennes et al., 2021). These findings indicate that increased acetyl-coA levels

14



promote SC activation and myogenic progression while a decline to acetyl-coA mediated
acetylation promotes SC self-renewal.
1.6 Satellite cell metabolism

SCs have a dynamic metabolic profile that is manifested during their various fate decisions
(Bhattacharya & Scime, 2020). They are predominately OXPHOS reliant during quiescence,
which is followed by an upregulation of glycolysis during activation and finally, a switch back to
OXPHOS during differentiation (Fig. 1.8). Notably, during quiescence SCs have greater levels of
OXPHOS related gene expression (Ryall et al., 2015). In quiescence this coincides with the heavy
reliance on B-oxidation of fatty acids that are utilized to generate ATP via OXPHOS, and the very
low metabolic rate observed in SCs (Latil et al., 2012). Despite their reliance on OXPHOS for
ATP generation, quiescent SCs are generally characterized with having few mitochondria that are
concentrated around the nucleus (Latil et al., 2012).

Based on their mitochondrial content, quiescent SCs are divided into two subpopulations
that are inversely related to their Pax7 expression (Rocheteau et al., 2012). The subpopulation of
SCs with higher levels of Pax7 and lower levels of mitochondrial content are shown to have a
lower metabolic rate than the SCs with lower levels of Pax7 and higher mitochondrial content
(Rocheteau et al., 2012). The population with higher levels of Pax7 expression maintain their
quiescence for a longer time before activating (Rocheteau et al., 2012).

Recent studies show that enhanced mitochondrial fusion promotes SC quiescence and
delays entry into the cell cycle (Baker et al., 2022; Hong et al., 2022). The deletion of the
mitochondrial fusion protein OPA1 shift SCs into a G-alert quiescent state, which causes them to
prematurely activate in response to stimuli. Conversely, the overexpression of OPA1 was shown

to promote a deeper quiescence due to the increased mitochondrial fusion and thereby
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mitochondrial activity (Baker et al., 2022). The deeper quiescence observed in SCs with enhanced
mitochondrial fusion appears to mimic the phenotype observed in the population of SCs with
higher levels of Pax7 (Baker et al., 2022; Rocheteau et al., 2012). Ultimately, OXPHOS and
thereby mitochondrial activity appear to be essential for the preservation of SC quiescence.

During activation, SCs switch from a reliance on OXPHOS to glycolysis (Fig. 1.8)
(Bhattacharya & Scime, 2020; Ryall et al., 2015). A study on the gene expression profile of
activated SCs indicated there is an increase in the expression of glycolysis related genes and a
decline in OXPHOS related gene expression (Yucel et al., 2019). The switch to glycolysis is
thought to be necessary to provide metabolites and the rapid generation of ATP that is required to
facilitate the high rate of proliferation. Moreover, an analysis of skeletal muscle three days post
injury, a time point when SCs are activated, revealed there was a massive increase in glycolysis
(Pala et al., 2018). The switch favouring glycolysis for activation is hypothesized to be partially
facilitated by mitochondrial fission that occurs in response to stimuli from injury (Hong et al.,
2022). However, as proliferating SCs transition to differentiation there is a steady increase to
mitochondrial content and OXPHOS related gene expression despite a continued reliance on
glycolysis for ATP production. (Ryall et al., 2015). Furthermore, the reduced reliance on OXPHOS
for ATP generation observed in activated SCs is thought to possibly protect them from
mitochondrial ROS production that promotes early differentiation (Baker et al., 2022; Folmes et
al., 2012).

As in quiescence, when SCs exit proliferation and enter differentiation, glycolysis begins
to subside in favour of OXPHOS for ATP generation which is supported by changes to OXPHOS
related gene expression (Fig. 1.8) (Bhattacharya & Scime, 2020; Hoffmann et al., 2018). Thus,

pyruvate is preferentially shuttled into the TCA cycle as acetyl-coA to provide sufficient flux for
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the ETC instead of forming lactate through Ldha activity in the cytoplasm (Hoffmann et al., 2018).
This is corroborated by the conditional deletion of Pdh in proliferating SCs that results in poor
myoblast differentiation and skeletal muscle regeneration (Hori et al., 2019). The increase to ETC
gene expression observed during MP differentiation is thought to occur through MyoD activity
(Hoffmann et al., 2018; Shintaku et al., 2016). This is due to the interaction between MyoD with
PGC-1B, and other metabolic genes involved in promoting mitochondrial biogenesis and ETC
function (Shintaku et al., 2016). Overall, there is a shift to OXPHOS for ATP generation during

differentiation.
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Figure 1.8: Diagram of the metabolic shift that occurs in SCs as they transition from
quiescence to differentiation. Quiescent SCs are characterized with having relatively low
glycolytic rate and a high reliance on OXPHOS via B-oxidation for ATP generation. Activated
and proliferating SCs shift to a reliance on glycolysis in place of OXPHOS. The transition to
differentiation is marked by a shift back to a reliance on OXPHOS for ATP generation.

1.7 The role of p107 in SC metabolism

Rbl1 (p107), a transcriptional co repressor, is a member of the retinoblastoma susceptibility
(Rb) gene family, which also consists of Rb1l (Rb) and Rbl2 (p130). Along with its family
members, pl07 is implicated as a cell cycle regulator (Fischer & Miiller, 2017; Henley & Dick,
2012). Studies for nuclear localized p107 show that it does not directly bind to the DNA but rather
interacts with the transcription factors E2f4 or E2f5 (Fig. 1.9) (Wirt & Sage, 2010). The

interruption of this interaction by cyclin/Cdk phosphorylation of p107 is thought to derepress gene
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expression (Beijersbergen et al., 1995). p107 is almost always expressed only in proliferating cells

and absent in quiescent and differentiated cells (Wirt & Sage, 2010).
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Figure 1.9: Schematic diagram of p107 nuclear and mitochondrial function. p107 interacts
with E2f4 and E2f5 to repress transcription in the nucleus. p107 in the mitochondria decreases
mitochondrial gene expression, ETC complex formation and OXPHOS capacity but its
interacting transcription factor partner (TF?) is unknown. Figure created with BioRender.

Aside from its cell cycle regulatory role, p107 is shown to have a considerable influence
on cellular metabolism. p107 genetically deleted (p107KO) mice were shown to preferably
develop thermogenic highly oxidative brown and beige adipose tissue, rather than white (de Sousa
et al., 2014; Scime et al., 2005). In vivo and in vitro p107KO adipogenic progenitors present in the
stromal vascular fraction of mice as well as p107KO murine embryonic fibroblasts (MEF) readily
differentiated into the oxidative thermogenic adipocytes (de Sousa et al., 2014). Importantly, it
was revealed that pl07 regulates adipocyte lineage fates via its control over determining an
oxidative metabolic state (Porras et al., 2017). p107 depleted adipogenic progenitors develop a
aerobic glycolysis with the potential for high OXPHOS to drive commitment to thermogenic
adipocytes (Porras et al., 2017). This was confirmed with growth arrested p107KO MEFs that were
shown to have significantly greater oxygen consumption compared to their wildtype counterparts
(de Sousa et al., 2014; Porras et al., 2017). These findings strongly suggesting that p107 limits the

capacity for oxidative energy production.
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In skeletal muscle p107 was shown to influence muscle fiber type differentiation. Skeletal
muscle from p107 deficient mice display higher levels of oxidative type I and type IIA muscle
fibers (Scime et al., 2010). Additionally, the differentiation of primary myogenic progenitors from
p107KO mice resulted in highly oxidative myotubes compared to controls (Scim¢ et al., 2010).
These findings suggested that p107 might regulate the metabolism and cell fate decisions of SCs
as it does in adipocyte progenitors. Recently, we established a novel mitochondrial role of p107 in
C2C12 cells that reveals its effect on reducing OXPHOS capacity (Fig. 1.9) (Bhattacharya et al.,
2021). Bhattacharya et al determined that pl07 interacts with the mtDNA to represses its
transcriptional activity (Bhattacharya et al., 2021). Indeed, p107KO C2C12 cells exhibited higher
levels of OXPHOS, greater mitochondrial activity and enhanced mitochondrial gene expression
compared to controls (Bhattacharya et al., 2021). Moreover, p107 mitochondrial function is
regulated by Sirtl activity through the NAD*/NADH ratio, as p107 mitochondrial localization was
inversely correlated with NAD*/NADH in C2C12 cells (Fig. 1.10) (Bhattacharya et al., 2021).
These findings establish p107 as a metabolic regulator in muscle progenitors that might have an
influence in SC fate decisions. However, the role for p107 in metabolic regulation in SCs and fate

decisions has not been investigated.
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Figure 1.10: Schematic diagram of NAD*/NADH ratio mediated control of p107
mitochondrial activity. pl07 mitochondrial activity is inversely correlated to the
NAD'/NADH ratio. When the NAD*/NADH ratio is low, p107 mitochondrial activity
increased and there is a decline to mitochondrial function. When the NAD"/NADH ratio is
high, p107 mitochondrial activity is reduced and mitochondrial activity is enhanced
(Bhattacharya et al., 2021). Figure created with BioRender.
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CHAPTER 2

RATIONALE, HYPOTHESIS AND OBJECTIVES

Rationale

SC fate decisions, which are associated by dynamic changes in metabolism, are essential to the
maintenance of skeletal muscle homeostasis, (Bhattacharya & Scime, 2020). There is evidence
that the transcriptional corepressor pl07 influences the metabolism of adipose and muscle
progenitors (de Sousa et al., 2014; Porras et al., 2017; Scime et al., 2005). Our lab has shown that
pl107 is implicated in the white versus beige adipocyte lineage fate decision and oxidative muscle
fiber type formation (de Sousa et al., 2014; Porras et al., 2017; Scime¢ et al., 2005). More recently,
our lab has established a novel role for p107 in regulating OXPHOS and mitochondrial efficiency
(Bhattacharya et al., 2021). We have shown that p107 when localized to the mitochondria represses
mtDNA transcription, which consequently reduces mitochondrial OXPHOS capacity
(Bhattacharya et al., 2021). Conversely, mitochondrial absence of p107 increases mitochondrial
gene expression causing OXPHOS capacity to increase (Bhattacharya et al., 2021). However, these
findings primarily focus on primary proliferating myogenic progenitors and C2C12 cells. Indeed,
the mitochondrial role of p107 in in SC fate decisions are unknown. This investigation of p107 in
SCs might provide new insights to combating muscle deficiencies associated with neuromuscular
diseases and ageing.

Hypothesis

We hypothesize that p107 contributes to SC fate decisions through a mitochondrial metabolic

function.
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Objectives

The primary ambition of this research project is to determine a potential metabolic role of p107 in
primary SC activation and self-renewal by 3 specific objectives.

Aim 1: To corroborate p107 mitochondrial function

Aim 2: To determine a role for p107 in SC- self-renewal and activation

Aim 3: To determine the metabolic role of p107 in SC self-renewal and activation
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CHAPTER 3

MATERIALS AND METHODS

Mice

All animal experiments were performed in accordance with the guidelines approved by the
Animal Care Committee of York University, which are based on the guidelines of the Canadian
Council on Animal Care. Wild type (WT) and p107 genetically deleted (p107KO) mice (LeCouter
et al., 1998) used for all animal experiments are on a mixed strain (NMRI, C57/Bl6, FVB/N)
background (D. Chen et al., 2004). All mice were aged 6 to 8 weeks except for those involved in
cardiotoxin (Ctx) induced muscle regeneration experiments (9 to 12 week old). p107KO mice on
average were smaller in size than WT mice.
Cell culture

The C2C12 myogenic progenitor (MP) cell line was purchased from the American Tissue
Type Culture (ATCC). The cells were grown in 25mM glucose Dulbecco’s Modified Eagle
Medium (DMEM) (Wisent Bioproducts) supplemented with 10% fetal bovine serum (FBS)
(Wisent Bioproducts) and 1% penicillin streptomycin (P/S) (Wisent Bioproducts) at 37°C with 5%
CO2.
Primary myofiber isolation and culture

Primary extensor digitorum longus (EDL) myofibers were isolated from WT or p107KO
mice. EDL muscles were dissected tendon to tendon and digested in filter sterilized 0.2% type 1
collagenase in serum free DMEM for 45 minutes at 37°C. Upon sufficient unravelling, the muscles
were transferred to prewarmed cell culture dishes containing DMEM with 1% P/S. The muscles
were then gently flushed to induce the release of single myofibers with intermittent incubation at

37°C every 5-10 minutes. Myofibers were then moved to 24 well plates containing pre warmed
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25mM glucose DMEM supplemented with 20% FBS, 1% P/S, 1% chick embryo extract (CEE)
(MP Biomedicals) and 7.5ng/ml basic fibroblast growth factor (bFGF) (Peprotech) and cultured
for various times.

For nutrient specific experiments, myofibers were cultured for 72 hours in stripped DMEM
(ThermoFisher Scientific) lacking glucose, sodium pyruvate, HEPES and L-glutamine
supplemented with 5.5mM or 25mM glucose, 20% FBS, 1% P/S, 1% CEE and 7.5ng/ml bFGF.

A minimum of 60 myofibers were analyzed for all timepoints and nutrient condition with
atleast 15 myofibers from each mouse with atleast 4 WT and p107KO mice respectively. Quiescent
Pax7+MyoD-), activated (Pax7+MyoD+) and differentiating (Pax7-MyoD+) SCs were counted
and expressed as a fraction of the total SC population per myofiber. Dividing clusters were
described as 3 or more SCs in close proximity on the myofiber. Data were expressed as a fold
change of the fraction of quiescent, activated or committed SCs per myofiber or the fold change
of SCs in cluster per myofiber.

Reserve cells and myofusion index

After 3 days in culture 60 myofibers from each WT or pl107KO mouse were washed in
phosphate buffer saline (PBS) and transferred to rat tail collagen I (ThermoFisher Scientific)
coated Nunc Lab-Tek™ II chambered tissue culture plates (ThermoFisher Scientific). For reserve
cell determination, the fibers were cultured for 3 additional days before processing for
immunostaining the cells (MPs) derived from the SCs on the fibers with 4',6-diamidino-2-
phenylindole (Dapi), Pax7 and MyoD. The number of reserve cells (Pax7+MyoD-) were expressed
as a fraction of the total MPs observed that is Pax7+MyoD-, Pax7+MyoD+ and Pax7-MyoD+ and
displayed as a fold change between WT and p107KO. At least 7 different fields per mouse for 5

WT and 5 p107KO mice were used to collect data.
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For evaluation of myofusion index, the fibers were cultured for 3 days as per above and
then differentiated for an additional 3 days by incubating cells in 25mM DMEM supplemented
with 5% horse serum (Wisent Bioproducts) and 1% P/S. Differentiated cells were immunostained
with Dapi and Myosin heavy chain (Myh). Myofusion index was determined as a fraction of the
number of nuclei inside myotubes (Myh positive) divided by the total number of myotubes
expressing Myh in at least 5 different fields per mouse for 3 WT and 3 p107KO mice. Data were
expressed as a fold change between WT and p107KO.

Whole cell protein lysis

Cells were lysed in RIPA buffer (0.5% NP-40, 0.1% sodium deoxycholate, 150mM NaCl,
50mM Tris-Cl pH 7.5, SmM EDTA) containing 1mg/ml of pepstatin, aprotinin, and leupeptin
protease inhibitors on ice for 10 minutes. To remove cellular debris, the lysate was centrifuged at
21000g for 15 minutes at 4°C.

Cytosolic and mitochondrial isolation

For mitochondrial and cytoplasmic isolation, cells were washed in PBS, pelleted, dissolved
in 150ul of mitochondrial isolation buffer (0.25M sucrose, 0.1% BSA, 0.2mM EDTA, and 10mM
HEPES pH 7.4, with 1mg/ml of pepstatin, leupeptin, and aprotinin protease inhibitors). A Dounce
homogenizer was used to homogenize cells with a loose rod (6 times) followed by tight rod (6
times) on ice. The homogenate was transferred to 1.5ml centrifuge tubes and spun at 1000g for 10
minutes at 4°C. The supernatant was then centrifuged at 14000g for 15 minutes at 4°C and the
resulting supernatant, the cytoplasmic fraction, was transferred to a new tube. The pellet, the
mitochondrial fraction, was purified by washing 3 times in 150ul of mitochondrial isolation buffer
with centrifugation at 14000g for 15 minutes at 4°C each time. The mitochondria were lysed by

repeated freeze thaw cycles (3 times) using dry ice.
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Western blot analysis

For Western blot analysis protein lysates from whole cell, cytosolic, or mitochondrial
lysates were loaded onto gradient gels (6-15%), 6% or 10% SDS-PAGE gels. Samples were first
boiled for 4 minutes in loading buffer containing 4% SDS, 10% 2-mercaptoethanol, 20% glycerol,
0.004% bromophenol blue, 0.125M Tris HCl and ImM DTT. The samples were then loaded onto
a gel and run in 1X running buffer (10X running buffer contains 25mM Tris base, 192mM glycine
and 0.1% SDS powder and 90% ddH20) and proteins were separated by electrophoresis for 1 hour
and 45 minutes at 30 milliamps. After separation, proteins from the gel were transferred onto
0.22uM pore size nitrocellulose membrane (Santa Cruz Biotechnology) at 100V for 80 minutes at
4°C in transfer buffer (1x transfer buffer contains 50mM Tris base, 384mM glycine, 20%
methanol). Afterwards, the membranes were blocked for 1 hour at room temperature in 5% non-
fat milk in Tris-buffered saline (TBS) (50mM Tris-base and 150mM NaCl) with 0.1% Triton X-
100 (TBST) and then washed for 3 minutes in TBST. The membranes were then probed overnight
at 4°C with primary antibodies diluted in 1% BSA in TBST. The next day, membranes were
washed three times with TBST and secondary antibodies, goat anti-rabbit or goat anti-mouse (Bio-
Rad Laboratories), conjugated with horseradish peroxidase diluted in 5% non-fat milk in TBST
were added for 1 hour at room temperature with gentle rocking. After the incubation, membranes
were washed in TBST 3 times for 5 minutes with a final wash in TBS for 10 minutes. The
membranes were visualized with chemiluminescence Clarity Western ECL Substrate (Bio-Rad
Laboratories) on photographic UltraCruz Nitrocellulose Pure Transfer film (Santa Cruz
Biotechnology). Protein levels were evaluated by densitometry using Image J software. All
representative Western blot experiments were conducted at least 3 independent times with similar

results.
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Antibodies used

a-tubulin (66031-1-Ig Proteintech); Cox4 (ab16056, Abcam); E2f4 (E2F4-E3G2G Cell
Signaling); E2f5 (E2F5-C8 Santa Cruz Biotech); Histone H3 (histone H3-D1H2 Cell Signaling);
Laminin (NB300-14455 Novus Biologicals); Myh B-5 (sc-376157 Santa Cruz Biotech); MyoD
(NBP1-54153 Novus Biologicals); Pax7 (sc-81648 Santa Cruz Biotech); Pax7 (20570-1-AP
Proteintech); pl07 (13354-1-AP Proteintech); p107 (p107-SD9 Santa Cruz Biotech); p130
(RBL2-D9T7M Cell Signaling); Rb (Rb-D20 Cell Signaling); Sirtl (Sirt1-D1D7 Cell Signaling);
Sirtl (Sirt1-B7 Santa Cruz Biotechnology); Tfam1 (22586-1-AP Proteintech); Tom20 (11802-1-
AP Proteintech); IgG (IgG-D7 Santa Cruz Biotechnology); Goat anti-rabbit IgG (H+L) HRP
Conjugate (170-6515 BioRad); Goat Anti-Mouse IgG (H+L) HRP Conjugate (170-6516 BioRad);
Goat Anti-Rabbit IgG (H+L) Cross-Adsorbed secondary antibody, Alexa Fluor 594 (A11012 Life
Technologies); Donkey Anti-Mouse IgG Secondary Antibody NL 493 conjugated (NL0O09 Novus
Biologicals); Donkey Anti-Mouse IgG Secondary Antibody NL 557 conjugated (NLOO7 Novus
Biologicals); Donkey Anti-Rabbit IgG Secondary Antibody NL 637 conjugated (NLOO5 Novus
Biologicals)
Co-immunoprecipitation

For immunoprecipitation (IP), 40ul of PureProteome protein A/G mix magnetic beads
(EMD Millipore Corp) were pelleted using a magnetic separation rack (S1506S New England
BioLabs) and washed with 200ul PBS 3 times. Next, the beads were incubated with 10ug of
antibody; p107-SD9, Sirt1-B7 or IgG-D7 for 30 minutes while rocking at 4°C. After, cytosolic
protein lysates were added to the bead-antibody complexes for incubation overnight at 4°C while
rocking. The following day, the beads were washed with E1A wash buffer (50mM HEPES pH 7.0,

150mM NaCl and 0.1% NP-40), denatured in loading buffer and loaded onto SDS-PAGE gels.
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For co-IP, the gels were Western blotted for p107 (13354-1-AP) or Sirtl (D1D7). Inputs represent
10% of cytosolic protein lysates that were immunoprecipitated. All co-immunoprecipitation
experiments were conducts at least three independent times with similar results.

p107KO and Sirt1 KO cell line derivation

For co-immunoprecipitation experiments, Crispr/Cas9 was used to generate p107 and Sirt1
genetically deleted C2C12 cell lines used. These cell lines were used as negative controls to test
our antibodies to confirm that they specific for western blotting p107 or Sirtl. For p107KO cells,
C2C12 cells were transfected with 3 pLentiU6-sgRNA-SFFV-Cas9-2A-Puro plasmids each
containing a different sgRNA to target p107 sequences 110 CGTGAAGTCATCCAGGGCTT, 156
GGGAGAAGTTATACACTGGC and 350 AGTTTCGTGAGCGGATAGAA (Applied
Biological Materials), and for Sirt1KO with 2 Double Nickase plasmids each containing a different
sgRNA to target sequences 148 CGGACGAGCCGCTCCGCAAG and 110
CCATGGCGGCCGCCGCGGAA (Santa Cruz Biotechnology). For cell transfections, 10ug of
each plasmid, 2.5M CaClz, and double distilled water (ddH20) to a volume of 500ul was added
dropwise to HEBS buffer (274mM NaCl, 10mM KCl, 1.4mM Na2HPO4, 15mM D-glucose and
42mM HEPES), incubated at room temperature for 1 hour and then added to C2C12 cells plated
at 20% confluency.

For clonal selection, at 18 hours post transfection, the cells were passaged into 96 well
tissue culture plates and treated the next day and every 2 days for a total of 3 times with 2mg/ml
of puromycin in DMEM. Any surviving clones were grown and tested via Western blotting. For
control cells, C2C12 cells were transfected with an empty vector, pLentiU6-sgRNA-SFFV-Cas9-

2A-Puro and selected as above.
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p107 percent occupancy in mitochondria and cytoplasm

To determine the percentage of p107 occupancy in total, mitochondrial and cytoplasmic
fractions, 25% and 75% of 2x10° C2C12 cells were used to generate whole cell and
mitochondrial/cytoplasmic lysates respectively. The lysates were loaded onto polyacrylamide gels
and Western blotted for p107 (13354-1-AP, Proteintech), a-tubulin (66031-1-1Ig, Proteintech) and
Cox4 (ab16056, Abcam). The percent of mitochondrial or cytoplasmic p107 occupancy was
ascertained by the ratio of p107:Cox4 and p107:a-tubulin for whole cell representing the total,
and for the mitochondrial and cytoplasmic protein lysates, respectively, by densitometry using the
Image] software.
p107 internal mitochondria targeting signal-like (iMTS-L) sequence prediction

The p107 protein sequences that were analyzed for a potential iMTS-L sequence were the
polypeptides resulting from a sequential removal of a single amino acid from the N terminus end
of p107 (Backes et al., 2018; Emanuelsson et al., 2007; Rahbani et al., 2021). The polypeptides
were assessed for the presence of an iMTS-L sequence using the TargetP prediction algorithm
with the options set to non-plant organism, without cut-off and cleavage site prediction
(Emanuelsson et al., 2007). The mitochondrial targeting peptide probability (mTP) values obtained
from the TargetP algorithm were plotted against the corresponding amino acid. A threshold mTP
value of 0.75 was used to define the presence of a potential iMTS sequence (Backes et al., 2018;
Emanuelsson et al., 2007; Rahbani et al., 2021).
Quantitative chromatin immunoprecipitation assay (qChIP)

Mitochondrial fractions collected as described above were washed twice in PBS by
centrifugation at 14000g for 15 minutes at 4°C. The samples were then resuspended in 200ul of

PBS containing 1% formaldehyde and rocked at room temperature for 30 minutes to fix the cells.
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The fixation was stopped with the addition of 125mM glycine in PBS and rocked for 5 minutes at
room temperature. The fixed mitochondrial pellet was washed twice in PBS containing 100mM
NaF and 1mM Na3VOs via centrifuging at 14000g for 5 minutes at 4°C. The pellet was dissolved
in 500ul of ChIP lysis buffer (40mM Tris, pH 8.0, 1% Triton X-100, 4mM EDTA, 300mM NaCl)
and sonicated at 24% amplitude with 15 second intervals on and off for 3 cycles. After sonication,
the samples were centrifuged at 13000 rpm for 10 minutes at 4°C. The supernatant was transferred
to a new tube containing 100ul of dilution buffer 1 (40mM Tris, pH 8.0, 4mM EDTA). Input
controls were removed from the samples and 150l of dilution buffer 2 (40mM Tris, pH 8.0, 0.5%
Triton X-100, 4mM EDTA, 150mM NaCl) was added. Samples were precleared with 50ul of
protein A/G agarose beads (Santa Cruz Biotechnology) while being rocked for 90 minutes at 4°C.
Next, the beads were pelleted, and the supernatant was transferred to a new tube. To the samples
E2f4 (E2F4-E3G2G Cell Signaling), Tfam (22586-1-AP Proteintech) or IgG antibody (IgG-D-7
Santa Cruz Biotechnology) were added. The mixture was rocked overnight at 4°C and the
following day, 50ul of protein A/G agarose beads were added to the samples and rocked for 90
minutes at 4°C.

The beads were then washed with the following buffers in sequential order: a low salt wash
buffer ( 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris HCI, pH 8.0, 150mM NaCl), high
salt wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris HCI, pH 8.0, 500mM
NaCl), LiCl wash buffer (0.25M LiCl, 1% NP-40, 1% deoxycholic acid, ImM EDTA, 10mM Tris,
pH 8.0) and 2 washes with TE buffer (10mM Tris HCI, pH 8.0, ImM EDTA). Following the final
wash, the mtDNA-protein complexes were isolated by suspending the beads in 250ul of elution
buffer (1% SDS, 0.1M NaHCO3), vortexing, rocking for 15 minutes at room temperature and

centrifuging at 400g for 2 minutes. The supernatant was transferred to a new tube and the isolation
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step was repeated on the remaining beads. For isolation of mtDNA fragments, 20ul of 5M NaCl
was added to the 500ul of mtDNA-protein complexes in elution buffer and incubated at 65°C
overnight. The next day, the DNA was isolated using a DNA purification kit (Qiagen), and its
concentration determined using the NanoDrop 2000 (ThermoFisher Scientific). The isolated DNA
was amplified using qPCR with D-loop region primer sets GCGTTATCGCCTCATACGTT and
GGTGCGTCTAGACTGTGTG having an amplicon length of 173bp. The qPCR assays were
performed on Light cycler 96 (Roche) using SYBR green Fast qPCR master mix (Bimake)
according to the MIQE (Minimum Information for Publication of Quantitative Real-Time PCR
Experiments) guidelines (Bustin et al., 2009). The relative occupancy was determined by the ACt
method to obtain Ct values that are normalized to IgG Ct values.
Cardiotoxin-induced muscle regeneration

2-month-old anesthetized Wt and p107KO mice were injected intramuscularly in the
tibialis anterior (TA) muscle with 40ul of Ctx (Latoxan) that was prepared as a 10uM stock
dissolved in water. TA muscles, including uninjured contralateral muscles were harvested on the
21st day following Ctx injection and immersed in a 1:2 ratio of 30% sucrose:optimal cutting
temperature compound (OCT) (ThermoFisher Scientific). The immersed samples were slowly
frozen in liquid nitrogen-cooled isopentane. Following muscle freezing, samples were cross
sectioned at 10um thickness using a cryostat onto positively charged microscope slides
(FroggaBio) for immunohistochemistry.
Immunohistochemistry of muscle cross sections

TA muscle tissue cross sections were washed with PBS and fixed with 4%
paraformaldehyde (PFA) for 15 minutes at room temperature. The samples were then washed with

PBS to remove excess PFA and blocked with blocking buffer (5% goat serum, 5% donkey serum,
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0.1% Triton X-100 in PBS) for 45 minutes. Next, the tissues were incubated with primary antibody
anti-laminin (NB300-14455 Novus Biologicals) in blocking buffer at a 1:100 ratio for 90 minutes.
After three washes in 0.05% Tween 20 in PBS (PBST), tissues were incubated with secondary
antibody goat anti rabbit IgG Alexa Fluor 594 (ThermoFisher Scientific) in blocking buffer for 1
hour at a 1:200 ratio. The tissues were then washed 3 times with PBST and re incubated with
primary antibody Pax7 (sc-81648 Santa Cruz Biotech) in blocking buffer at a ratio of 1:100 for 90
minutes. The tissues were again washed 3 times with PBST and incubated with secondary antibody
donkey anti mouse IgG NL493 conjugated (R and D Systems) in blocking buffer at a ratio of 1:200
for 1 hour. After, the tissues were washed 3 times with PBST, Dapi was added. Vectasheild
mounting media (Vector) was added before the placement of the coverslip. Digital images were
taken with the Axio Scope.A1 using the EC Plan-Neofluar 20x/0.5 or EC Plan-Neofluar 40x/0.75
(Zeiss). At least, six fields per muscle section from 4 to 5 different mice for uninjured and Ctx
injury recovered conditions were used for analysis. Quiescent SCs were identified by counting the
Pax7+ nuclei per muscle fiber for uninjured and Ctx injury recovered WT and p107KO mice. Data
were expressed as a fold change of the Pax7+ per fiber.

To determine muscle cross sectional area, uninjured and Ctx injury recovered WT and
pl07KO TA muscle cross sections were immunostained according to the above protocol for Dapi
and laminin. At least, 5 fields were used per muscle section from 3 different mice per condition
for both WT and p107KO to gather data. Cross sectional area was measured using ImagelJ software
to outline each muscle fiber in a field and measure its area. ImageJ was calibrated to convert pixel
length to um? based on image scale to ensure accurate measurements. Data are expressed as a fold

change of cross-sectional area.

32



Immunocytochemistry and confocal imaging

Immunocytochemistry for reserve cells, and myfusion index, the cells were fixed for 10
minutes with 4% paraformaldehyde (PFA) and permeabilized for 30 minutes at room temperature
in blocking buffer (3% BSA, 0.3% Triton X-100, 5% goat serum and 5% donkey serum in PBS).
After blocking, cells were incubated with primary antibody Pax7 (sc-81648 Santa Cruz Biotech)
or MYH B-5 (sc-376157 Santa Cruz Biotech) at 1:100 dilution in blocking buffer for 1 hour. After
3 washes with PBST, cells were incubated with secondary antibody donkey anti-mouse IgG
NL493-conjugated (R and D Systems) at a 1:200 dilution in blocking buffer. Cells were then
washed with PBST 3 times and re incubated with primary antibody MyoD (NBP1-54153 Novus
Biologicals) or Pax7 (20570-1-AP Proteintech) at a 1:100 dilution in blocking buffer for 1 hour.
Cells were then washed 3 times with PBST and incubated with secondary antibody goat anti rabbit
IgG Alexa Fluor 594 (ThermoFisher Scientific) at a 1:200 dilution for 1 hour. After 3 washes with
PBST the cells were incubated with Dapi and Vectashield mounting media (Vector) was added
before placing the coverslip. Confocal images were obtained using the Axio Observer.Z1
microscope with alpha Plan-Apochromat 20x/0.8 M27 (Zeiss). Digital images were captured using
the Axiocam MR R3 and the Axio Scope.Al using the EC Plan -Neofluar 20x/0.5 or EC Plan-
Neofluar 40x/0.75 (Zeiss).

For visualizing myofiber associated SCs, myofibers were fixed for 10 minutes with
prewarmed 2% PFA in PBS while rocking at room temperature. Myofibers were then washed 3
times with PBS and incubated with permeabilization buffer (0.3% Triton X-100 and 0.1M glycine
in PBS) for 10 minutes while rocking. Next, myofibers were incubated with blocking buffer (2%
BSA, 5% donkey serum, 5% goat serum and 0.1% Triton X-100 in PBS) for 1 hour at room

temperature while rocking. After blocking, myofibers were incubated with primary antibody Pax7
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(sc-81648 Santa Cruz Biotech) or p107 (p107-SD9 Santa Cruz Biotech) in blocking buffer at a
1:100 dilution overnight at 4°C. Myofibers were then washed 3 times with PBS and incubated with
secondary antibody donkey anti-mouse IgG NL493-conjugated (R and D Systems) or donkey anti-
mouse IgG NL557-conjugated (R and D Systems) at a 1:1000 dilution for 1 hour at room
temperature. Then myofibers were washed 3 times with PBS and re-incubated over night with
primary antibody MyoD (NBP1-54153 Novus Biologicals) or Pax7 (20570-1-AP Proteintech) or
Tom20 (11802-1-AP Proteintech) at a dilution of 1:100 overnight at 4°C. The next day, myofibers
were washed 3 times with PBS and incubated with secondary antibody goat anti rabbit IgG Alexa
Fluor 594 (ThermoFisher Scientific) or donkey anti-rabbit IgG NL637 (R and D Systems) at a
1:1000 dilution for 1 hour at room temperature. After 3 washes with PBS myofibers were incubated
with Dapi for 10 minutes and washed 3 more times with PBS before they were mounted to
positively charged microscope slides (FroggaBio). Vectashield mounting media (Vector) was
added before placing the coverslip and sealing the slide. Confocal images and z-stacks were
obtained using the Axio Observer.Z1 microscope with alpha Plan-Apochromat 100x/1.46 Oil DIC
(UV) M27 (Zeiss). Digital images were captured using the Axiocam MR R3 and Axio Scope.Al
with the EC Plan-Neofluar 20x/0.5 or EC Plan-Neofluar 40x/0.75 (Zeiss). Optical sections were
then stacked or merged to create high resolution z-series images. A line was drawn through a
representative cell to indicate relative intensity of RGB signals for co-localization analysis using
the Zen Blue software (Zeiss).
Statistics and Reproducibility

All experiments were performed with at least three biological replicates as indicated in the
figure legends, and results are presented as the mean +/- standard deviation (SD). The immunoblot

(Fig. 4.3, Fig. 4.4A, Fig. 4.4B, Fig. 4.4C and Fig. 4.26B), co-immunoprecipitation (Fig 4.26A)
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experiments have been performed at least three independent times with similar results. Statistical
analysis was performed by GraphPad Prism 5 or Microsoft Excel. Statistical comparisons between
groups were made using two-tailed unpaired Student’s t-test. Results were considered statistically
significant when p<0.05. Some data were analyzed using an appropriate two-way analysis of
variance (ANOV A) with criterion of p<0.05. All significant differences for ANOVA testing were

evaluated using a Tukey post hoc test.
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CHAPTER 4
RESULTS

Percentage of total p107 in mitochondrial and cytoplasmic compartments

p107 has recently been shown in the mitochondria of primary MPs and the MP cell line
C2C12, where it influences the metabolic state of the cells (Bhattacharya et al., 2021; Porras et al.,
2017). To gauge a functional importance of mitochondrial p107 in MPs, we sought to determine
its proportion within this organelle. For this, the percentage of cytoplasmic and mitochondrial p107
was established from total protein lysates of proliferating C2C12 cells by of Western blotting. We
found the percentage of p107 protein that was expressed in the proliferating cells was about 28%
and 45% in the mitochondrial and cytoplasmic compartments respectively (Fig. 4.1A and 4.1B).
Thus, the high levels of p107 in the mitochondria suggest an important role in MPs that might be
applicable to SCs.
p107 has an internal mitochondrial targeting sequence

To further confirm that p107 is a bona fide mitochondrial functional protein we considered
how it might enter the mitochondria. It is unclear if p107 is imported into the mitochondrial matrix
by the mitochondrial import machinery because it lacks an N-terminal mitochondrial targeting
signal (MTS) (Wiedemann & Pfanner, 2017;). However, recent research utilizing the TargetP
prediction algorithm for MTS has revealed the presence of internal MTS (iMTS) like sequences
that might act to facilitate the mitochondrial import of proteins that lack a conventional N-terminal
MTS (Backes et al., 2018; Rahbani et al., 2021). We used this algorithm to determine if p107 has
an iMTS sequence(s). Importantly, for p107, the TargetP algorithm for iMTS revealed two regions

of very strong scores (<0.75) (Emanuelsson et al., 2007). They are from amino acids 70-95 with a
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score of 0.837 and amino acids 770-795 with a score of 0.844 (Fig. 4.2). These data suggest that
p107 mitochondrial import is likely facilitated by the presence of iMTS sequences.
Rb family mitochondrial presence in MPs is exclusive to p107

As with p107, family members Rb and p130 are also known to enter the mitochondria of
some cell lines (Ferecatu et al., 2009; Oresajo, 2021), hence they might also influence
mitochondrial function in MPs (Hansen et al., 2004; Scime¢ et al., 2005). Thus, we assessed if the
mitochondrial presence of the Rb family is exclusive to p107 in proliferating MP cells. Western
blotting for Rb and p130, showed that unlike p107, Rb is not expressed in the mitochondria. p130
is not expressed at all in proliferating C2C12 cells, but was expressed in contact inhibited growth
arrested (GA) cells (Fig. 4.3). These findings highlight the exclusivity of Rb family member p107
for a mitochondrial role in MPs and a potential mitochondrial function in SCs.
p107 might interact with E2{4 in the mitochondria of MPs

pl107 is known to not directly interact with DNA, requiring an interaction partner to
facilitate its transcriptional repressor role (Wirt & Sage, 2010). Therefore, we assessed the
potential mtDNA interaction partners of pl07. We evaluated the known mitochondrial
transcription factor Tfam (Gustafsson et al., 2016) and the p107 interacting nuclear transcription
factors E2f4 and E2f5 (C.-R. Chen et al., 2002; Ginsberg et al., 1994) as potential candidates. By
Western blotting of mitochondrial lysates, Tfam was found to be present in negligible levels in
proliferating cells but was highly expressed in GA cells (Fig. 4.4A). E2f5 was completely absent
in the proliferating MP mitochondrial fractions but was expressed in whole cell, cytoplasmic and
GA samples (Fig. 4.4B). Contrarily, E2f4 was revealed to be present in proliferating MP

mitochondrial lysates in addition to the other cellular compartments and GA samples, suggesting
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that it might have a mitochondrial function and potentially interact with p107 in the mitochondria
(Fig. 4.4C).

To confirm that E2f4 is the potential p107 binding partner on the mtDNA, we performed
quantitative chromatin immunoprecipitation (qCHIP) analysis of mitochondria lysates from
proliferating and GA MPs, which do not express p107 (Bhattacharya et al., 2021). qCHIP revealed
that E2f4 interacted with the mtDNA of proliferating C2C12 cells and not Tfam, but the opposite
finding was observed in growth arrested MPs (Fig. 4.5). Together, these findings suggest that E2f4
might be the mitochondrial binding partner of p107 in proliferating MPs.
p107 is expressed only in activated primary SCs

To begin delineating a possible p107 mitochondrial role in SCs we used an ex vivo model
relying on cultured primary myofibers from extensor digitorum longus (EDL) muscle of mice (Fig.
4.6A). First, we assessed when p107 is first expressed in SCs using early timepoints (0, 4, 6 and 8
hours) of cultured primary myofibers from Wild Type (WT) and negative control p107KO mice.
By immunostaining for p107 and SC marker Pax7, (Dumont, Bentzinger, et al., 2015; Zammit et
al., 2006) we found that p107 expression was not present in myofibers nor quiescent SCs but was
first observed at 8 hours only in SCs of the WT myofibers (Fig. 4.6B). It was not expressed at all
in the negative control pl07KO myofibers (Fig. 4.7). Immunofluorescence of MyoD, whose
protein expression is used to distinguish quiescent from activated SCs (Dumont, Bentzinger, et al.,
2015; Zammit et al., 2006), revealed that MyoD was not expressed at all at 0 hours of culture (Fig.
4.8A), but was expressed before pl107 within the first 6 hours of culture. Thus, indicating the
activation of SCs can occur within the first 6 hours of culture in our model (Fig. 4.8B). Together,
these data suggest that p107 expression is limited to activated SCs and is not involved in activation,

as it is detectable a short time after they had become activated.
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p107 influences the timing of SC activation

To determine whether p107 influences SC activation, we enumerated the number of
activated SCs on myofibers 24 hrs after incubation. As 6hrs represents a sufficient time for MyoD
protein expression in our model (Fig. 4.8), 24hrs would represent a time frame that has allowed
for a substantial amount of activation to occur. WT and p107KO myofibers were fixed and stained
for Pax7 and MyoD (Fig. 4.9A). The quiescent (Pax7+MyoD-) and activated SC populations
(Pax7+MyoD+) were determined as a fraction of the total SCs (Pax7+) observed per myofiber.
We found that pl07KO myofibers have almost 3.5 times more SCs that remain quiescent
(Pax7+MyoD-) after 24 hours in culture compared to WT (Fig. 4.9B). In accordance, there is a
decrease in the fraction of activated SCs (Pax7+MyoD+) in p107KO compared to WT myofibers
(Fig. 4.9C). Overall, these findings signify that the absence of p107 results in a delay of activation.
p107 regulates SC proliferation

As p107 expression is found only in the activated SCs, it suggests that p107 has a potential
SC specific function during proliferation. Recently published data from our lab revealed that it has
a role in MP proliferation (Bhattacharya et al., 2021), Thus, we assessed if the same relationship
is conserved in proliferating SCs that are present in clusters on myofibers. For this, primary
myofibers were cultured after isolation for 42 and 72 hours. Despite the lag time in activation (Fig.
4.9), immunofluorescence of Pax7 and MyoD of dividing SCs revealed that there was at least a 2-
fold greater number of cells at 42 hours in pl07KO compared to WT, suggesting a greater
proliferative capacity (Fig. 4.10). Additionally, myofibers cultured for 72 hours revealed as much
as 2.5 times greater number of SCs per myofiber and 1.4 times greater number of SCs per cluster
for p107KO compared to their WT counterparts (Fig. 4.11). Together this date suggests that p107

affects SC proliferation as in MPs (Bhattacharya et al., 2021).
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p107 has a role in regulating SC numbers

Next, we investigated a possible effect of p107 on SC fate decisions. For this, we harvested
TA muscle from WT and pl07KO mice and enumerated the quiescent SC population by
immunostaining for Pax7 and laminin (Fig. 4.12A and 4.12B). Immunofluorescence revealed
there is an increased number of quiescent SCs by as much as 1.5 times in pl07KO muscle
compared to WT (Fig. 4.12C).

The increased number of SCs in p107KO muscle compared to WT in vivo was confirmed
ex vivo using EDL myofibers. Isolated WT and p107KO myofibers from EDL were immediately
fixed and immune stained for Pax7 and MyoD to enumerate the quiescent population of SCs.
Confocal microscopy revealed that there is an almost 2-fold increase in the quiescent SC
population in p107KO myofibers compared to WT controls (Fig. 4.13). Together these data
suggest that p107 might have a role in dictating SC self-renewal.
p107 regulates SC numbers during regeneration

To further assess the potential that p107 is involved in self renewal, we compared the SC
number in uninjured muscle to fully recovered contralateral muscle post Ctx injury. A greater
number of SCs in p107KO muscle after injury recovery would strongly support the presence of
enhanced SC self-renewal. Twenty-one days post injury, to ensure total muscle recovery had
occurred, (Fig. 4.14A) the injured muscle was cross sectioned and immune stained for Pax7 and
laminin to enumerate the SC population (Fig. 4.14B). The immunofluorescence and microscopy
revealed there were nearly 2-fold greater SC numbers in the recovered p107KO compared to WT
muscle (Fig. 4.14C). Moreover, the p107KO muscle had about 1.3-fold increased number of SCs
after recovery from injury compared to the uninjured contralateral limb (Fig. 4.15A). There did

not appear to be a change to the SC count of the WT muscle after injury recovery (Fig. 4.15B).
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Overall, these findings strongly suggest that p107 has a role in SC self-renewal wherein its absence
is associated with a greater propensity for self-renewal.
p107 regulates SC self-renewal

Next, we assessed if p107 regulates SC fate decisions by assessing if the increase in the SC
population in pl07KO muscle is a result of enhanced self-renewal. For this, WT and p107KO
myofibers were immune stained for Pax7 and MyoD at 42 and 72 hours post isolation. In this way
the quiescent (Pax7+MyoD-), activated (Pax7+MyoD+) and differentiating (Pax7-MyoD+)
population of SCs could be enumerated (Fig. 1.3). These timepoints were chosen to ensure that
SC division had occurred, so as to visualize newly formed quiescent and differentiating SCs
(Dumont, Bentzinger, et al., 2015; Sincennes et al., 2021). We found that there is a significantly
greater fraction of quiescent SCs in clusters of pl07KO myofibers compared to WT at both 42
(Fig.4.16) and 72 hours (Fig. 4.17A and Fig.4.17B) by as much as 10 and 6.5 times respectively.
Additionally, there was no difference in the fraction of proliferating SCs (Pax7+MyoD+) (Fig.
4.17D), but there was a significant decline to the fraction of differentiating SCs (Pax7-MyoD+)
(Fig. 4.17C) in the p107KO myofibers at 72 hours. Moreover, at 72 hours the fraction of activated
SCs in the p107KO have caught up to the WT despite the delay in activation that was observed at
24 hours of culture (compare Fig. 4.17D with Fig. 4.9A) These findings suggest that p107 activity
reduces SC self-renewal and might promote SC commitment to differentiation.
p107 activity limits reserve cell production

We next considered the role of p107 in SC self-renewal by enumeration of the reserve cell
population that are the progeny of SCs dispersed from myofibers denoted as MPs that might
become quiescent despite being forced to differentiate (Abou-Khalil et al., 2013; Yoshida et al.,

1998). They are an indicator of the self-renewal capacity as the reserve cells can be reactivated
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and differentiate (Furuichi et al., 2021; Laumonier et al., 2017). Hence, to enumerate the number
of reserve cells we transferred WT and pl107KO myofibers 72 hours post isolation to collagen
coated plates for another 72-hour incubation to allow SCs to be dispersed from myotubes (Fig.
4.18A). These MPs were stained for Pax7 and MyoD and the fraction of reserve cells, which are
Pax7+MyoD- from the total number of primary MPs, were tabulated. We found that the p107KO
MPs generate a significantly greater fraction of reserve cells compared WT cells with nearly a 3.5-
times increase. (Fig 4.18B). Together, with the previous ex vivo data, the increase in reserve cell
population for p107KO indicate that p107 affects SC self-renewal.
p107 activity does not affect differentiation

For proper muscle regeneration to occur, there is a balance between SC self-renewal and
differentiation (Dumont, Bentzinger, et al., 2015). Indeed, an increase in SC self-renewal can
negatively affect differentiation capacity and reduce muscular regeneration capacity (Abou-Khalil
et al., 2009; Wen et al., 2012). Thus, as our findings show that p107KO promotes SC self-renewal
we tested the capacity of SC differentiation and muscular regeneration. (Fig. 4.17). First we
investigated the differentiation capacity in vivo by measuring the cross-sectional area of uninjured
and contralateral recovered (21 days after Ctx administration) TA muscles from WT and p107KO
mice. The muscles were stained for Laminin to allow for the measuring cross sectional area per
myofiber. Importantly, the results showed that there was no significant difference in cross sectional
area between uninjured and recovered pl07KO TA muscle (Fig. 4.19). As expected, there was
also no significant difference in cross sectional area of uninjured and recovered WT TA (Fig.
4.19). These findings suggest that the increased self-renewal observed in p107KO mice does not

hinder their differentiation and regenerative capacity.
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To corroborate these findings, we next assessed the potential to generate myotubes in vitro
of MPs derived from SCs of myofibers from WT and p107KO mice. This was accomplished by
differentiating the MPs and measuring the myofusion index, which is an in vitro measure of the
differentiation capacity (Furuichi et al., 2021). Myofusion index was measured by counting the
number of nuclei present within myotubes per myotubes present. We found that there was no
significant difference to the myofusion index between WT and p107KO MPs (Fig. 4.20). Together
these findings suggest that p107 has a role in SC fates for self-renewal without affecting their
differentiation capacity.
p107 mitochondrial localization in SCs is controlled by NAD+/NADH ratio

Recently published work from our lab shows that p107 has a mitochondrial function in
MPs by localizing within the organelle (Bhattacharya et al., 2021) (Bhattacharya et al., 2021). We
confirmed that p107 is in the mitochondria of SCs by culturing EDL myofibers isolated from WT
and p107KO mice for 72 hours and immunostaining for p107 and the mitochondrial translocase
of the outer membrane complex (Tom20). Confocal microscopy and subsequent analysis of
generated Z-stacks showed that p107 and the mitochondrial protein Tom20 co-localize in SCs
(Fig. 4.21A). p107 and Tom20 co-localization was confirmed by matching fluorescence intensity
peaks of a line scanned for red, green, and blue (RGB) profile of a representative image (Fig.
4.21B). As expected, negative control pl07KO myofibers had no immunofluorescent signal for
pl107.

We also recently showed that p107 mitochondrial localization in MPs is manipulated by
the NAD'/NADH ratio which is inversely related to the glucose concentration (Fig. 1.10). MPs
cultured in 5.5mM glucose which elicits a high NAD"/NADH ratio saw negligible mitochondrial

p107 levels compared to the cells cultured in 25mM glucose, which illicit a low NAD'/NADH
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ratio (Bhattacharya et al., 2021). Thus, we wanted assessed if NAD/NADH p107 localization in
SCs. We affected NAD*/NADH levels by culturing myofibers isolated from WT mice for 72 hours
in stripped media with either 5.5mM or 25mM glucose as the sole nutrient without pyruvate and
glutamine. Confocal microscopy and subsequent analysis of generated Z-stacks showed p107 and
mitochondrial protein Tom20 have enhanced co-localization in the myofibers cultured in 25mM
compared to 5.5mM (Fig. 4.22) As before, p107 and Tom20 co-localization was confirmed by
matching fluorescence intensity peaks of a line scanned for RGB profile of a representative image
for the myofibers grown in 25mM. (Fig. 4.23). These findings strongly suggest that that p107
mitochondrial localization in SCs is regulated by the NAD*/NADH ratio.
p107 mitochondrial localization manipulated by the NAD*/NADH ratio regulates SC self-
renewal

We next determined if self-renewal fate decisions by p107 is a result of its mitochondrial
function. To test this, we cultured myofibers isolated from WT and p107KO mice for 72 hours in
stripped media with 5.5mM or 25mM glucose as the sole nutrient. The 5.5mM condition would
result in SCs that have minimal mitochondrial p107 localization and the 25mM condition would
result in SCs that contain p107 within the mitochondria (Fig. 4.22 and Fig. 4.23). The myofibers
were immune stained for Pax7 and MyoD and the fraction of quiescent SCs (Pax7+MyoD-) was
determined (Fig. 4.24). We found that WT myofibers cultured in 5.5mM glucose when p107 is
outside the mitochondria had significantly greater fraction of quiescent SCs compared to those
grown in 25mM glucose (Fig.4.25A). Moreover, we determined that there was no change to the
fraction of quiescent SCs for p107KO myofibers when comparing their growth in 5.5mM to 25mM

groups (Fig. 4.25A). When comparing WT and p107KO myofibers cultured in 5.5mM there was
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no difference in the fraction of quiescent SCs (Fig. 4.25B). Together, these findings strongly
suggest that p107 mitochondrial localization regulates SC self-renewal.
p107 interacts with Sirtl in the cytoplasm of C2C12 MPs

As mitochondrial p107 localization in SCs is controlled by the NAD*/NADH ratio (Fig
4.23) it suggests that the Sirt family might control p107 function. Sirtl is one of the two sirtuins
active in the cytoplasm of cells that is known to control mitochondrial metabolism through its
activation by cytoplasmic NAD" (Canto et al., 2015). In addition, Sirtl has been shown to target
transcription factors and co-activators (H.-C. Chang & Guarente, 2014; Costa-Machado &
Fernandez-Marcos, 2019). Therefore, we chose to assess if Sirtl controls pl107 mitochondrial
function by interacting with it in the cytoplasm of MPs. For this, reciprocal immunoprecipiatation
(IP)/ Western blot analysis for endogenous p107 and Sirt]l was conducted on cytoplasmic lysates
from C2C12 cells grown at 5.5mM (Fig. 4.26A) when p107 is known to be predominately in the
cytoplasm instead of the mitochondria (Fig. 4.22). The results revealed that Sirtl and p107
interacted in the cytoplasm (Fig 4.26A). 1/10th of the lysates that were used in the IP reactions
were Western blotted for p107 and Sirt1 to provide an estimate of the input protein lysate that were
IPed. Moreover, we confirmed that the specificity of the antibodies used were accurate by Western
blotting for p107 on p107KO cells and Sirt1 on Sirt1KO cells (Fig. 4.26B). These findings suggest
that p107 mitochondrial localization is mediated by Sirtl interaction in the cytoplasm and can be

controlled by manipulation of Sirtl activity via the NAD*/NADH ratio.
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Figure 4.1
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Figure 4.1. p107 mitochondrial and cytoplasmic percent occupancy. Percentage of cellular
p107 protein distribution in C2C12 cells for (A) mitochondria (Mito) and (B) cytoplasm (Cyto).
Data are presented as mean values +/- SD. n = 3 biologically independent samples. Two-tailed
unpaired Student T-test, **p = 0.001, ***p < 0.001.
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Figure 4.2
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Figure 4.2. p107 mitochondrial import is likely mediated by iMTS recognition. iMTS
probability scores for p107 from amino acids 70-95 and 770-795 using the TargetP prediction
algorithm for mitochondrial targeting signal detection. Black arrows denote peak probability
scores of 0.837 and 0.844 (>0.75 is a strong predicator for localization).

47



Figure 4.3
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Figure 4.3. Rb family mitochondrial function in MPs is exclusive to p107. Representative
Western blots of whole cell (WC), cytoplasmic (C) and mitochondrial (M) and contact inhibited
growth arrested (GA) C2C12 cellular fractions for p107, p130, Rb, cytoplasmic loading control
a-tubulin (a-tub) and mitochondrial loading control Cox4. (Bhattacharya et al., 2021)
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Figure 4.4
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Figure 4.4. E2f4 is present in the mitochondria of proliferating MPs. (A), (B), (C)
Representative western blots of whole cell (WC), cytoplasmic (C), mitochondrial (M) and

growth arrested (GA) C2C12 cellular fractions for Tfam, E2f4, E2f5, a-tub, and Cox4.
(Bhattacharya et al., 2021)
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Figure 4.5
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Figure 4.5. E2f4 interacts with the mitochondrial DNA in proliferating MPs. Graphical
representation of qChIP analysis of IgG, E2f4 and Tfam mitochondrial DNA occupancy during
proliferation (G) and growth arrest (Ga). n=4 biologically independent samples, **p <0.01 and
*#%p <0.001. Data are presented as mean values +/- SD. Two-way Anova and post hoc Tukey
test. (Bhattacharya et al., 2021)
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Figure 4.6
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Figure 4.6. p107 is expressed in SCs after 8 hours of culture. (A) Schematic showing the
methodology of EDL myofiber isolation and culture. Schematic created with BioRender. (B)
Representative immunohistochemistry for Dapi, p107, Pax7 and merged image of WT EDL
myofibers at 0, 4, 6, and 8 hours. Note p107 is first observed at 8 hours in culture. Scale bar
represents 10pum. Hashed line is an outline of the myofiber.
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Figure 4.7
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Figure 4.7. pl107 is not expressed in pl07KO myofibers. Representative
immunohistochemistry for Dapi, p107, Pax7 and merged image of pl07KO EDL myofibers at
0, 4, 6, and 8 hours. Scale bar represents 10um. Hashed line is an outline of the myofiber.



Figure 4.8
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Figure 4.8. p107 is expressed after SC activation. (A) Representative immunohistochemistry
for Dapi, pax7, MyoD and merged image of WT EDL myofibers at 0 hours. (B) Representative
immunohistochemistry for dapi, p107, MyoD and merged image of WT and p107KO EDL
myofibers at 6, and 8 hours. Note pl107 is first observed at 8 hours after MyoD which is
observed within 6 hours. Scale bar represents 10pum. Hashed line is an outline of the myofiber.
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Figure 4.9
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Figure 4.9. p107 is important for SC activation timing. (A) Representative
immunohistochemistry for Dapi, Pax7 and MyoD merge of WT and p107KO myofibers at 24
hours post isolation. Scale bars are 10um and hashed line is an outline of myofiber. Graphical
representation of fold change for fraction of (B) quiescent Pax7+MyoD- (QSC) and (C)
activated Pax7+MyoD+ (ASC) SCs from WT and p107KO myofibers. TSC is total satellite
cells (Pax7+). Data are presented as mean values +/- SD. n=5 mice for each WT and p107KO.
Two-tailed unpaired Student T-test, *p<0.05, **p <0.01.
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Figure 4.10
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Figure 4.10. p107 has a role in SC proliferation. Representative immunohistochemistry for
Dapi, Pax7, Myod and merge of WT and p107KO myofiber at 42 hrs of culture. Scale bars are
10um and hashed line is an outline of myofiber. Graphical representation of fold change for
total SCs per myofiber for WT and p107KO at 42 hrs culture. Data are presented as mean values
+/- SD. n=5 mice for each WT and p107KO. Two-tailed unpaired Student T-test, **p<0.01.
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Figure 4.11
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Figure 4.11. p107 has a role in SC proliferation. Representative immunohistochemistry for
Dapi, Pax7, Myod and merge of WT and p107KO myofiber at 72 hrs of culture. Scale bars are
10um and hashed line is an outline of myofiber. Graphical representation of fold change for
total SCs per myofiber and fold change for SCs in clusters per myofiber for WT and p107KO
at 72 hrs culture. Data are presented as mean values +/- SD. n=5 mice for each WT and
pl107KO. Two-tailed unpaired Student T-test, **p<0.01, ****p <0.0001.



Figure 4.12
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Figure 4.12. Uninjured p107KO muscle exhibits greater SC count. (A) Diagram of TA
muscle harvesting and cross sectioning. MN is myonuclei. Diagram created with BioRender.
(B) Representative immunohistochemistry of Dapi, Pax7, Laminin and merged images for WT
and p107KO TA muscle. (C) Graphical representation of fold change of Pax7+ cells per fiber
for WT and p107KO. Arrows denote Pax7+ SCs. Scale bar represents 10um. Data are presented
as mean values +/- SD. n=4 mice for each WT and p107KO. Two-tailed unpaired Student T-
test, **p <0.01.
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Figure 4.13
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Figure 4.13. p107KO myofibers have more SCs. Representative immunohistochemistry for
Dapi, Pax7, MyoD and merge of WT and p107KO and graphical representation of fold change
for quiescent (Pax7+MyoD-) SCs (QSC) per myofiber at 0 hrs. Arrows denote quiescent SCs
(Pax7+MyoD-). Scale bar represents 10um and hashed line is an outline of myofiber. Data are
presented as mean values +/- SD. n=5 mice for each WT and p107KO. Two-tailed unpaired
Student T-test, ****p <0.0001.
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Figure 4.14
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Figure 4.14. p107 regulates SC numbers during regeneration. (A) Diagram of Ctx induced
muscle injury methodology (MN is myonuclei). Diagram created with BioRender. (B)
Representative immunohistochemistry after 21 days post recovery with Ctxinjury with Dapi,
Pax7, Laminin and merged images for WT and pl07KO TA muscle. Arrows denote Pax7+
SCs. (C) Graphical representation of fold change of Pax7+ cells per fiber for WT and p107KO.
Scale bar represents 10um. Data are presented as mean values +/- SD. n=4 mice for each WT
and p107KO. Two-tailed unpaired Student T-test, **p <0.01.
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Figure 4.15
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Figure 4.15. p107 deletion causes quiescent SC expansion in vivo. Representative
immunohistochemistry of Dapi, Pax7, Laminin and merged images for TA of uninjured (Ctl)
and contralateral recovered (Ctx) post 21 days injury with CTX for (A) p107KO and (B) WT
TA muscles and graphical representations of fold change of Pax7+ cells per fiber for uninjured
(Ctl) and contralateral recovered (Ctx) TA. Arrows denote Pax7+ SCs. Scale bar represents
20um. Data are presented as mean values +/- SD. n=4 mice for each WT and p107KO. Two-
tailed unpaired Student T-test, *p<0.05.
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Figure 4.16
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Figure 4.16. p107 regulates self-renewal capacity of SCs of myofibers. Representative
immunohistochemistry for Dapi, Pax7, MyoD and merge of WT and p107KO myofibers
cultured for 42 hours. Also, graphical representation of fold change for fraction of quiescent
SCs (QSC) per total SCs (TSC) per myofiber. Green arrows denote self-renewed quiescent SCs.
Scale bar represents 10um and hashed lines are an outline of myofiber. Data are presented as
mean values +/- SD. n=5 mice for each WT and p107KO. Two-tailed unpaired Student T-test,

wx4%1<0.0001.
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Figure 4.17
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Figure 4.17. p107 regulates self-renewal capacity of myofibers. (A) Representative
immunohistochemistry for Dapi, Pax7, Myod and merge of WT and pl07KO myofibers
cultured for 72 hours. Graphical representation of fold change for fraction (B) quiescent (QSC),
(C) activated (ASC) and (D) differentiating (DSC) SCs per myofiber at 72 hours of culture.
TSC is total satellite cells. Red arrows denote DSC, and green arrows denote self-renewed QSC.
Hashed lines are an outline of myofiber. Data are presented as mean values +/- SD. n=5 mice
for each WT and p107KO. Two-tailed unpaired Student T-test, **p<0.01, ***p <0.001.
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Figure 4.18
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Figure 4.18. p107 effects reserve cell production. (A) Schematic approach used to obtain
reserve cells. Schematic created with BioRender. (B) Representative immunocytochemistry of
Dapi, Pax7, MyoD and merge for WT and p107KO MPs and graphical representation of fold
change of the fraction of reserve cells (Pax7+MyoD-) per total MPs observed. Arrows denote
reserve cells. Scale bar represents 10um. Data are presented as mean values +/- SD. n=5 mice
for each WT and p107KO. Two-tailed unpaired Student T-test, ***p<0.0001.
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Figure 4.19
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Figure 4.19. p107KO does not hinder muscle regeneration. (A) Representative merge of
Dapi and Laminin and (B) graphical representations of fold difference of the cross-sectional
area (CSA) for WT and p107KO uninjured (Unj) and contralateral recovered (Rec) from Ctx
injury. Scale bar represents 20pum. Data are presented as mean values +/- SD. n=3 mice for

each WT and p107KO. Two-tailed unpaired Student T-test.

64



Figure 4.20
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Figure 4.20. p107 deletion does not hinder MP differentiation. Schematic of methodology
used to differentiate primary MPs derived from SCs of myofibers. Schematic created with
BioRender. Representative merge of Dapi and myosin heavy chain (Myh) and graphical
representation of the fold change of the myofusion index for WT and p107KO differentiated
myotubes. Scale bars represent 10um. Data are presented as mean values +/- SD. n=5 mice for
each WT and p107KO. Two-tailed unpaired Student T-test.
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Figure 4.21
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Figure 4.21. p107 is mitochondrial active in SCs. Representative confocal images for Dapi,
pl07, Tom20 and merge for WT and pl07KO SC cluster. A line was drawn through a
representative cell from merged WT confocal image to indicate relative intensity of RGB
signals. The arrowheads point to areas of concurrent intensities in the images. Scale bar is Sum.
Hashed line is outline of myofiber.
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Figure 4.22
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Figure 4.22. p107 mitochondrial localization is controlled by glucose levels. Representative
confocal images of Dapi, p107, Tom20 and merge for myofibers cultured in 5.5mM and 25mM
glucose. Scale bar is Sum. Hashed line is outline of myofiber.
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Figure 4.23
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Figure 4.23. p107 mitochondrial localization in SCs is controlled by glucose
concentrations. A line was drawn through a representative cell from merged confocal images
for myofibers cultured in 5.5mM or 25mM glucose to indicate relative intensity of RGB signals.
The arrowheads point to areas of concurrent intensities in the images. Scale bare is Sum. Hashed
line is outline of myofiber.

68



Figure 4.24

Figure 4.24. Mitochondrial p107 activity influences SC self-renewal. Representative
immunohistochemistry for Dapi, Pax7, MyoD and merge of WT and pl07KO myofibers
cultured for 72 hours in 5.5mM and 25mM glucose. Arrows denote self-renewed SCs
(Pax7+/MyoD-). Scale bar is 10pum. Hashed line is outline of myofiber.



Figure 4.25
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Figure 4.25. Mitochondrial p107 activity influences SC self-renewal. Graphical
representations of fold change for the fraction of quiescent SCs (QSC) per total SCs (TSC) per
myofiber for (A) WT and p107KO myofibers cultured with 5.5mM and 25mM glucose and (B)
between WT and p107KO myofibers cultured with 5.5mM glucose. Data are presented as mean
values +/- SD. n=5 mice for each WT and pl07KO. Two-tailed unpaired Student T-test,
**%p<0.0001.
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Figure 4.26
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Figure 4.26. p107 interacts with Sirtl in the cytoplasm. (A) Immunoprecipitation
(IP)/Western blots for p107 and Sirtl from cytoplasmic lysates of C2C12 cells and Ig, p107,
Sirt1 IP/Westerns inputs (1/10") Western blotted for a-tubulin (a-tub) and Cox4 (WC is whole
cell lysate). (B) Western blots of C2C12 control (Ctl), p107KO and Sirt1IKO WC Western
blotted for a-tub, Cox4 Sirtl and p107. (Bhattacharya et al., 2021)
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CHAPTER 5

DISCUSSION

In skeletal muscle, SC malfunction is commonly associated with the regenerative and
functional decline observed during ageing (Almada & Wagers, 2016; W. Chen et al., 2020; Hwang
& Brack, 2018). Thus, understanding SC fate decisions and the pathways that govern them may
provide insight in combating the age-related decline of skeletal muscle. Our study is the first to
reveal a novel role for p107, a retinoblastoma susceptibility protein family member, involvement
in the SC self-renewal through a control of mitochondrial function. Notably, we found that in SCs
pl07 ablation results in enhanced SC self-renewal (Fig. 4.17A and Fig. 4.17B) and SC
proliferation (Fig. 4.10 and Fig. 4.11) with no detriment to differentiation (Fig. 4.17C). Moreover,
our findings indicate that pl107 is the only Rb family member active in the mitochondria of
activated SCs (Fig. 4.3) where it most likely interacts with E2f4 (Fig. 4.5). However, our data also
indicates that p107 influences SC activation timing as p107 ablation was shown to delay SC
activation (Fig. 4.9). We also found that p107 mitochondrial localization in SCs is regulated by
the NAD"/NADH ratio through changing glucose availability (Fig. 4.22 and Fig. 4.23). Indeed,
increasing the NAD'/NADH ratio reduced p107 mitochondrial localization to promote SC self-
renewal (Fig. 4.24 and Fig. 4.25). We hypothesize that p107 mitochondrial localization regulated
by the NAD"/NADH ratio is controlled by Sirtl, as we show the two proteins interact in the
cytoplasm of MPs (Fig. 4.26). Together, these data show that p107 regulates SC self-renewal,
proliferation and quiescence through a mitochondrial function controlled by Sirtl activity

(Fig.5.1).
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Figure 5.1: p107 controls SC self-renewal capacity through its mitochondrial function. In
the presence of high NAD'/NADH ratio, pl07 interacts with Sirtl, which prevents its
mitochondrial translocation. This allows for mitochondrial gene expression and enhanced
OXPHOS capacity. The enhanced oxidative metabolism in SCs promotes self-renewal and
results in the expansion of the quiescent SC pool. When the NAD"/NADH ratio is reduced and
Sirtl is inactive, p107 localizes in the mitochondria of SCs. Here it represses mitochondrial gene
expression and results in a diminished OXPHOS capacity. The reduction to oxidative
metabolism results in decreased SC self-renewal and promotes SC activation. Figure created
with BioRender.

Our findings highlight a role for pl07 in controlling SC self-renewal through its
mitochondrial localization. For other family members, a mitochondrial presence for p130 has not
been published, but Rb has been found at the outer mitochondrial membrane and not in the matrix
where p107 exerts its affect (Hilgendorf et al., 2013). Here, Rb is thought to promote mitochondrial
mediated apoptosis through its interaction with BAX, the apoptosis regulator to induce
permeabilization of the mitochondria (Hilgendorf et al., 2013). However, our findings show that
Rb family mitochondrial presence in SCs and MPs is exclusive to p107, as Western blotting shows
that Rb is not in the mitochondria of proliferating C2C12 MPs and p130 is not expressed (Fig.

4.3). Moreover, our findings show that a substantial proportion, approximately 28% of total p107
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protein is present in the mitochondria of proliferating C2C12 MPs (Fig. 4.1). The high
concentration of mitochondrial p107 suggests an important role that likely extends to SCs. At this

time, it is unknown if this mitochondrial role is specific to muscle or other adult stem cells.

Currently, it is not fully understood how p107 is transported into the mitochondria due to
the absence of a N-terminal mitochondrial targeting signal (MTS) (Wiedemann & Pfanner, 2017;
Wirt & Sage, 2010). Normally proteins destined for the mitochondrial matrix contain an N-
terminal M TS which facilitates the protein’s interaction with the translocase of the outer membrane
complex and translocase of the inner membrane complexes more commonly referred to as the
mitochondrial import machinery (Wiedemann & Pfanner, 2017). However, there exists another
pathway for mitochondrial protein import that recognizes internal hydrophobic amino acid
domains sequences or acetylated regions (Pfanner et al., 2019; Wiedemann & Pfanner, 2017).
Therefore, p107 mitochondrial import might be facilitated by a combination of internal MTS
(IMTYS) like sequences and post translational modifications such as acetylation or phosphorylation
that are known to affect protein hydrophobicity (Garriga et al., 2004; Ree et al., 2018; Wirt &
Sage, 2010). There is evidence to support this possibility as we found a high probability of an
iMTS in p107 from amino acids 70-95 and 770-795 (Fig. 4.2) and p107 has evidence for post
translational modifications. Indeed, p107 can be phosphorylated by cyclin E/Cdk2 and cyclin
D/Cdk4. Cyclin E/cdk2 interaction was shown to be involved in pl107 translocation from the
cytoplasm to the nucleus, whereas phosphorylation at T369, S640, S964 and S975 by cyclin
D/cdk4 causes p107 abrogation of E2f4 interaction (Garriga et al., 2004; Leng et al., 2002; Rodier

et al., 2005).

Sirtl a prominent deacetylase, interacts with p107 in the cytoplasm (Fig. 4.26) and this

interaction has been shown to sequester p107 from mitochondrial localization, suggesting that
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acetylation is essential for translocation (Bhattacharya et al., 2021) (Fig. 4.22 and Fig. 4.23).
Intriguingly, an analysis of p107 with the Prediction of Acetylation on Internal Lysines (PAIL)
prediction software reveals that p107 has several likely acetylation sites at K106, K156, K162 and
K782, which are part of or in close proximity to the predicted iMTS that we found between amino
acids 70-95 and 770-795 (Fig. 5.2) (Fig. 4.2) (Deng et al., 2016; Li et al., 2006). Thus, it is
plausible that pl07 acetylation status at these sites might affect iMTS recognition and p107
mitochondrial import. Other evidence for the importance of acetylation for import is from studies
on highly homologous family member p130 that revealed its acetylation at K128 and K130 at its
N-terminus (Schwarze et al., 2010). A BLAST search between p107 and p130 shows that K106
on pl07 is strongly related to K130 on p130 (Fig. 5.2) (Altschul et al., 1997, 2005). It strongly
suggests that K106 of p107 is acetylated and might be the Sirt] target for deacetylation activity in
the cytoplasm (Fig. 4.26). Thus, as acetylation is known to enhance hydrophobicity and effect
protein conformation (Ree et al., 2018), the deacetylation of K106 by Sirtl could reduce the
availability of the iMTS like sequence observed between amino acids 70-95 and reduce the
hydrophobicity of this region of p107. This could decrease p107 mitochondrial import by reducing
interaction with the cytosolic chaperones heat shock protein 70 (Hsp70) and heat shock protein 90
(Hsp90) which recognize internal hydrophobic regions such as iMTS like sequences (Pfanner et

al., 2019; Wiedemann & Pfanner, 2017).
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Figure 5.2: Sequence homology of p107 and p130. A BLAST analysis of pl107 and p130
reveals sequence homology of lysine (K) residue K106 at the N terminus of p107 with K130 of
p130. Known p130 acetylation sites are highlighted in cyan and predicted acetylation sites of
p107 are highlighted in green. Regions of high iMTS scores are highlighted in yellow. Known
p107 phosphorylation sites are highlighted in pink. Note possible acetylation sites of p107 at
K106, K156 and K162 are near the iMTS region from amino acids 70-95 and K782 is within the
iIMTS region between amino acids 770-795.

To verify the importance of iMTS and acetylation future work will need to generate
mutations of pl107 at its iMTS like sequences and putative acetylation sites and verify their
significance for pl07 mitochondrial import. If the iMTS sequences are required for pl107
mitochondrial import, mutations in iMTS sequences would have reduced mitochondrial p107
localization. Moreover, cells expressing unmutated p107 could be compared with their mutated
counterparts to determine if p107 interacts with the Hsp70 and Hsp90 the cytosolic chaperones.
This could be done via immunoprecipitation/Western blot analysis of cytoplasmic lysates to
determine if p107 interacts with the chaperones and if that interaction is dependent on the iMTS

like sequences. Moreover, single point mutation of K106, K156, K162 and K782 for p107 by
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replacing the lysine residue for alanine could also be conducted to test their importance to p107
mitochondrial localization. We would expect the cells expressing the mutated p107 would have
enhanced p107 mitochondrial localization despite Sirtl is activity. Additionally, mutation of the
lysine residues in conjunction with mutation of the iMTS regions of p107 could be conducted to
determine if p107 acetylation at those sites effects iMTS recognition. Overall, these experiments
would provide evidence to establish a pathway through which pl107 is imported into the

mitochondria.

Mitochondrial gene expression is a very complex process that is poorly understood. The
mitochondria have their own mechanism of gene transcription that relies on a combination of the
transcription factors Tfam, Ttb2m and Polrmt (Farge & Falkenberg, 2019; Gustafsson et al., 2016).
However, studies have shown that transcription factors and their respective co-transcriptional
regulators that are active in the nucleus, can also function in mitochondria and interact with the
mtDNA (Leigh-Brown et al., 2010). Until now, the E2f family of transcription factors has been
shown to regulate mitochondrial activity through their interaction with nuclear genes involved in
oxidative phosphorylation and the electron transport chain (Beshiri et al., 2012). More specifically,
E2f4 is known to interact with the promotor for COX8, a nuclear gene that encods for a protein in
the electron transport chain (Benevolenskaya & Frolov, 2015; Cam et al., 2004). However, we are
the first to show that the nuclear transcription factor E2f4 is in the mitochondria of proliferating
C2C12 MPs interacting at the mtDNA (Fig. 4.4 and Fig. 4.5). This adds E2f4 to the group of
nuclear transcription factors which includes the T3 receptor p43, the tumor suppressor p53 and the
estrogen receptor that are present in the mitochondria and interact with the mtDNA (Leigh-Brown
et al., 2010). The interaction between p107 and E2f4 was shown to occur in the cytoplasm, but

never assessed for in the mitochondria (Puri et al., 1998). To test its interaction between p107 and

77



E2f4 in the mitochondria, immunoprecipitation/ Western blot analysis of mitochondrial lysates
should be performed. Additionally, an experiment measuring pl07 mtDNA binding in a E2f4
knockdown via siRNA would help reveal if p107 mitochondrial binding partner is in fact E2f4. In
this case we would expect pl07 mtDNA binding to decrease in the presence of an E2f4

knockdown.

In our study we provide evidence that pl07 functions to control SC self-renewal and
activation timing. We propose that this phenotype is in response to a p107 mitochondrial role in
SCs. Recently, our lab has shown that pl07 mitochondrial activity results in decreased
mitochondrial networking (fusion) and reduces mitochondrial OXPHOS (Bhattacharya et al.,
2021). Intriguingly, mitochondrial activity has been implicated in the maintenance of SC
quiescence and SC self-renewal (Baker et al., 2022; Hong et al., 2022). Studies have shown that
enhanced mitochondrial fusion during quiescence via Opal activity promotes SC quiescence and
Opal deficiency in proliferating SCs decreases self-renewal (Baker et al., 2022). Moreover,
mitochondrial fission has been shown to promote SC activation and commitment while reducing
self-renewal capacity (Baker et al., 2022; Hong et al., 2022). It is therefore possible that the delay
to activation and enhanced SC self-renewal that is observed in the p107KO mice in our study (Fig.
4.9 and Fig. 4.14 to 4.17) can be explained by enhanced mitochondrial fusion that was shown in
C2C12 cells (Bhattacharya et al., 2021). For SCs, this can be assessed by examining their
mitochondrial network in WT and p107KO myofibers in a time course. We would expect to see
enhanced mitochondrial fusion in the p107KO SCs compared to the WT counterparts. In addition,
ROS signaling during quiescence has been shown to promote stem cell and SC activation (Baker
et al., 2022; Khacho et al., 2016). As p107 is known to decrease mitochondrial efficiency

(Bhattacharya et al., 2021), it would be beneficial to compare mitochondrial ROS levels of WT
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and p107KO SCs. ROS levels can be determined with flow cytometry and the treatment of SCs or
SC derived MPs with di hydrorhodamine 123, a mitochondrial ROS indicator which fluoresces
upon oxidation from ROS (Cheng et al., 2018). A reduction to ROS levels in p107KO SCs in
tandem with increased mitochondrial fusion would explain the delay in SC activation and
enhanced self-renewal that we observe and support the published findings regarding mitochondrial

fusion and SC quiescence (Baker et al., 2022; Hong et al., 2022).

It is important to note that p107 is not expressed in quiescent SCs and is only found after
MyoD is expressed (Fig. 4.6 and Fig. 4.8). Therefore, it is unclear as to how p107 influences SC
quiescence. It is possible that the absence of p107 effects the mitochondrial dynamics of quiescent
SCs and is responsible for the delay in activation, as a consequence of the phenotype of the new
stem cell progeny. This suggests the existence of a sub populations of SCs. The SCs that have not
had the chance to observe pl07 expression would not experience the same changes in
mitochondrial activity and networking as their previously activated counterparts. This would cause
the population of SCs that have never activated to experience conventional activation times
compared to their previously activated counterpart. There is evidence for SC subpopulations in
which the progeny can have different characteristics then the parent cell (Kuang et al., 2007;
Rocheteau et al., 2012). One such example is the expression of Myf5. SCs that have never
expressed Myf5 are considered to be a less committed population that can produce progeny that
are Myf5 positive or negative (Kuang et al., 2007). On the other hand, SCs that had expressed
Myf5 are characterized for their ability to more readily contribute to myogenesis (Kuang et al.,
2007). In the same vein, SCs that express higher levels of Pax7 have been shown to be able to
produce asymmetric progeny where one daughter cell maintains higher levels of quiescence

marker Pax7 and the other daughter cell expressing differentiation markers such as myogenin
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(Rocheteau et al., 2012). Future experiments will have to test the Myf5 expression pattern and

Pax7 levels to explain the activation phenotype in p107KO mice.

In addition to mitochondrial networking, SC function has been linked to the availability of
acetyl-coA the cellular acetylation status. In SCs, acetyl-coA has been shown to promote myogenic
progression by influencing Pax7 and histone acetylation status (Massenet et al., 2021; Sincennes
et al., 2021). Moreover, reduced acetyl-coA mediated Pax7 acetylation has been shown to enhance
SC self-renewal (Sincennes et al., 2021). Thus, controlling the levels of free acetyl-coA is
important to SC fate determination. In cells the amount of free acetyl-coA is influenced by the
level of OXPHOS occurring, in this case when OXPHOS demand is high the available acetyl-coA
is consumed in the TCA cycle to generate the reducing agents for the ETC (Klimova et al., 2019;
Yucel et al., 2019). For mitochondrial acetyl-coA to function in the cytoplasm and nucleus it must
first be exported from the mitochondria as citrate and converted back into acetyl-coA by ATP-
citrate lyase (Zhao et al., 2016). Therefore, enhanced OXPHOS can reduce the level of available
cytoplasmic and nuclear acetyl-coA by preferentially driving acetyl-coA into the TCA cycle to
support the ETC. Intriguingly, p107KO MPs have been shown to have elevated levels of OXPHOS
compared to their WT counterparts (Bhattacharya et al., 2021). It is possible that SCs have the
same relationship. Thus, we propose that p107 through its regulation of mitochondrial OXPHOS
capacity is indirectly controlling mitochondrial citrate export to the cytoplasm and contributing to
the free acetyl-coA for acetylation that would explain the enhanced SC self-renewal observed in
p107KO muscle and myofibers (Fig. 4.12 to Fig. 4.17). To confirm that p107 controls cytoplasmic
acetyl-coA levels it is important to compare the cytoplasmic citrate levels of WT and p107KO SCs
with a citrate assay kit. Due to the enhanced OXPHOS likely occurring in the p107KO SCs, we

would expect to see reduced levels of cytoplasmic citrate compared to their WT counterparts. This
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would suggest that due to the high oxidative demand in the absence of mitochondrial p107, acetyl-
coA is preferentially consumed by the TCA as opposed to being exported to the cytoplasm as

citrate to be used for protein and histone acetylation.

We hypothesize that the NAD*/NADH ratio regulates SC activity through a p107
mechanism. The NAD"/NADH ratio acts as a measure of the relative contribution of mitochondrial
OXPHOS to ATP generation (Canto et al., 2015). A high ratio indicative of high mitochondrial
contribution to ATP generation and increased free NAD" translates to increased sirtuin activity
(Anderson et al., 2017; Lunt & vander Heiden, 2011). Increased NAD" and thereby Sirtl activity
would sequester p107 in the cytoplasm (Fig. 4.22 and Fig. 4.23) (Bhattacharya et al., 2021).
Studies on Sirt]1 have shown that its activity and NAD" levels are both raised during SC quiescence
and its activity when stimulated via caloric restriction promotes SC self-renewal (Cerletti et al.,
2012; Ryall et al., 2015). Also, myogenesis and SC differentiation have been observed to be
inhibited by increased Sirtl deacetylase activity, suggesting that Sirtl is promoting self-renewal
(Fulco et al., 2003, 2008). Conversely, the ablation of Sirt1 activity via a SC specific Sirt] deletion
has been shown to delay SC activation and the overexpression of Sirtl promoted muscle
regeneration in elderly mice (Myers et al., 2019; Tang & Rando, 2014). These findings suggest
that Sirtl is required for SC activation and muscle regeneration. The opposing role of Sirt] might
be due to differences in the timepoints considered to evaluate SC activation (Ryall et al., 2015;
Tang & Rando, 2014). Additionally, the use of a whole body versus SC specific Sirt1KO model
might explain the differences in Sirtl activity (Myers et al., 2019; Ryall et al., 2015; Tang &

Rando, 2014).

Till now the mechanism for how Sirtl activity regulates SC self-renewal was unknown,

but our findings suggest that it is through its control over p107 mitochondrial localization. We
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show that pl07 interacts with Sirtl in the cytoplasm (Fig. 4.26) and that manipulating the
NAD'/NADH ratio to increase available NAD" and promote Sirtl activity, p107 mitochondrial
localization is reduced and SC self-renewal is enhanced (Fig. 4.22 and Fig. 4.23). Similar to our
findings, Furuichi et al had observed an increase to SC self-renewal when culturing myofibers in
medium with lower glucose concentrations (Furuichi et al., 2021). They show that SC self-renewal
is inversely correlated with glucose concentration (Furuichi et al., 2021). Intriguingly,
manipulation of the NAD"/NADH ratio in a glucose concentration independent manner has been
shown to affect p107 mitochondrial localization in a similar manner (Bhattacharya et al., 2021).
In SCs we show that a manipulation of the NAD*/NADH ratio in a glucose dependent manner
results in enhanced SC self-renewal when the NAD"/NADH ratio is high and cellular glucose
concentrations are lower (Fig. 4.24 and Fig. 4.25). It is important to note that the other sirtuins
such as Sirt2 have been implicated in increasing SC self-renewal by specific deacetylation of Pax7
(Sincennes et al., 2021). Therefore, it is possible that the enhanced SC self-renewal on ex vivo

myofibers in low glucose is in part due to Sirt2 activity.

Others have shown that increased SC self-renewal comes at the cost of differentiation
(Abou-Khalil et al., 2009; Sincennes et al., 2021; Wen et al., 2012). For example, increased notch
signaling was shown to enhance SC self-renewal but reduce the regenerative capacity of muscle
(Wenetal., 2012). Similarly, increasing autocrine signaling through angiopoietin 1 and its receptor
Tie-2 reduced SC differentiation but increased the number of quiescent SCs (Abou-Khalil et al.,
2009). Moreover, Sincennes et al, reveal that ablation of Pax7 acetylation via Crispr/Cas9
promotes SC self-renewal and reduced commitment while promoting the generation of oxidative
type IIA myofibers (Sincennes et al., 2021). Though we had significantly more SCs in the p107KO

phenotype it did not affect the regenerative capacity. In vivo, we found that when we compared
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WT and pl07KO TA muscles after recovery to their contralateral uninjured TAs there was no
difference in muscle cross sectional area (Fig. 4.17). Moreover, we corroborated our findings in
vitro by assessing the myofusion index of WT and p107KO MPs (that is SCs that had been derived
from expanding clusters on myofibers), which showed no significant difference between the two
groups (Fig. 4.18). These findings indicate that p107 does not affect SC differentiation. This might
be due to the enhanced proliferation that is observed in the p107KO SCs (Fig. 4.10 and Fig. 4.11).
Under normal conditions, SCs are more than capable of generating sufficient progeny for muscle
repair (Snow, 1978). In our model there is a substantial increase to SC proliferation that occurs in
the pl07KO SCs at 42 and 72 hours of culture (Fig. 4.10 and Fig. 4.11). It is then possible that
despite there being a decline to the proportion of differentiating SCs at 72 hours (Fig 4.17C), the

p107KO muscle is able to generate a significant number of progeny for regeneration.

A short coming of our study is the use of a single injury/regeneration treatment with CTX,
that was not able to gauge the possibility that there might be changes in muscle regenerative
capacity over subsequent regenerative episodes. The use of a triple injury model where the muscle
is allowed to fully recover between three injections of CTX would allow for the testing of the
regenerative capacity after repetitive injury. Assuming there are no differences to the regenerative
capacity for pl07KO mice, we would expect to see no major difference to cross sectional area

between the uninjured and contralateral TA after multiple regeneration episodes.

The TA is commonly described as a fast twitch muscle, being composed of mainly large
glycolytic type IIB fibers, as well as some oxidative type I1A fibers (Schiaffino & Reggiani, 2011).
However, p107 deficient mice have been shown to have higher levels of oxidative type I and type
ITA muscle fibers with enhanced oxidative metabolism (Scime et al., 2010). Moreover, the

differentiation of p107KO MPs has been shown to result in the formation of oxidative myotubes

83



(Scime et al., 2010). However, we did not gauge the composition of the muscle to see if p107 has
any effect on the formation of the various fiber types. In future experiments the use of subsequent
regeneration cycles would demonstrate that the injured/ regenerated pl07KO muscle would be
composed of significantly more many oxidative fibers over its uninjured TA and more than the

WT control.

To investigate whether the mitochondrial role of p107 is responsible for the formation of
oxidative myotubes in vitro, it would be beneficial to differentiate MPs derived from expanding
SC clusters on myofibers cultured in 25mM glucose and 5.5mM glucose respectively. Fiber type
content could be determined via Western blot analysis for the various myosin heavy chain
isoforms. If the formation of oxidative myotubes is reliant on p107 mitochondrial activity, we
would expect to see enhanced type IIA myosin heavy chain protein expression in the MPs cultured
in 25mM glucose compared to 5.5mM glucose. These experiments would help further unravel the
role of p107 in SC fate determination by ascertaining whether p107 activity influences fiber

composition and not only regenerative capacity.

In ageing and neuromuscular disorders such as muscular dystrophies there is a malfunction
to SC proliferation which leads to a diminished population of SCs required for muscle regeneration
(N. C. Chang et al., 2018; Cosgrove et al., 2014; Hwang & Brack, 2018). Moreover, there is a
decline to SC self-renewal capacity and thereby the quiescent SC population (Chakkalakal et al.,
2012). Mitochondrial dysfunction has been implicated in both ageing and muscular dystrophies
such as Duchenne muscular dystrophy (Chang et al., 2016; H. Zhang et al., 2016). As p107 has
been shown to reduce mitochondrial function (Bhattacharya et al., 2021) and we show that
sequestration of p107 from the mitochondria enhances self-renewal and expands the quiescent SC

population, it would be beneficial to explore the p107KO in the context of aged muscle or
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Duchenne muscular dystrophy models. This could be accomplished by continuing our study with
aged p107KO mice or by crossing p107KO mice with mdx mice to generate p107KO mice in the

context of Duchenne muscular dystrophy.

In summary, our findings establish that the transcriptional co-repressor, pl07, is an
important regulator of SC fate decisions (Fig. 5.1). Our study has unraveled a novel role of p107
in the context of its mitochondrial activity within SCs. Crucially, pl107 functions by sensing
NAD'/NADH to regulate SC self-renewal capacity. We show that p107 interacts with Sirt1 in the
cytoplasm and propose that this interaction influenced by the NAD"/NADH ratio allows for the
sequestration of pl07 from the mitochondria, which results in enhanced SC self-renewal.
Importantly, we show that the increase to SC self-renewal does not come at the detriment of muscle
regeneration. These novel findings establish p107 as a regulator of SC self-renewal and potentially

implicate p107 as a target to combat age and muscle disease related SC decline.
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