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Abstract

Skeletal muscle has a remarkable property of effective muscle fiber regeneration that maintain
their normal physiology due to the presence of the adult muscle stem cells known as the satellite
cells (SCs). The role of SCs is crucial, as myofiber turnover is an ongoing process during the
lifetime of an individual to maintain proper muscle tissue viability. However, muscle wasting
found in diseases such as muscular dystrophy and disorders that occur during the ageing process
are associated with impaired SC function. Indeed, these complications are linked to compromised
SC fate decisions for activation, self-renewal and commitment to muscle progenitor cells (MPs),
which are characterized by diminished numbers. Thus, understanding the control pathways that
impact SC fates is essential to improve their integrity for health and to benefit muscle diseases and
disorders. Central to sustaining different SC fates is the regulation of energy generation between
glycolysis in the cytoplasm and oxidative phosphorylation (Oxphos) in the mitochondria.
However, the mechanisms that connect these energy provisioning centers to control cell behaviour
remain obscure. Herein, our results reveal a mechanism by which mitochondrial-localized
transcriptional co-repressor p107 governs MP proliferative rate, under the control of NAD*/NADH
ratio. We found pl107 directly interacts at the mitochondrial DNA promoter repressing
mitochondrial-encoded genes. This reduces the mitochondrial ATP generation capacity, by
limiting the electron transport chain complex formation. Importantly, the amount of ATP
generated by the mitochondrial function of p107 is directly associated to the cell cycle rate in vivo
and in vitro. This is exemplified by absence of pl107 that drastically increased cell cycle
progression and MP proliferation capacity through enhancement of ATP generation. Oppositely,
forced expression of pl07 in the mitochondria blocked cell cycle progression in vitro as a

consequence of dampened ATP generation. Notably, Sirtl, whose activity is dependent on the



cytoplasmic by-product of glycolysis, NAD®, directly interacts with p107 impeding its
mitochondrial localization and function. Deletion of Sirtl increased pl107 mitochondrial
localization, decreased MP mitochondrial Oxphos generation concomitant with attenuated cell
cycle progression. Increasing the activity of Sirtl had the converse effect on p107 function. In
addition, we also showed that p107 genetically deleted skeletal muscle contained significantly
more quiescent SCs, indicative of a better self-renewal ability. As a first step to test the
physiological role of p107 on SCs and MPs, we assessed exercise in humans. We found p107
protein levels were inversely correlated with enhanced mitochondrial Oxphos following endurance
exercise in skeletal muscle that might also occur in SCs. These novel results establish a new
paradigm to manipulate muscle stem cell fate decisions that are impaired in many diseases and

disorders.
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CHAPTER 1
LITERATURE REVIEW

1.1 Introduction

Skeletal muscle constitutes a significant percentage of total body mass and is indispensable
to physical movements, maintaining postures and in vital actions (Diaz-Vegas et al., 2019; Hood
et al., 2019). It is also a primary peripheral tissue important for utilizing glucose and fatty acid for
energy generation essential for the prevention of obesity and type 2 diabetes (Dumont et al., 2015a;
Nguyen et al., 2019). Skeletal muscle shows remarkable plasticity as it has an inherent ability to
adapt to external stimuli including contractile activity, substrate availability and environmental
conditions (Gundersen, 2011; Hood et al., 2006; Zierath & Hawley, 2004). Contraction of skeletal
muscle is made possible due to the presence of thousands of long and cylindrical multinucleated
muscle fibers. Each of the fibers are surrounded by layers of complex extracellular matrix (ECM)
consisting of outermost endomysium and the basement membrane that is in close proximity to the
plasmalemma of the myofiber known as sarcolemma (Csapo et al., 2020). The fibers are
categorized into myosin heavy chain (MyHC) isoforms with respect to their mitochondrial content,
contractile properties and fatigue resistance (Hood et al., 2019; Schiaffino & Reggiani, 2011).
They consist of slow contracting oxidative type I, fast contracting oxidative type Ila and glycolytic
type IIx fibers (as well as type 11b in rodents) (Pette & Staron, 2001; Schiaffino & Reggiani, 2011).

Besides plasticity, skeletal muscle has a remarkable property of effective muscle fiber
regeneration to maintain their normal physiology. Myofiber turnover is an ongoing process during
the lifetime of an individual to maintain proper muscle tissue viability (Dumont et al., 2015a; Yin
et al., 2013). This is especially important during ageing, diseases such as Duchenne muscular
dystrophy and disuse where skeletal muscle fibers are frequently damaged (Dumont et al., 2015a;

Yin et al., 2013). Successful regeneration of skeletal muscle is made possible by the adult



myogenic stem cell population known as satellite cells (SCs) that constitute 2% to 10% of total
myonuclei (Yin et al., 2013). These are located between the basal lamina and muscle fiber
sarcolemma, where they are well positioned to receive signals from the surrounding environment
(Dumont et al., 2015a). Inefficient muscle regeneration replaces muscle with fibrotic tissues that
cause poor contraction and lead to progressive loss of muscle strength (Mann et al., 2011). Thus,
an understanding of the control mechanisms that dictate SC fate decisions is crucial to improve
skeletal muscle regeneration potential.

Recently, there has been an increasing realization regarding the importance of cellular
metabolism in the regulation of SC functional outcomes to remain quiescent, become activated
as myogenic progenitor cells (MPs), self-renew or differentiate (Bhattacharya & Scime, 2020).
Key to understanding how metabolism affects these fate decisions in SCs and MPs is the
mitochondria. However, unlike for terminally differentiated myofibers (Diaz-Vegas et al., 2019;
Hood et al., 2019), there is a paucity of data for how the mitochondria influences SCs and MPs.
Now this thesis reveals how a transcriptional co-repressor and a member of retinoblastoma family
of proteins, p107, governs SC and MP behaviour through a newly discovered mitochondrial
mechanism.

1.2 Satellite cell fates

Over half a century has passed since a population of mononucleated cells was discovered
between the basal lamina and plasma membrane of skeletal muscle fibers (Atz & Katz, 1961;
Mauro, 1961) representing 2-10% of the total myonuclei (White et al., 2010). Due to their
peripheral localization they were termed satellite cells. At that time their close proximity to the

myofiber raised the hypothesis that they might be involved in regeneration and growth. A



possibility proved correct with advances over many years that showed SCs as the primary
myogenic stem cells necessary for the regeneration and maintenance of skeletal muscle fibers.
As with other stem cells, SCs have the ability to self-renew and give rise to functional
progeny. Usually, SCs are quiescent within their niche and enter the cell cycle when activated by
external cues such as injury or trauma. Their ideal positioning enable them to receive local signals
from muscle fibers, fibroblasts, endothelial cells and systemic factors from blood vessels with
which they co-localize (Yin et al., 2013). After activation some SCs become committed to enter
the myogenic lineage as MPs, whereas others self-renew to replenish their pool. In turn the MPs
either proliferate and exit the cell cycle to differentiate into myocytes or they become quiescent

SCs, repopulating the stem cell pool (Figure 1.1) (Dumont et al., 2015a; Yin et al., 2013; Zammit

et al., 2006).
Q ctivation Differentiated MPs
Quiescent SC Proliferating MPs
m Commitment #o Differentiation

Q,
e
’)@h’
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Figure 1.1: Schematic of satellite cell fates: Satellite cells (SCs) remain quiescence in their
niche. After activation some SCs become committed to enter the myogenic lineage as
myogenic progenitors (MPs), whereas others self-renew to replenish their pool. In turn the
MPs either proliferate and exit the cell cycle to differentiate into myocytes or they become
quiescent SCs, repopulating the stem cell pool.




Quiescent SCs are characterized by the expression of paired homeobox transcription factor
7 (Pax7). Stimuli from damaged, diseased or developing muscle induce the quiescent SCs to
activate, expand and give rise to new muscle fibers. Following activation, all SCs express the
myogenic determining factor 1 (MyoD) protein (Zammit et al., 2006) and also might express
myogenic factor 5 (Myf5) (Kuang et al., 2007; McKinnell et al., 2008). These are required for MPs
to proliferate and instigate proper differentiation (Kuang et al., 2007). The MyoD gene expression
is rapidly induced both in vivo and in vitro and is detectable before any sign of cellular division
(Grounds et al., 1992; Yablonka-Reuveni, 2011; Yablonka-Reuveni & Rivera, 1994; Zammit et
al., 2004). Most proliferating Pax7*MyoD* MPs, downregulate Pax7, sustain MyoD expression
and differentiate. This coincides with upregulated expression of another muscle specific
transcription factor, myogenin. which marks the entry of MPs into the differentiation phase
accompanied by cessation of proliferation (Olguin et al., 2007; Yin et al., 2013; Zammit et al.,
2006) (Figure 1.2). The differentiating MPs initiate expression of various muscle specific genes
encoding structural proteins resulting in their fusion (Przewozniak et al., 2013). A few
Pax7*MyoD* MPs lose MyoD protein expression, but continue to maintain Pax7 expression, and
eventually withdraw from cell cycle re-expressing markers that characterize SC quiescence
(Zammit et al., 2004, 2006) (Figure 1.2). Thus, MyoD is initially expressed in all activated SCs,
before it is lost from some cells when the decision is made to self-renew (Zammit et al., 2004,
2006). Thus, orchestrated regulation of SC activation, self-renewal, proliferation and
differentiation are necessary for skeletal muscle regeneration, repair and maintenance.

Quiescent SCs constitute a heterogeneous population, with most representing a committed
population that had expressed Myf5 (during their development or after their activation and returned

to quiescence), (Pax7P*Myf5P%), and a small uncommitted number (10%) that had never expressed



Myf5, (Pax7P*Myf5™9) (Kuang et al., 2007). The later population can undergo asymmetric or
apical basal division producing Pax7P*Myf5"9 and Pax7P*Myf5P® cells. Apart from asymmetric
divisions, both SC populations also maintain and expand their population by symmetric division
(Dumont et al, 2015a; Kuang et al., 2007; Yin et al., 2013). The equilibrium between symmetric
and asymmetric division to maintain the homeostatic population of SCs is preserved by Wingless-
type MMTYV integration site 7A (Wnt7A) signaling with its receptor Frizzled 7 (Fzd7) (Le Grand
et al., 2009). Their signaling pathway dictates the polarity, parallel or perpendicular, of mitotic
division with respect to the basal lamina. Wnt7A by binding Fzd7 induces symmetric division by
causing the SC to divide in a parallel orientation producing two identical daughter cells. On the
other hand, the absence of Wnt7A favours cellular division perpendicular to the basal lamina
resulting in asymmetric division. This produces one daughter cell retaining SC characteristics and

another daughter cell that is committed to myogenic program (Le Grand et al., 2009).
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Figure 1.2: Role of Pax7 and MyoD in satellite cell fate decisions: All satellite cells
upregulate MyoD protein when activated. Some Pax7*MyoD" satellite cells (SCs)
downregulate Pax7, maintain MyoD expression and differentiate to form myofibers by
upregulating myogenin. For self-renewal, some activated SCs downregulate MyoD and return
to quiescence.




1.3 Cell cycle regulation of satellite cells and myogenic progenitors

The cell cycle is the sequential order of events resulting in cell growth and division giving
rise to two daughter cells (Bertoli et al., 2013). It is a tightly regulated process which can be divided
into various phases. Sequentially, it consists of a G1 (gap 1) phase, S (synthetic) phase, G2 (gap
2) phase and M (mitotic) phase. During G1, the cells are metabolically active and prepare for
synthesizing DNA that leads into S phase when DNA is replicated. The completion of DNA
synthesis is followed by the G2 phase, during which cell growth continues and proteins are
synthesized in preparation for M phase. At M phase, the nucleus divides (karyokinesis) and
cytoplasmic division (cytokinesis) occurs to produce two daughter cells.

Apart from these cell cycle stages, there is a GO or quiescent phase when the cells leave
the cell cycle in response to environmental changes such as depletion of nutrients or growth factors,
changes in cell adhesion and increased cell density during early G1 phase (Legesse-Miller et al.,
2012; Lemons et al., 2010). The cells in GO maintain their quiescent state, by reducing nucleotide
synthesis and oxidative damage to prevent entrance back into the cell cycle (Legesse-Miller et al.,
2012; Lemons et al., 2010). However, on receiving a stimulus, the cells exit from GO and return to
G1 to resume their growth and division.

Crucial to cell cycle progression are the cyclin dependent kinases (Cdks) which are
serine/threonine protein kinases, and their regulatory subunits cyclins that modify various cell
cycle regulators (Lim & Kaldis, 2013). Cyclin/Cdk complexes are activated during specific periods
of the cell cycle facilitating the progression of cell division. Of most importance are the cyclin D
family of proteins that pair with Cdk4 and Cdk6 in G1, cyclins A and E coupled with Cdk2 during
the G1/S transition and cyclin B1 together with Cdk1 that operates at the G2/M transition (Lim &

Kaldis, 2013). Cell cycle progression can be interrupted when Cdks are inactivated by Cdk



inhibitors (Bertoli et al., 2013; Lubischer, 2007). These are represented by two distinct families;
the inhibitor of Cdk4 (Ink) protein family and Cdk-interacting protein/kinase inhibitory proteins
(Cip/Kip) family (Lim & Kaldis, 2013). The Ink family which includes p15, p16, p18 and p19 can
bind specifically to Cdk4 and Cdk6 and inhibit their kinase activity by interfering their interaction
with cyclin D family (Sherr & Roberts, 1999). In contrast, the Cip/Kip family, which includes p21,
p27 and p57, can bind to both Cdks and cyclin subunits and thus modulate the activities of cyclins
D, E, A and B-Cdk complexes (Polyak et al., 1994; Sherr & Roberts, 1999; Wade Harper et al.,
1993).

During cell cycle progression, cell cycle checkpoints are important to ensure proper
division, determining whether a cell would proceed to the next phase of the cell cycle (Bertoli et
al., 2013). If the DNA damage is too critical to repair, the cells activate apoptotic signaling
cascades to prevent transmission of damaged DNA to the daughter cells (De Zio et al., 2013). The
checkpoints also ensure that the cells have accumulated enough growth factors before transitioning
to the next phase (Barnum & O’Connell, 2014). There are four well-known known checkpoints
that regulate cell cycle progression. The GO restriction point, G1 checkpoint, G2 checkpoint and
the metaphase checkpoint, also known as the spindle checkpoint (Barnum & O’Connell, 2014).
During GO restriction point, the cells in G1 decide whether to enter a reversible quiescent state if
there is not enough growth factors, or to proceed into the S phase of the cell cycle by up-regulating
cyclin D/Cdk4/6 followed by cyclin E/Cdk2 (Bertoli et al., 2013; Foster et al., 2010). This
restriction point is largely controlled by the retinoblastoma susceptibility protein (Rb) and
transcription factor E2f signaling pathway. Release of E2f due to Rb phosphorylation by cyclin
D/Cdk4/6 and cyclin E/Cdk2 (Lundberg & Weinberg, 1998), allows transcription of genes that

promotes the initiation of DNA replication and S phase entry (Barnum & O’Connell, 2014). The



G1 DNA damage checkpoint, hinders the initiation of DNA replication in the presence of DNA
damage and is largely controlled by the tumour suppressor protein p53 and Cdk inhibitor, p21
(Barnum & O’Connell, 2014). The G2 restriction point ensures proper cellular growth and
synthesis of necessary proteins for division that are made during the S and G2 phases (Barnum &
O’Connell, 2014). This restriction point also prevents cells from undergoing mitosis if they
encountered any DNA damage during G2, sequestering inactive cyclin B/Cdk1. Finally, the
spindle checkpoint is crucial to chromosome segregation during mitosis and meiosis (Barnum &
O’Connell, 2014). Its function is to ensure that the chromosomes have aligned at the mitotic plate
during metaphase and prevent premature anaphase onset (Gorbsky, 2015).

The ability of cells to enter the cell cycle also critically depends on the availability of
metabolites (Foster et al., 2010). Regulation of cell proliferation by metabolism evolved in part
from cellular ability to cope with nutritional deprivation by reducing growth and cell cycle
progression (Kalucka et al., 2015). During mid to late G1, a nutrient-sensitive cell growth
checkpoint enables cell to progress to S phase and complete cell division, only in presence of
adequate nutrients (Foster et al., 2010). Importantly, cells primed for mitotic division upregulate
glycolytic activator, 6 phosphofructo-2-kinase/fructose 2,6-biphosphatase 3 (PFKFB3), at the
nutrient sensitive checkpoint, and blocking glycolysis or reducing glucose availability impairs
cells’ ability to pass through this metabolic checkpoint (Almeida et al., 2010; Tudzarova et al.,
2011). Moreover, overexpression of PFKFB3, stimulates cell proliferation by upregulating cyclin
D3/Cdk1 and inhibiting p27 (Yalcin et al., 2009). Another glycolytic enzyme, glyceraldehyde 3-
phosphate dehydrogenase that converts glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate
also promotes G2/M progression by upregulating cyclin B/Cdk1 activity (Carujo et al., 2006).

Muscle specific pyruvate kinase isoenzyme (PKM) is a rate limiting enzyme of glycolysis that aids



in transfer of a phosphate group from phosphoenolpyruvate to ADP to produce pyruvate and ATP.
Its alternative splice form, PKM2, depending on its activity, decides whether glucose should be
converted to lactate or shuttle to PPP to produce building blocks for cell division (Mazurek, 2011).
Furthermore, in response to mitogenic stimuli, it acts as a transcriptional activator and kinase
phosphorylating and eventually acetylating histones triggering G1/S transition and cell
proliferation (Yang et al., 2012). Similar to glycolysis, glutaminolysis also favours G1/S phase and
in addition promotes S to G2/M progression (Colombo et al., 2011).

Apart from the metabolic intermediates, cellular energy and redox status are also
determining factors for cell cycle progression (Kaplon et al., 2015). In this regard, a crucial factor
that regulates cell proliferation by sensing cellular energy status is AMP-activated protein kinase
(AMPK). During cellular energy stress such as glucose deprivation that reduces ATP levels,
AMPK becomes activated to cause cell cycle arrest (Kaplon et al., 2015). AMPK mediates cell
cycle arrest at G1 by phosphorylating p53 and upregulating p21 (Imamura et al., 2001; Jones et
al., 2005a). Furthermore, AMPK can inhibit mammalian target of rapamycin 1 (mTORC1), an
important cell growth checkpoint factor (Foster et al., 2010; Gwinn et al., 2008). In presence of
sufficient nutrients, mTORC1 blocks p27 and promotes stabilization of the cyclin D/Cdk4/6 and
cyclin E/Cdk2 complexes promoting G1/S transition (Romero-Pozuelo et al., 2020). mTORCL is
shown to be important for mitotic entry after DNA damage checkpoint (Hsieh et al., 2018).
Another pivotal cell cycle metabolic checkpoint factor is NAD* dependent deacetylase Sirtuin 1
(Sirtl), which is activated when cellular NAD*/ NADH ratio is high (Boutant & Cant6, 2014).
Under genotoxis stress, Sirtl prevents p53 mediated trancriptional activation of p21, thereby

hindering cell cycle arrest (\Vaziri et al., 2001). Therefore, the cell cycle machinary is profoundly



influenced by changes in cellular metabolism. Yet the molecular basis that connects nutrient
availability, energy status to the core cell cycle machinary is not well understood.

Similar to other stem and progenitor cell types, proper regulation of cell cycle is important
for SC and MP fate decisions (Figure 1.3) (Almeida et al., 2016; Cliff & Dalton, 2017; Soufi &
Dalton, 2016). Microarray analysis revealed that there are 500 genes that are upregulated in
quiescent SCs, but not in cycling MPs (Fukada et al., 2007; Liu et al., 2013). Some of the important
quiescence markers are the negative regulators of cell cycle including Cdk inhibitors, p27 and p57,
Rb, regulator of G-protein signaling 2 and 5 (Rgs2, Rgs5), peripheral myelin protein 22 (Pmp22)
and the negative regulator of fibroblast growth factor (FGF) signaling sprouty 1 (Spry1). All these
quiescent genes have a role in maintaining SC quiescence and prevent activation. For example,
when activated SCs return to quiescence, they express Spryl, that promotes cell cycle exit by
inhibiting the extracellular signal-regulated kinase (ERK) pathway (Shea et al., 2010). SCs from
Spryl null mouse showed impaired SC self-renewal after muscle injury (Shea et al., 2010).
Moreover, conditional genetic deletion of p27 or Rb results in aberrant SC activation and
proliferation (Chakkalakal et al., 2014; Hosoyama et al., 2011; Huh et al., 2004). Importantly, SC
quiescence is also maintained by Notch signaling pathway (Bjornson et al., 2012; Buas & Kadesch,
2010; Conboy & Rando, 2002; Philippos et al., 2012). Notch activity is highest in quiescence and
progressively decreases during activation and differentiation (Brohl et al., 2012; Wen et al., 2012).
Indeed, an interruption in Notch activity leads to SC precocious differentiation bypassing S phase
(Philippos et al., 2012). Another transcriptional factor which is important for maintenance of
quiescence is Forkhead Box O3 (Fox03). FoxO3 mRNA and protein levels are higher in quiescent
compared to activated SCs. FoxO3 genetically deleted SCs proliferate and differentiate faster,

where as its overexpression inhibits cell cycle entry into S phase and terminal differentiation
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(Gopinath et al., 2014). In addition, FoxO3 also promotes expression of Notch receptors that
maintains quiescence (Gopinath et al., 2014).

On receiving mitogenic signals upon muscle injury, SCs exit the quiescent stage to enter
the cell cycle in G1 as proliferating MPs (Almeida et al., 2016). However, recent evidence suggests
that there is an intermediary stage between SC quiescence and activation, called the “G Alert”
stage that primes the SCs to become activated. Rodgers et al showed that following muscle injury,
quiescent SCs from an uninjured distant site exhibited a different cell cycle gene expression profile
from those of mice that had never been injured. They expressed many cell cycle genes found in
activated SCs, despite not entering the cell cycle (Rodgers et al., 2014), which is indicative of an
intermediate stage between quiescence and activation.

Following injury induced activation, a vast majority of SCs and MPs proliferate in a
concerted manner. A peak in MP proliferation is evident between second and fifth day after injury
(Murphy et al., 2014; Rodgers et al., 2014). Damaged fibers release various cytokines and growth
factors such as tumour necrosis factor a (TNF-a), hepatocyte growth factor (HGF), insulin growth
factor 1 (IGF1) and fibroblast growth factor (FGF) which are important for activation of signaling
pathways related to SC cell cycle entry (Almeida et al., 2016). IGF1 inactivate the transcription
factor FoxOl1, leading to downregulation of p27 thereby promoting cell cycle entry (Dumont et
al., 2015). Furthermore, FGF2 is expressed in regenerating muscle and activates several mitogen
activated protein kinase (MAPK) pathways such as p38a/p and extracellular signal-regulated
kinase ¥2 (ERK1/2) pathway, which are crucial for G1/S phase transition (Jones et al., 2005b;
Kondoh et al., 2007). Importantly, p38a/p MAPK activates MyoD gene expression that is thought
to promote cell cycle entry (Jones et al., 2005b). Conversely, its expression is suppressed by Notch

during quiescence to prevent premature SC activation (Jones et al., 2005a; Kondoh et al., 2007).
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Another MAPK, c-Jun N-terminal kinase (JNK) triggers the expression of cyclin D1,
promoting SC cell cycle progression (Perdiguero et al., 2007). Proliferating MPs express activated
Cdk4 that inactivate Rb by phosphorylation, thus ensuring cell division. Furthermore, global gene
expression analysis has shown that a number of cell cycle regulators such as cyclin A, B, D and E
are enriched in cultured MPs to potentiate cell proliferation (Fukada et al., 2007). In contrast to
proliferating MPs, differentiating myotubes contain high levels of Cdk inhibitor p21 and
hypophosphorylated Rb (active repressor form) (Chakkalakal et al., 2014). Importantly,
differentiation requires concerted up-regulation of p21, pl9 and p57 (Cao et al., 2003;

Chakkalakal et al., 2014; Pajcini et al., 2010).
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Figure 1.3: Cell cycle control of satellite cell fates: Proper regulation of cell cycle is
important for SC and MP fate decisions. In resting condition, Forkhead box O3 (FoxO3)
transcription factor that activates Notch signaling pathway, help to maintain quiescent state
(GO0) of the SCs. Cyclin kinase inhibitor, p27 is upregulated to prevent cell cycle entry. After
activation, SCs can either enter quiescence by upregulating Spryl or enter cell cycle and
progress to S phase. The activated SCs that are primed for differentiation upregulate p38a/3
mitogen activated protein kinase (p38a/BMAPK), extracellular signal-regulated kinase 12
(ERK1/2) and c-Jun N-terminal kinase (JNK) with simultaneous downregulation of p27 to
promote cell cycle entry into G1/S phase. The MPs undergo rounds of proliferation, stimulated
by cyclins/Cdks, in S/IG2/M phase. Following proliferation, the MPs exit cell cycle by
upregulating p21, p19 and p57 to differentiate into myofibers.

1.4 Mitochondria and oxidative phosphorylation

Mitochondria are double membranous organelles that consist of outer and inner
membranes, the latter forming numerous folds called cristae (Hood et al., 2019). The area between
the outer and inner membranes is called the inter-membrane space, whereas the matrix is the space

encompassed by the inner membrane. Mitochondria are considered bioenergetic hubs where ATP
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is produced via oxidative phosphorylation (Oxphos) by catabolism of different fuel sources such
as glucose, fatty acids and glutamine (Chandel, 2018).

The process of mitochondrial ATP generation via Oxphos occurs in the inner mitochondrial
membrane where electron transport chain (ETC) accepts electrons from reducing agents. The ETC
comprises of five multi-subunit complexes, as well as a lipid soluble electron carrier between
complexes I/11 and 111 called ubiquinone (UQ) and the water soluble carrier between complexes
Il and IV called cytochrome ¢ (Figure 1.4) (Martinez-Reyes & Chandel, 2020). The reducing
equivalents that include reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin
adenine dinucleotide (FADH2) might be produced by the tri-carboxylic acid (TCA) cycle, from
intermediates of different metabolic pathways. For this process, the TCA cycle, housed in the
mitochondrial matrix, performs a series of interconnecting reactions. NADH and FADH: enter the
ETC, through complexes I and Il respectively where they become oxidized (Martinez-Reyes &
Chandel, 2020). The electrons formed from oxidation of the reducing equivalents migrate
through ETC complexes to the final electron acceptor oxygen that is reduced to water in
complex IV (Martinez-Reyes & Chandel, 2020). This passing of electrons through ETC is
accompanied by pumping of protons from the mitochondrial matrix to the inter-membrane
space (Martinez-Reyes & Chandel, 2020). Complexes I, Il and IV are responsible for this
proton pump resulting in the creation of mitochondrial membrane potential (y) in the inter-
mitochondrial membrane (Sena & Chandel, 2012). This results in flowback of protons into the
matrix through complex V (ATP synthase), which produces ATP from ADP (Martinez-

Reyes & Chandel, 2020).
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Figure 1.4: Schematic of electron transport chain (ETC): The ETC is made up of 5 complexes
(C), CI, CII, Clll, CIV, and CV. The complexes contain subunits from 13 mitochondrial (mito)
encoded genes including seven for CI, one for ClIII, three for CIV and two for CV. The electrons
formed from oxidation of the reducing equivalents NADH and FADH> migrate through
ETC complexes to the final electron acceptor oxygen that is reduced to water by complex
IV. The passing of electrons through the ETC is accompanied by pumping of protons from
the mitochondrial matrix to the inter-membrane space. The flowback of protons into the
matrix through complex V produces ATP from ADP.

1.5 Glycolysis and Oxphos

The production of ATP through Oxphos is tightly coupled to glycolysis (Figure 1.5).
Glycolysis is the process of intracellular biochemical conversion of glucose into two molecules of
pyruvate with generation of two molecules each of ATP and NADH in the cytosol. This occurs
through ten enzymatic reactions. NADH produced from glycolysis in the cytosol might be
transported by the malate-aspartate shuttle into the mitochondria to be oxidised by ETC (Kane,
2014). Furthermore, in proliferating cells, the enzymatic reactions produce glycolytic

intermediates that are incorporated into various metabolic pathways to generate macromolecules
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such as nucleotides, lipids, amino acids and NADPH, which are necessary for cell division (Lunt
& Vander Heiden, 2011; Ryall, 2013; Shyh-Chang et al., 2013) (Figure 1.5). For example,
glycolytic intermediate glucose 6-phosphate, shuttles into the pentose phosphate pathway (PPP),
resulting in production of NADPH and Ribose-5-phosphate (Yu et al., 2016). NADPH acts as a
reducing agent in lipid, nucleotide and amino acid biosynthesis whereas ribose-5-phosphate aids
in nucleic acids biosynthesis (Vander Heiden & Deberardinis, 2017; Yu et al., 2016). Additionally,
the intermediate dihydroxyacetone phosphate (DHAP) produced during glycolysis is converted to
glycerol-3-phosphate, which helps in biosynthesis of the integral components of cell membranes,
phospholipids and tri-acylglycerols (Yu et al., 2016).

The glycolytic end product pyruvate, has several potential fates. In the presence of oxygen,
pyruvate usually enters the TCA cycle either as acetyl CoA through the action of pyruvate
dehydrogenase (Pdh) or as oxaloacetate via pyruvate carboxylase (Figure 1.5). Another potential
fate of pyruvate is its conversion to lactate in the cytosol by lactate dehydrogenase a (Ldha) that
usually occurs in the absence of oxygen. In the anaerobic condition, NADH, which would normally
enter the mitochondria, instead is oxidised to NAD" in the reaction that forms lactate from
pyruvate. In this way, glycolysis is sustained by NAD™ driving the first biochemical reaction in the
glycolytic pathway (DeBerardinis et al., 2008). In response to acute energy demand, compared to
Oxphos, glycolysis enables a faster rate of ATP generation (Pfeiffer et al., 2001).

The generation of ATP through glycolysis, despite the presence of oxygen is called the
aerobic glycolysis or Warburg effect (Lunt & Vander Heiden, 2011). In tumours, the most
prevalent explanation for the Warburg effect is a strategy to deal with immense anabolic demands
of the proliferating cells. Many of the metabolites from energy producing pathways are shunted to

biosynthetic pathways to support macromolecular synthesis needed for cell division (Lunt et al.,
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2015; Vander Heiden & Deberardinis, 2017). In fact, for cancer cells, despite aerobic conditions,
under an abundant supply of glucose, the percentage of ATP generated from glycolysis alone
exceeds the amount produced by the mitochondria (DeBerardinis et al., 2008; Locasale & Cantley,
2010).

As energy generation is in response to energy demand of the cells, ATP production varies
in different microenvironments and cellular conditions. Mammalian cells rely primarily on both
glycolysis and Oxphos to produce ATP. However, the decision to use ATP from glycolysis or
Oxphos is dependent on cell types, substrate availability, stages of cellular proliferation or
differentiation (Pfeiffer et al., 2001). In this regard, glycolysis and Oxphos mutually collaborate to
generate ATP, although the control mechanism is not properly understood. Cells devise their own
mechanism for energy generation, if either of the ATP generating hubs fail to comply with the
demand of the cells. For example, synthesizing ATP from glucose through glycolysis is the optimal
ATP-producing tactic, when cells are restricted by their inability to maintain enough mitochondrial
function to perpetuate sufficient flux through ETC (Locasale & Cantley, 2010; Vazquez et al.,
2010). Indeed, in rapidly proliferating cancer cells, glycolysis is ramped up as Oxphos is not
sufficient to fuel the cell division (Vander Heiden & Deberardinis, 2017). Furthermore, if glucose
availability is perturbed, cancer cells switch their reliance on mitochondrial Oxphos (de Padua et
al., 2017; Shiratori et al., 2019). An important parameter that measures cellular energy status and
its reliance on glycolysis or Oxphos is NAD*/NADH ratio (Menzies & Auwerx, 2015). Increased
reliance on ATP derived from glycolysis is associated with low NAD*/NADH ratio (Heiden et al.,
2009), a phenomenon also observed in cancer cells (Vander Heiden & Deberardinis, 2017). In
hypoxic environment, where glycolysis is enhanced to compensate for the weakened Oxphos

production in the mitochondria, there is low NAD*/NADH ratio (Eales et al., 2016). Similarly, in
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certain pathological conditions such as hyperglycemia and diabetes, reduced Oxphos activity

might be a consequence of low NAD/NADH ratio, indicative of their inclination towards

glycolysis for ATP (Xiao et al., 2018). Contrarily, glucose starvation or caloric restriction that

elevates cellular NAD*/NADH stimulates ATP production through Oxphos in lieu of glycolysis

(Xiao et al., 2018). Therefore, a critical factor coordinating ATP produced by glycolysis or Oxphos

is NAD+/NADH ratio which in turn depends on cellular condition and substrate availability.
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Figure 1.5: Diagrammatic representation of glycolysis and Oxphos: In the cytosol,
glucose is oxidised to pyruvate by glycolysis, which enters the Tri-carboxylic (TCA) cycle
via acetyl CoA or oxaloacetate (OAA). NADH and FADH: produced by TCA cycle enters
electron transport chain complex and is oxidised by donating electrons. The electrons move
through the complexes to produce ATP by a process called oxidative phosphorylation
(Oxphos). Pyruvate on the other hand might also form lactate and NAD™ by utilizing NADH.
The glycolytic intermediates glucose 6-phosphate (G6P) shuttles into the pentose phosphate
pathway (PPP), resulting in production of NADPH and Ribose-5-phosphate and
dihydroxyacetone phosphate (DHAP) that forms lipid.
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1.6 Mitochondrial DNA

The mitochondrial matrix maintains distinct genomic DNA that is not present in the
nucleus. In mammals, the mitochondrial DNA (mtDNA) is approximately 16,600 base pairs of
double stranded DNA having a non-coding D-loop regulatory region and encoding 13 mRNAs,
which are translated to form critical components of ETC complexes, along with 2 rRNAs and 22
transfer tRNAs (D’Souza & Minczuk, 2018) (Figure 1.6). The remaining components of the ETC
are encoded by nuclear genes, which are imported into the mitochondria usually via specialized
import machineries (Mokranjac & Neupert, 2005).

There are two strands of mtDNA based on different buoyant densities in a cesium chloride
gradient, designated as heavy (H) strand and light (L) strand. The individual L strand transcription
is initiated from a single promoter (LSP), whereas H strand transcription initiates at two different
promoters (HSP1) and (HSP2) (D’Souza & Minczuk, 2018; Montoya et al., 1982). HSP2
transcription initiation site is located in the 5' end of 12s rRNA gene and produces a polycistronic
RNA molecule covering almost the entire H strand encoding 12 mRNAs and 12 tRNAs. On the
other hand, the HSP1 transcription initiation site is located 100 base pairs upstream of HSP2 causes
transcription of 16S and 12S ribosomal (r) RNA. LSP drives the expression of Nd6, a complex 1
subunit of the ETC, as well as 8 tRNAs (Clayton, 2000; Guja & Garcia-Diaz, 2012). These
polycistronic precursors are processed to produce individual mMRNA, tRNAs and rRNAs. In
addition to the most accepted structure of mtDNA, a 75 base pair open reading frame has been
identified within the 16S rRNA, that yields a 24-oligopeptide designated as Humanin, that might

have some neuroprotective function (Barshad et al., 2018).
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Figure 1.6: Schematic of mitochondrial DNA. Representation of mitochondrial DNA with
D-loop regulatory region, two heavy strand promoters (HSP1 and HSP2) and one light strand
promoter (LSP). The ETC subunit genes encoded are for complex I, Nd1, Nd2, Nd3,
Nd4/Nd4L, Nd5 and Nd6 (red), complex 111, Cytb (light blue), complex IV, Coxl, Coxll and
Coxlll (dark blue) and complex V, Atp6 and Atp8 (yellow).

1.7 Transcriptional regulation of mitochondrial DNA

The human mtDNA transcription initiation requires mitochondrial DNA-directed RNA
polymerase (POLRMT), transcription factor A of mitochondria (TFAM) and transcription factor
B2 of mitochondria (TFB2M) (Falkenberg et al., 2002; Gaspari et al., 2004). TFAM is a 29kDa
protein, which can bind, unwind and bend mitochondrial DNA to facilitate transcriptional
initiation (Farge & Falkenberg, 2019). It also packages mtDNA into nucleoprotein structures
called nucleoids, that perhaps maintains mtDNA integrity and influence mitochondrial gene
expression (Bouda et al., 2019; Farge & Falkenberg, 2019; Gustafsson et al., 2016; Kukat et al.,
2015). Structurally, TFAM contains a mitochondrial matrix targeting sequence, two tandem high
mobility group box domains separated by a linker region (Ngo et al., 2014). It also has a 30 amino
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acid C terminal tail, which has been characterized as a DNA binding region essential for
transcriptional activation and interaction with TFB2M (Cotney & Shadel, 2006; Falkenberg et al.,
2002; McCulloch & Shadel, 2003; Rubio-Cosials et al., 2011).

TFB2M, structurally homologous to bacterial RNA methyltransferase (Cotney & Shadel,
2006), also aids in mitochondrial transcription initiation (Morozov et al., 2015). Through its
interaction with POLRMT, TFB2M facilitates transition from a closed to open promoter
confirmation required for transcription initiation by inducing promoter melting (Gaspari et al.,
2004; Litonin et al., 2010; Lodeiro et al., 2010; Ramachandran et al., 2017).

It is uncertain if TFAM is an actual component of a transcription complex with POLRMT
and TFB2M (Falkenberg et al., 2002; Litonin et al., 2010; Shi et al., 2012; Yakubovskaya et al.,
2014) or the transcriptional machinery might comprise a two component system made up of
TFB2M and POLRMT with TFAM acting as a transcriptional activator (Lodeiro et al., 2012; Shutt
et al., 2010; Zollo et al., 2012). According to the former mechanism, transcription initiation starts
with TFAM binding to 10-15 base pairs upstream of the start site for transcription (Gustafsson et
al., 2016). Here it interacts with POLRMT recruiting it to the promoter (Hillen et al., 2017) that
creates a structural change facilitating POLRMT-DNA interaction (Morozov et al., 2014; Posse et
al., 2014; Yakubovskaya et al., 2014). Following, TFB2M is also incorporated in the transcription
complex, thereby forming the initiation complex conducive for transcription (Morozov et al., 2014;
Yakubovskaya et al., 2014).

For the latter mode of transcription, TFAM levels differentially regulate the different
promoters (Clayton, 2000; Gaspari et al., 2004; Ngo et al., 2014; Shutt et al., 2010). In the absence
of TFAM, POLRMT and TFB2M bind to both LSP and HSP1 in-vitro, but direct HSP1 promoter

specific transcription initiation more efficiently. However, in the presence of TFAM, transcription

21



from LSP is more proficient compared to HSP1. This can be attributed to differential DNA bending
by TFAM (Ngo et al., 2011), and/or the TFAM binding sites for these two promoters are on
opposite directions relative to the transcription initiation site (Ngo et al., 2014). For HSP2,
promoter specific transcription initiation was achievable only by POLRMT and TFB2M (Lodeiro
etal., 2012; Zollo et al., 2012), whereas, in-vitro transcription initiation from HSP2 was inhibited
by TFAM (Lodeiro et al., 2012; Zollo et al., 2012). Based on TFAM’s ability to differentially
activate HSP1 and LSP and to repress HSP2 promoter (Shokolenko & Alexeyev, 2017), it can be
speculated that it differentially activates the different promoters to balance the need of gene
expression and ribosomal biogenesis, in response to different physiological or environmental
changes.

Besides the initiation factors, the transcription machinery also includes the mitochondrial
transcription elongation factor (TEFM), that ensures processivity and stabilization of the
elongation complex (Agaronyan et al., 2015; Hillen et al., 2017; Minczuk et al., 2011). Finally,
the termination of mtDNA transcription originating from LSP and HSP1 is performed by
mitochondrial transcription termination factor 1 (MTERF1) (Asin-Cayuela et al., 2005; Barshad
et al., 2018). However, not much is known about MTERF1 mediated transcriptional termination
from HSP2 (Yakubovskaya et al., 2010).

1.8 Mitochondrial DNA and Oxphos

mtDNA are limiting and crucial for ATP synthesis, as it encodes 13 mitochondrial
genes which are the functional components of 4 out of 5 ETC complexes (Gustafsson et al.,
2016; Taylor & Turnbull, 2007). This is evident in diseases and ageing where mtDNA
mutations are characterized by reduction in mitochondrial function and Oxphos (Carelli &

Chan, 2014; Gorman et al., 2016; Ryzhkova et al., 2018). Oxphos deficiency due to mtDNA
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mutation also causes leakage of electrons from ETC, resulting in oxidative stress, thereby
predisposing mitochondrial deregulation (Lee et al., 2017). Indeed, mutation of mtDNA
encoded Atp6 and Atp8 genes, decreased mitochondrial ATP generation and produced high
levels of oxidative stress induced mitochondrial damage (Housték et al., 2006).
Furthermore, mutation of ETC complex | encoded mitochondrial genes is the predominant
cause of impaired ATP synthesis in progression of Leber hereditary optic neuropathy
(LHON) disease (Baracca et al., 2005). Additionally, mtDNA mutation might also effect
ETC complexes I, Il and IV formation and stability, thereby reducing ATP synthesis
capacity (Pello et al., 2008).

The significance of mtDNA to ATP generation was further underscored by
experiments using a high throughput screen to assess real time ATP concentration in live
human cells. These experiments showed that decreased mitochondrial ATP generation was
associated with a deficiency in mitochondrial encoded genes (Mendelsohn et al., 2018).
Another recent study showed that inducible depletion of mtDNA, reduced mitochondrial
transcripts and ETC complex formation (Martinez-Reyes et al., 2016). This caused a
reduction in the mitochondrial ATP generation, which attenuated cell proliferation
(Martinez-Reyes et al., 2016). This was evident in mtDNA depleted cells that did not survive
when grown in galactose only media where ATP generation is completely dependent on

mitochondrial Oxphos (Martinez-Reyes et al., 2016).

1.9 Mitochondrial biogenesis and dynamics
Mitochondrial number within a cell is maintained by two opposing forces, biogenesis
and mitophagy that create and eliminate mitochondria, respectively to sustain energy (Hood

et al., 2019). Mitochondrial biogenesis is a multistep mechanism by which cells increase
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the mitochondrial content and function in response to different physiological, metabolic and
pathological changes (Handschin & Spiegelman, 2006; Sanchis-Gomar et al., 2014). Crucial
to mitochondrial biogenesis is peroxisome proliferator-activated receptor co-activator 1 alpha
(Pgclo). It interacts and co-activates a variety of transcription factors including the nuclear
respiratory factors (Nrf) 1 and 2 which promote expression of TFAM that might enhance
mitochondrial transcription and gene expression (Gureev et al., 2019).

Proper mitochondrial morphology and organization are maintained by two opposing
forces; fusion and fission which are associated with ATP generation capacity (Khacho & Slack,
2017). In this regard, the switch in mitochondrial dynamics caused by fusion or fission are associated
with differential energy generation capacities (Khacho et al., 2016). Mitochondrial fusion is a two-stage
process where the outer membrane is fused by mitofusin I (Mfnl) and 11 (Mfnll), followed by fusion of
inner membrane by Optic Atrophy 1 (Opal). Mitochondrial fusion produces elongated mitochondria that
might be associated with mtDNA stability influencing Oxphos (Mishra & Chan, 2016; Mitra et al., 2009;
Ramos et al., 2019; Song & Hwang, 2018). Absence of mitochondrial fusion due to genetic deletion of
both Mfn1 and Mfn2 in mouse heart resulted in decreased mtDNA content and ETC function (Chen et
al., 2011; Papanicolaou et al., 2012). In skeletal muscle, conditional genetic deletion of Mfn1 and Mfn2
also caused instability and mutagenesis of mtDNA (Chen et al., 2010). Moreover, loss of inner
mitochondrial membrane fusion due to ablation of Opal in skeletal muscle also resulted in severe
mtDNA depletion and reduced ETC complex activity (Tezze et al., 2017).

On the other hand, increased Oxphos might be necessary to promote fusion and elongated
mitochondria (Mishra & Chan, 2016). This interpretation is via the development of an in vitro fusion
assay using isolated mitochondria (Hoppins et al., 2011; Meeusen et al., 2004; Schauss et al., 2010),

which enabled more detailed investigation regarding the regulation of mitochondrial fusion by Oxphos
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(Mishra & Chan, 2014). The importance of Oxphos to mitochondrial fusion was demonstrated in isolated
mitochondria, where addition of respiratory substrates that stimulate Oxphos, resulted in mitochondrial
inner membrane fusion (Mishra & Chan, 2014). In skeletal muscle, oxidative fibers that have increased
reliance on Oxphos, had more mitochondrial fusion (Mishra et al., 2015). Human cells growing in
galactose media that forces cells to rely on Oxphos showed elongated mitochondria (Rossignol et al.,
2004). Moreover, in cells from patients with mtDNA mutation, defective Oxphos generation led to
impaired mitochondrial fusion (Mishra & Chan, 2014).

Fission is associated with division of mitochondria by dynamin related protein 1 (Drpl) and
fission protein 1 (Fsnl). Drpl is essential to maintain cellular homeostasis by its regulation during
differentiation, cell survival, apoptosis and clearance of damaged mitochondria by mitophagy
(Inoue-Yamauchi & Oda, 2012; Kim et al., 2013; Lee et al., 2011). Fission results in augmented
mitochondrial fragmentation that causes increased oxidative stress and reduced ATP production (Jheng
etal., 2012). Transgenic mice overexpressing Drpl in skeletal muscle exhibited reduced mtDNA,

less muscle mass and compromised exercise mediated benefits (Touvier et al., 2015).

1.10 Metabolic transitions in SCs and MPs

SCs are characterized by dynamic metabolic reprogramming during different stages of the
differentiation process from predominately Oxphos in quiescence to upregulation of glycolysis
during activation and proliferation, back to a reliance on Oxphos during terminal differentiation
(Bhattacharya & Scime, 2020) (Figure 1.7). Quiescent SCs have very few mitochondria, tightly
packed around the nucleus, reduced levels of mtDNA and a very low metabolic rate (Latil et al.,
2012). This is similar to other adult stem cell populations, such as quiescent long-term
hematopoietic stem cells that reside in the bone marrow. These are also characterized by

mitochondria with a paucity of mtDNA, reduced mass and poor development (Simsek et al.,
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2010). However, unlike long-term hematopoietic stem cells, quiescent SCs barely depend on
glycolysis and rely more on the mitochondria to produce ATP through R-oxidation of fatty acids
and Oxphos (Ryall et al., 2015).

Quiescent SCs are thought to consist of two distinct populations based on differences in
mitochondrial density, which is inversely associated with Pax7 levels (Rocheteau et al., 2012). The
SC population with low levels of Pax7 had more mitochondria and mtDNA with greater ATP
generation compared to the other resident SCs and expressed higher levels of myogenic
commitment markers (Rocheteau et al.,, 2012). Moreover, the quiescent SCs with reduced
mitochondrial density and lower mitochondrial activity showed increased markers of stemness and
decreased markers of myogenic commitment. This population utilized more time before entering
the cell cycle for the first round of division after activation, suggesting that they represented a self-
renewal population (Rocheteau et al., 2012).

When they become activated, SCs exhibit a metabolic switch from fatty acid oxidation to
higher rates of glycolysis (Ryall et al., 2015). In muscle regeneration experiments, activated SCs
isolated from skeletal muscle had a high level of glycolysis and oxygen consumption rate
following 3 days of injury (Pala et al., 2018). The reliance on glycolysis provides the proliferating
MPs with macromolecules to meet their anabolic demands during proliferation and might also act
to protect them from ROS produced by mitochondrial Oxphos (Folmes et al., 2012). This is evident
in other highly proliferative stem cell types. For the highly proliferative undifferentiated
embryonic stem cells, self-renewal is maintained by utilizing a high rate of energy generation and
a ready supply of macromolecules for cell division. In this case, relying more on glycolysis
producing lactate from pyruvate rather than acetyl CoA for Oxphos (Cliff & Dalton, 2017).

Recently, single cell RNA sequencing revealed that expression for mitochondrial genes also
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increased substantially in activated SCs after injury and in committed MPs that had been isolated
from mouse skeletal muscle and cultured in vitro (Dell’Orso et al., 2019). This was also associated
with a progressive increase in transcripts associated with TCA cycle, ETC complexes and fatty
acid synthesis (Dell’Orso et al., 2019).

To increase their proliferative rate, committed SCs have devised several methods to
actively reduce Oxphos production in favour of glycolysis. MP proliferation is associated with
hypoxia inducible factor la (Hiflo) activation. This promotes glycolysis to produce lactate,
thereby attenuating Oxphos capacity, which is required for differentiation. Indeed, SCs obtained
from genetically deleted Hifla and Hif2a mice had reduced self-renewal and MPs underwent
precocious differentiation (Yang et al., 2017). When MPs were pre-conditioned in hypoxic
environment and transplanted into mdx mice, a mouse model for muscle wasting disease,
there was improved regeneration capacity of the pre-conditioned MPs (Liu et al., 2012).
Oppositely, Hiflo has also been shown to inhibit differentiation of MPs (Majmundar et al., 2015).
This was thought to be mediated through Hiflo mediated inhibition of Wnt signaling that repressed
MP differentiation (Majmundar et al., 2015). The discrepancies in their findings for Hifla might
relate to the timing of its activity in SC and MP fate decisions (Majmundar et al., 2015).

Another potential mechanism that might downregulate Oxphos capacity in favour of
glycolysis in MPs is activation of pyruvate dehydrogenase kinase (Pdk). In the mitochondria
Pdk suppresses Pdh that converts pyruvate to acetyl CoA for the TCA cycle, thereby
inhibiting mitochondrial oxidative capacity (Zhang et al., 2014). Pluripotent and some adult
stem cells have devised this method to inhibit mitochondrial Oxphos and enhance glycolysis
to sustain rapid proliferation (Folmes et al., 2011; Takubo et al., 2013). Although not much

is known about regulation of MPs by Pdk, it was shown that in hypoxia or glucose
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deprivation, MPs have higher Pdk activity to support enhanced glycolysis (Abbot et al., 2005;
Hori et al., 2019).

Reduced Oxphos capacity in human MPs during proliferation is maintained by low
levels of ETC complex Ill, IV and V subunits, mitochondrial proteins and enzymes compared to
differentiating cells (Hoffmann et al., 2018). A similar profile is observed in proliferating
pluripotent stem cells, which are characterized by decreased complex | and complex IV ETC
nuclear encoded genes and a reduction in mitochondrial biogenesis regulators such as peroxisome
proliferator-activated receptor co-activator 1 beta (Pgcip) and estrogen-related receptor gamma
(ERRy) (Sperber et al., 2015; Zhou et al., 2012)

As MPs begin to differentiate, glycolysis subsides in favour of Oxphos, which is essential
for terminal differentiation (Figure 1.7). Recently, a study showed that conditional deletion of
Pdh in SCs that resulted in defective MP proliferation, also caused poor terminal
differentiation and inefficient skeletal muscle regeneration upon injury. Thus, suggesting the
requirement of pyruvate for efficient Oxphos during differentiation (Hori et al., 2019). Indeed,
chloramphenicol, an inhibitor of mitochondrial protein synthesis and function, has been shown to
inhibit myogenic differentiation (Rochard et al., 2000; Seyer et al., 2006, 2011). Compared to MPs,
differentiated myofibers have a higher mitochondrial mass composed of pronounced levels of
mtDNA, ETC complex proteins and TCA cycle enzymes (Hoffmann et al., 2018; Kraft et al., 2006;
Lyons et al., 2004; Remels et al., 2010). The terminally differentiated myofibers require functional
mitochondria to sustain the high energy demand of skeletal muscles. A lack of functional
mitochondria in terminally differentiated tissues due to mtDNA mutations is the cause of many

diseases of different organs that include skeletal muscle (Chinnery, 2015).
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Energy output from mitochondria during MP differentiation is associated with their
dynamic reorganization by fission, mitophagy, biogenesis and fusion (Figure 1.7). In metabolic
complications such as type 2 diabetes, decreased myogenic differentiation is attributed to impaired
mitophagy, which suggests the importance of mitochondrial clearance in facilitating
differentiation (Henriksen et al., 2019). Importantly, during early myogenic differentiation, there
is upregulation of the fission protein Drpl mediated mitochondrial fragmentation and subsequent
mitophagy by sequestosome 1 (Sin et al., 2016). Drpl inhibition caused a reduction in
differentiation of MPs with reduced mitochondrial elongation, mtDNA content and mitochondrial
biogenesis (Kim et al., 2013). However, at later stages of differentiation if Drpl is not repressed
then myogenic differentiation does not proceed (De Palma et al., 2010).

Following mitophagy, the mitochondrial biogenesis activator Pgcla and the fusion protein
Mfn2 rebound mitochondrial dynamics (Sin et al., 2016). As differentiation progresses, Opal
mediates mitochondrial fusion and Pgcla amplifies mitochondrial biogenesis that together form
the dense elongated mitochondrial network pertaining to increased Oxphos reliance in
differentiated myotubes (Sin et al., 2016). Ectopic overexpression of Pgcla in an MP cell line
increased mtDNA, mitochondrial encoded cytochrome ¢ oxidase gene expression that enhanced
mitochondrial respiration and function (Baldelli et al., 2014; Wu et al., 1999). Importantly,
overexpressing Pgcla in human MPs boosted myofiber formation capacity both in vitro and in
vivo with enhanced metabolic activity (Haralampieva et al., 2017).

Intriguingly, MyoD has recently been shown to control mitochondrial function that might
be necessary for efficient differentiation. By genome wide ChlIP seq analysis of a MP line, it was
found that the MyoD interacted with several metabolic genes including those involved in

mitochondrial biogenesis, fatty acid oxidation and ETC function (Shintaku et al., 2016).
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Figure 1.7: Mitochondrial function in satellite cell fates. Quiescent satellite cells (SCs) utilize
fatty acids through B-oxidation for Oxphos in the mitochondria. Activation of quiescent SCs
might potentiate their self-renewal or formation of myogenic progenitor cells (MP) that undergo
proliferation and eventually differentiate as part of myofibers. Mitochondrial metabolism is
poorly elucidated in self-renewing SCs, whereas MPs rely on glycolysis to obtain energy for
rapid division. As differentiation progresses, there is increased mitochondrial fission, followed
by mitophagy, after which the mitochondria are repopulated by mitochondrial biogenesis and
fusion. ROS levels increase as MPs begin to differentiate.

1.11 Mitochondrial oxidative stress in SCs and MPs

Reactive oxygen species (ROS) is a by-product of mitochondrial Oxphos, generated
as a result of electron transfer reactions in ETC (Sena & Chandel, 2012). Leakage of
electrons during their shuttling through the ETC at complexes I and 111, might generate ROS
that cause oxidative stress to the cells (Martinez-Reyes & Chandel, 2020). ROS can also be
produced via an accumulation of excess NADH at complex | known as reductive stress
(Pryde & Hirst, 2011; Xiao & Loscalzo, 2020; Yan, 2014). Reductive stress can be caused
by an enhanced NADH production by Pdh complex that overwhelms complex 1 (Fisher-
Wellman et al., 2015). Additionally, hypoxic or high glucose environment that impedes
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mitochondrial ATP generation, might also contribute to reductive stress (Oldham et al.,
2015). Alternatively, ROS can be generated by reverse electron transport (RET), whereby
electrons backflow from ubiquinone or complex Il to complex I (Chouchani et al., 2014;
Scialo et al., 2016; Treberg et al., 2011). RET and likely reductive stress can also be induced
by blockage of ETC complexes, including complexes Ill, 1V and V that impede ATP
generation, which might lead to NADH accumulation at complex | (Mills et al., 2016; Xiao
& Loscalzo, 2020).

To protect the cells from the potential harmful effect of ROS, mitochondria have
their own antioxidant defense systems (Oyewole & Birch-Machin, 2015). Notable among
them are catalase, glutathione peroxidases (GPxs) and superoxide dismutase (SOD) which are
able to scavenge ROS to maintain cellular homeostasis (Schieber & Chandel, 2014). Depending
on their efficiency, antioxidants can keep the level of ROS at an optimum level, so that it might
act as a signaling molecule in facilitating adaptation to hypoxia, regulation of autophagy and stem
cell differentiation (Sena & Chandel, 2012; Snezhkina et al., 2020).

In some adult stem and progenitor cells ROS signaling is important for fate decisions. For
example, in long-term quiescent HSCs barely any ROS is produced, which protects them from
precocious differentiation, which is contrary to activated HSCs that require ROS for successful
differentiation (Owusu-Ansah & Banerjee, 2009; Simsek et al., 2010; Tothova et al., 2007).
Although not much is known for SCs, ROS generation is associated with their activation and
subsequent differentiation (Kozakowska et al., 2015; Le Moal et al., 2017). Furthermore, though
the contribution of mitochondrial ROS is substantial, it does not preclude the potential ROS effect
from other cellular sources that might affect SC fate (Acharya et al., 2013; Le Moal et al., 2017).

Despite a reliance on fatty acid metabolism and Oxphos, quiescent SCs have low ROS levels and
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transcriptomic analysis revealed that quiescent SCs express a greater quantity of antioxidants to
protect them from potential harmful effects of ROS (Pallafacchina et al., 2010). SCs obtained from
genetically deleted antioxidant superoxide dismutase mice showed lower differentiation ability
(Manzano et al., 2013). Indeed, quiescent SCs had a better survival rate than their activated
counterparts after hydrogen peroxide treatment, which causes accumulation of cellular generated
ROS (Pallafacchina et al., 2010).

Both mitochondrial and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
induced ROS are increased during the MP differentiation process (Acharya et al., 2013). NADPH
oxidase is thought to instigate more mitochondrial ROS by opening mitochondrial ATP sensitive
potassium channels. This allows the surge of potassium ions in the mitochondrial matrix, thereby
reducing the mitochondrial membrane potential (Zhang et al., 2001). Attenuated mitochondrial
ROS production by inhibiting NADPH oxidase activity, prevented their dysfunction (Doughan et
al., 2008). Although important, excessive ROS is detrimental to MPs by targeting mtDNA and
mitochondrial function (Sandiford et al., 2014; Sestili et al., 2009) that leads to swelling and
disruption of mitochondria (Sestili et al., 2009). Moreover, deletion of mitochondrial antioxidant,
GPx, in MPs resulted in lower proliferation and differentiation potential (Lee et al., 2006) and MPs
obtained from GPx null mice poorly differentiated with impaired myotube formation (Lee et al.,
2006).

Mechanistically, excessive ROS in MPs is thought to increase nuclear factor kappa beta
(NF-xB) (Ardite et al., 2004; Catani et al., 2004), which reduces MyoD levels, thereby inhibiting
differentiation (Guttridge et al., 2000; Sandiford et al., 2014). Also, NF-xB mediated activation of
YY1, which is a myogenic transcriptional repressor might be another target of ROS mediated

inhibition of myogenic differentiation in MPs (Wang et al., 2007). Importantly, muscle restricted
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inhibition of NF-xB in mice enhanced SC activation and muscle regeneration (Mourkioti et al.,
2006).

The inhibitory function of NF-xB is thought to occur through its classical signaling
pathway, which operates via the p65/p50 heterodimer mediated transcription of target genes
(Dahlman et al., 2010). However, contrary to its role as a negative regulator in undifferentiated
MPs, NF-«xB also supports differentiating MPs. This role is achieved by the use of its alternative
signaling pathway, which relies on RelB/p52 mediated transcription (Dahlman et al., 2010). In this
case, NF-kB mediates transcription of genes that are known to stimulate Oxphos and mitochondrial
biogenesis, which are required for myogenic differentiation. Some reports have shown that NF-xB
can also promote myogenic differentiation through insulin like growth factor 1l or p38MAPK,
which are both known regulators of myogenic differentiation (Baeza-Raja & Mufioz-Canoves,
2004; Bakkar et al., 2008; Conejo et al., 2001; Ji et al., 2010). Interestingly, ROS was required by
MPs to exit cell cycle and initiate the process of differentiation by activating p38aMAPK
(L’Honoré¢ et al., 2018). This is similar to neural stem cells where ROS has been shown to act as a
signaling molecule to activate a cascade of events that upregulate the transcriptional genes required
for differentiation (Khacho et al., 2016). Inhibition of ROS by the antioxidant n-acetyl-cysteine or
of p38aMAPK prevented muscle differentiation, but increased the SC pool, suggesting the
importance of both the factors in mediating SC differentiation (Brien et al., 2013; Richards et al.,
2011). Thus, the negative and positive effects of ROS on SC function might relate to dose and time
dependent considerations. An evaluation of other potential factors that influence ROS during SC
engagement is important to unravel its bi-faceted role.

In addition to ROS, reactive nitrogen species (RNS) might also be made from the

superoxide leakage in mitochondria and reactive nitric oxide (NO¢) produced from L-arginine by
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nitric oxide synthase (Le Moal et al., 2017). NOs is important for SC activation, self-renewal and
MP differentiation (Buono et al., 2012; De Palma et al., 2010; Rigamonti et al., 2013; Tatsumi et
al.,, 2006). NOe might be critical for mitochondrial elongation, required for myogenic
differentiation. In primary MPs, inhibition of NO synthesis, prevented mitochondrial elongation
and myogenic differentiation (De Palma et al., 2010).
1.12 Environmental influence on SC and MP mitochondrial adaptation

Many studies have showed that skeletal muscle adaptation through modifiable
physiological perturbations can in part be attributed to innate changes that occur in the quiescent
SC pool (Al-Khalili et al., 2003; Al-Khalili et al., 2014; Bell et al., 2010; Bollinger et al., 2015;
Bourlier et al., 2013; Boyle et al., 2012; Lund et al., 2017; Maples et al., 2015). Thus, reflecting a
genetic change in specific DNA sequences and/or from changes to the epigenome in quiescent SCs
that would influence the transcriptome and the pathways they influence. Caloric availability is one
aspect of the external environment that affects mitochondrial function in SCs (Figure 1.8). Caloric
restricted post-mortem human and mouse SCs have a remarkable ability to stay dormant owing to
their anoxic environment with the ability to become activated up to 17 and 14 days respectively
post death. They are characterized by reduced mitochondrial mass and density similar to one of
the two quiescent SC subpopulations that showed increased stem cell markers and reduced
commitment (Latil et al., 2012; Rocheteau et al., 2012). Contrarily, despite a lack of nutrients as
found in post mortem SCs, those from caloric restricted mice have a higher mitochondrial activity
and Oxphos capacity (Cerutti et al., 2014). Importantly, metformin, a caloric restriction mimicking
drug that increases Oxphos, maintained SC quiescence in vitro and in vivo (Pavlidou et al., 2017).

The age-related micro-environment also influences quiescent SCs, as exemplified by their

lower numbers and reduced activation potential (Chakkalakal et al., 2012) (Figure 1.8). Among
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several contributing factors, an alteration in mitochondrial function associated with ageing might
influence the decreased number and regeneration potential of SCs (Garcia-Prat et al., 2016b; Pala
et al., 2018). Importantly, ageing is correlated with reduced mitochondrial content, mtDNA and
ATP production (Short et al., 2005). SCs obtained from aged mice showed enhanced ROS
mediated irreversible senescence owing to their inability to remove damaged organelles that also
include mitochondria (Cosgrove et al., 2014; Garcia-Prat et al., 2016b). In addition, SCs from aged
human skeletal muscle displayed decreased expression of genes required for ETC function (Bortoli
et al., 2005). Similarly, primary MPs obtained from the aged skeletal muscles showed impaired
mitochondrial Oxphos that attenuated myogenic differentiation (Pééasuke et al., 2016).

Severe and progressive skeletal muscle degeneration observed in muscle wasting diseases
and complications such as muscular dystrophies and sepsis are also thought to influence SC
mitochondria function. Impaired mitochondrial function was revealed in dystrophic mouse models
including, the muscular dystrophy (mdx) and the double knockout dystrophin (Pant et al., 2015;
Vila et al., 2017). In addition, absence of dystrophin in SCs reduced the commitment of MPs by
reducing asymmetric division which is thought to exacerbate impaired regeneration in muscular
dystrophies (Chang et al., 2018; Dumont et al., 2015b). MPs obtained from dystrophic mice
displayed attenuated oxygen consumption, mitochondrial membrane potential and elevated ROS
(Onopiuk et al., 2009). The importance of dystrophin to mitochondria and MP function was
highlighted by restoration of dystrophin in mdx MPs (Matre et al., 2019). This enhanced Oxphos
potential to near normal levels, which was associated with improved MP proliferation and
differentiation. Furthermore, transplantation of these intrinsically modified MPs in dystrophic

mice reinstated their regenerative ability (Matre et al., 2019).
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Health complications due to sepsis, which might cause long term myopathy is also
associated with reduced SC activation, proliferation and regenerative capacity (Rocheteau et al.,
2015). Skeletal muscle that had confronted sepsis was characterized by reduced SC numbers,
concomitant with defective mitochondria, degraded mtDNA and antioxidants levels to combat
excessive ROS (Rocheteau et al., 2015). Normally, on activation, SCs switch from Oxphos to
glycolysis that provides macromolecules required for proliferation. However, in sepsis, SC
activation was associated with a higher level of Oxphos that was not conducive for division, hence

limiting their regenerative capacity (Rocheteau et al., 2015).

Metabolic complications as observed in obesity are also linked to dysfunctional
mitochondria (Figure 1.8). Notably, many reports have showed that cultured MPs from obese
individuals differentiate into myotubes retaining the metabolic derangement evident in their
skeletal muscles of origin (Lund et al., 2017). Cultured SCs obtained from obese compared to lean
human subjects showed reduced mtDNA copy number and function and altered metabolic function

(Bollinger et al., 2015; Boyle et al., 2012).
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Figure 1.8: Influence of the micro-environment on mitochondria of quiescent satellite
cells. In a healthy, calorie restricted or exercise adapted micro-niche, mitochondria from
quiescent satellite cells (SCs) operate efficiently, producing Oxphos with very low ROS. This
maintains quiescence and effective self-renewal and differentiation. However, mitochondrial
adaptations due to metabolic complications as observed in ageing, muscle wasting diseases,
obesity and type 2 diabetes, lead to fragmented mtDNA, impairment of Oxphos producing
capacity and overproduction of ROS that reduce SC self-renewal and differentiation capacity.

Similar to obesity, SCs from streptozotocin induced diabetic mice showed impaired
myotube formation and regeneration following cardiotoxin induced muscle damage (Jeong et al.,
2013). SCs obtained from the mouse model of obesity and diabetes (ob/ob and db/db) showed
impaired MP proliferation and differentiation (Nguyen et al., 2011). In addition, cultured myotubes
from diabetic human skeletal muscle showed mitochondrial dysfunction with reduced
mitochondrial content and Oxphos capacity (Minet & Gaster, 2011). Moreover, the SCs from
human diabetic skeletal muscles lack metabolic flexibility to adapt to the micro-environment
(Aguer et al., 2011). When grown in galactose media, which is known to induce oxidative
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metabolism, SCs from healthy human skeletal muscles acclimatized by enhancing their
mitochondrial content and Oxphos capacity, unlike the SCs from diabetic subjects, suggesting that
they are obstinate to the changed micro-environment (Aguer et al., 2011).

Intriguingly, environmental cues that can potentially influence mitochondrial function in
SCs is also highlighted by a change in Oxphos capacity of uninjured muscle that is distant from a
site of a muscle injury (Rodgers et al., 2014). Despite originating from uninjured muscle these SCs
had higher mitochondrial activity, mtDNA content, transcriptional activity and regeneration
potential compared to SCs from a mouse where no muscle injury was induced. Moreover, the SCs
obtained from the uninjured muscle where a muscle injury was generated at a distant site were
more primed to become activated (Rodgers et al., 2014). The factor(s) that cause the environmental
changes to enhance this phenomenon are unknown.
1.13 Influence of exercise on SC and MP adaptation

A notable physiological perturbation that affects SC and MP function is exercise. Indeed,
an integral function of skeletal muscle is its ability to undergo remodeling in response to exercise
that is known to improve metabolic health and physical fitness (Bassel-Duby & Olson, 2006;
Coffey & Hawley, 2007; Hood et al., 2019). At the physiological level, exercise has been shown
to increase muscle efficiency and flexibility, higher recruitment of myofibers and vascularization
(Cartee et al., 2017; Pagnotti et al., 2019). At the cellular level, exercise has been demonstrated to
increase mitochondrial number with increased mtDNA copy number, enhanced expression of
proteins that are involved in B oxidation of fatty acid, TCA cycle and the ETC, concomitant with
a significant increase in respiratory capacity (Burgomaster et al., 2008; Cao et al., 2012; Hood et

al., 2019; Jacobs et al., 2013; Menshikova et al., 2006; Porter et al., 2015; Short et al., 2005).
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Another important functional characteristic of exercise is that, it can stimulate SCs that is
dependent on different exercise parameters of intensity, duration, modality and frequency (Abreu
& Kowaltowski, 2020; Farup et al., 2014; Joanisse et al., 2015; Shefer et al., 2010). In human
skeletal muscle, following a single bout of acute eccentric exercise, a significant increase in SC
numbers was apparent at 24 hours, and peaking at 72 hours post exercise recovery (Cermak et al.,
2013; Farup et al., 2014; Mackey et al., 2009; Mikkelsen et al., 2009; O’Reilly et al., 2008; Toth
et al., 2011). Likewise, a single bout of resistance exercise or in combination with endurance
exercise also increased SC numbers (Mackey et al., 2007; McKay et al., 2012; Snijders et al., 2014;
Walker et al., 2012; Wernbom et al., 2013). In this regard, a number of growth factors and
inflammatory cytokines released from muscle fibers and surrounding cells aid in SC activation,
proliferation and and/or differentiation to help in muscle repair following exercise induced damage
(Chen et al., 2020).

The role of SCs in muscle hypertrophy depends on different parameters including age,
genetic mutation, and exercise regimen (Goh et al., 2019; Goh & Millay, 2017; Mccarthy et al.,
2011; Murach et al., 2018a). Early studies had shown that SCs are important for exercise induced
muscle gain, as their depletion by irradiation resulted in loss of hypertrophy following weight
bearing exercises (Adams et al., 2002; Rosenblatt & Parry, 1992). Contrarily some studies showed
that SCs were not necessary for hypertrophy. These studies used tamoxifen inducible Cre-Lox
system to deplete SCs in Pax7-diphtheria toxin fragment A (DTA) mouse skeletal muscle. One
study showed that hypertrophy occurred in spite of SC ablation (Mccarthy et al., 2011). Another
study using the same mouse model demonstrated that mechanical overload in the first few weeks
of SC ablated muscle showed hypertrophy, but by 8 weeks hypertrophy was attenuated in these

SC ablated muscle (Fry et al., 2014a). The lack of hypertrophy might be caused by differential
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accumulation of extracellular matrix and fibroblasts in the absence of SCs over time (Fry et al.,
2014a). However, SC activation and fusion into myofibers are contributing factors for myofiber
growth and accumulation of myonuclei following resistance exercise (Blaauw & Reggiani, 2014;
Bruusgaard et al., 2010; Guerci et al., 2012). Many studies have shown that prolonged resistance
exercise increased SC numbers that contributed to muscle hypertrophy (Farup et al., 2014; Kadi et
al., 2004; Kadi & Thornell, 2000; Leenders et al., 2013; Mackey et al., 2007, 2011a; Menon et al.,
2012; Olsen et al., 2006; Petrella et al., 2006; Suetta et al., 2013; Verdijk et al., 2009).

Unlike for resistance training, it is likely that SCs do not have a hypertrophic role in muscle
endurance exercise adaptation (Cisterna et al., 2016; Shefer et al., 2010; Jackson et al., 2015;
Manzanares et al., 2019; Masschelein et al., 2020). There is an increase in the number of SCs that
is directly proportional to the intensity of the endurance exercise (Kurosaka et al., 2009) with no
evident hypertrophy. However, applying resistance to the exercise, increased SCs that contributed
to muscle hypertrophy (Masschelein et al., 2020; Murach et al., 2018b).

Apart from increasing SC numbers, exercise can also alter SC myogenic regeneration
capacity. Recently, it was shown that SCs obtained from endurance-exercised mice had improved
regeneration capacity due to prevalence of more self-renewing markers (Abreu & Kowaltowski,
2020). Although ageing is associated with decreased SC activity, endurance exercise in humans
was shown to improve SC regeneration ability that might be due to improved mitochondrial
function (Joanisse et al., 2016). In addition, biopsy derived SCs obtained from musculus vastus
lateralis of exercised obese human subjects committed and differentiated into myotubes with the
same enhanced metabolic benefits that were provided in vivo by exercise (Lund et al., 2017).
Importantly, the SCs cultured in vitro to form myotubes had enhanced glucose and lipid oxidation,

which suggests that the external cue of exercise is capable of altering mitochondrial function
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directed by changes in the quiescent SCs (Lund et al., 2017; Bourlier et al., 2013). Four weeks of
voluntary wheel running in diabetic mice induced SC activation and myogenic progression.
(Fujimaki et al., 2014). Moreover, SCs obtained from hypertrophic muscle, induced by functional
overload, mimicking resistance exercise, had increased proliferative potential (Fujimaki et al.,
2016). Thus, in response to exercise, SCs undergo an innate change that enhance their myogenic
regeneration capacity.

SCs might play a role in exercise induced remodeling of fiber types. Both a single bout of
resistance exercise and a combined resistance exercise with high intensity interval training resulted
in enhanced SC number in type | specific muscle fibers of sedentary or overweight human subjects
(Pugh et al., 2018). Following 6 weeks of high intensity sprint interval or moderate intensity
continuous aerobic exercise, there was enhancement in proliferating SCs in type | and type Il
muscle fibers (Joanisse et al., 2015). Furthermore after high intensity sprint interval training, there
was an increase in hybrid fibers expressing both myosin heavy chain type | and Il isoforms along
with increased SC number (Joanisse et al., 2013). This increase in SCs might be necessary for fiber
type remodeling from fast to slow twitch fibers in response to prolonged exercise (Joanisse et al.,
2013).

Leading models propose that the greater mitochondrial oxidative capacity following
chronic exercise result from continual and coordinated stimulation of transcriptional pathways
(Kupr & Handschin, 2015). This process results in a steady state accumulation of mitochondrial
proteins manifesting as greater mitochondrial content (Fliick & Hoppeler, 2003; Perry et al., 2010;
Pilegaard et al., 2000). Indeed, the majority of the literature has focused on the role of
transcriptional factors and co-activators required for promoter activation. One such model suggests

that exercise activates Pgcla, which co-activates a variety of transcription factors controlling the
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expression of distinct families of mitochondrial proteins, thereby enhancing mitochondrial
functions in skeletal muscle (Baar et al., 2002; Gureev et al., 2019; Kupr & Handschin, 2015). It
was shown that following every session of high intensity training, Pgcla mRNA increased 4 h
post exercise, but returned to its pre-exercise levels after 24 h (Perry et al., 2010). This repeated
transient increase of Pgcla was believed to cause the sustained increase in its transcription as well
as metabolic proteins (Perry et al., 2010). However, it is not known if Pgcla’s influence also
affects SCs during exercise. In vitro, adenoviral overexpression of Pgcla in SCs obtained from
human skeletal muscle, resulted in enhanced myofiber forming capacity, with an initial switch to
slow twitch oxidative myofibers (Haralampieva et al., 2017). Another study showed that SCs
obtained from muscle-specific Pgcla overexpressing mice had an accelerated response to injury
along with higher proliferative capacity (Dinulovic et al., 2016).
1.14 Sirtl

Sirtuins are a family of NAD™ dependent protein deacetylases that are important regulators
of a variety of cellular processes ranging from energy metabolism and stress response, to
tumorigenesis and ageing (Boutant & Cant6, 2014; McBurney et al., 2013). The reaction catalyzed
by Sirtl uses NAD" as a co-substrate, resulting in the production of the deacetylated substrate,
nicotinamide and 2'-O-acetyl-ADP-ribose (Canto et al., 2012). Structurally, Sirtl has three major
domains: the N-terminal domain that binds acetylated protein substrates (Caito et al., 2010;
Ghisays et al., 2016), the catalytic domain that binds acetyl-lysine and NAD™, and the C-terminal
domain (Pan et al., 2012).

In particular, Sirtl is a master metabolic regulator coupling energy status to transcriptional
response by modifying the transcription factors and cofactors involved in metabolic homeostasis

(Bordone & Guarente, 2005; Knight & Milner, 2012; Cant6 & Auwerx, 2009). Its activity is
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modulated by the cytoplasmic NAD*/NADH ratio. Sirtl activity increases when NAD™ levels are
high, observed during caloric restriction, exercise and fasting (Cantd et al., 2010; Cant6 & Auwerx,
2009; Chabi et al., 2009; Chen et al., 2008; Rodgers et al., 2005). In fact, any condition that
stimulates cellular NAD*/NADH, has been shown to activate Sirtl. This is highlighted by
incubation of c2c12 cells and primary MPs with galactose in place of glucose (Ryall et al., 2015).
This increased the cells NAD*/NADH ratio, which increased Sirtl mediated deacetylation of
histones and muscle gene expression. On the contrary, for high energy states observed during
soaring glucose and fat availability, NAD*/NADH decreases that decreases Sirtl activity
(Anderson et al., 2017; Canto et al., 2015; Li et al, 2013).

Sirtl enhances mitochondrial activity either directly or indirectly by controlling
transcription factors and co-activators (Tang, 2016). During fasting or an acute bout of exercise
when NAD*/NADH ratio is high, Sirt] mediated Pgcla deacetylation has been shown to enhance
fatty acid oxidation genes and mitochondrial function in skeletal muscle (Cant6 & Auwerx, 2009;
Gerhart-Hines et al., 2007). Treatment of mice with Sirtl specific activator, resveratrol that
increases NAD*/NADH ratio, enhanced their running time and the oxygen consumption by their
skeletal muscles, protected them from diet induced obesity and insulin resistance (Lagouge et al.,
2006; Borra et al., 2005). This was concomitant with induction of genes for oxidative
phosphorylation and mitochondrial biogenesis accredited to a decreased acetylation level of Pgcla
(Lagouge et al., 2006).

In addition to controlling metabolism, Sirtl plays a crucial role in SC fate decisions.
However, there are two opposing views concerning Sirtl mediated SC activation. Rando and his
group showed that as SCs exit from quiescence, Sirtl up-regulates autophagy that provides

additional energy required for SC activation and MP proliferation (Tang & Rando, 2014).
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Furthermore, using inducible SC-specific SirtlIKO mouse, the authors showed that ablation of
Sirtl, delayed SC activation due to inhibition of autophagy and delayed their entry into S phase of
the cell cycle (Tang & Rando, 2014). Furthermore, deletion of SC specific Sirtl, prevented muscle
regeneration and its overexpression facilitated muscle regeneration in older mice (Myers et al.,
2019). Contrarily, Ryall showed that during SC activation, there was decreased NAD™ due to
switch from Oxphos to glycolysis, which in turn attenuated the activity of Sirtl (Guarente, 2000;
Imai et al., 2000; Michan & Sinclair, 2007; Ryall et al., 2015). Furthermore, genetic deletion of
Sirtl led to deregulated activation of SCs promoting premature differentiation with reduced
myofiber size and diminished muscle regenerative capacity (Ryall et al., 2015). The divergent role
Sirtl showed by these groups might be attributed to the time point that was considered to observe
SC activation. While Ryall’s group isolated SCs from extensor digitalis longus (EDL) muscle fiber
culture at early time point, Rando’s group considered a later time point to observe SC activation
(Ryall et al., 2015; Tang & Rando, 2014). Also, to assess the effect of Sirt1KO on SC activation,
one group used whole body knockout while the other group used inducible SC-specific Sirt1KO
mice, which might have caused the difference in SC functional outcome. Other than SC activation,
Sirtl is also important for proliferation (Pardo & Boriek, 2011; Rathbone et al., 2009) and cell
cycle progression of MPs (Rathbone et al., 2009). Overexpression of Sirtl increased MP
proliferation and cell cycle progression concomitant with increased Rb phosphorylation and
decreased cell cycle inhibitor p21 (Rathbone et al., 2009). In this context, Sirtl might act by down-
regulating myostatin signaling, which impedes MP proliferation (Wang et al., 2016). The effect of
Sirtl was also studied in the context of myogenic differentiation that showed it can inhibit

myogenic differentiation by repressing muscle specific transcription factor MyoD (Fulco et al.,

44



2003). Increased Sirtl activity during glucose starvation also impeded myogenic differentiation

(Fulco et al., 2008).

Both Sirtl and SCs have been shown to decline with ageing, suggesting that increasing
Sirtl might rescue age related decline in metabolic functions and muscle regeneration capacity
(Myers et al., 2019; Zhang et al., 2016). Indeed, resistance training along with Sirtl activator
resveratrol, increased SC proliferation capacity improving muscle regeneration and function in
ageing (Alway et al., 2017). Furthermore, it was shown that NAD" repletion in ageing mice
enhanced mitochondrial function most likely by elevating Sirtl activity. In this case, NAD"
repletion in ageing and mdx mice also enhanced SC activation with improved muscle regeneration
capacity following injury (Zhang et al., 2016). Notably, SCs with Sirt1 specific deletion, failed to
become activated, promote muscle regeneration following injury or enhance mitochondrial
function in spite of NAD" repletion (Zhang et al., 2016). This suggests that in the presence of
appropriate stimulus Sirtl might rejuvenate mitochondrial function and improve muscle

regeneration potential in ageing.

1.15 Retinoblastoma susceptibility protein 1, Rbl1 (p107)

Rbl1 (p107) is a member of the retinoblastoma susceptibility (Rb) gene family of co-
transcriptional repressors that also consists of the proteins Rb1 (Rb) and Rbl2 (p130). The Rb gene
family are conserved across many species and are known to regulate proliferation by controlling
cell cycle, differentiation, senescence and apoptosis (Henley and Dick, 2012; Fisher and Muller,
2017). Rb was first identified as the tumour suppressor gene mutated in retinoblastoma, a rare
childhood cancer (Lee et al., 1987; Manning & Dyson, 2011). Subsequent research demonstrated
that a variety of human cancers could be caused by mutation of Rb or its functional pathway

(Chinnam & Goodrich, 2011). Conversely p107 and p130 are rarely mutated or not directly
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inactivated in human cancers, but their function is adversely affected in response to Rb mutation
(Burkhart & Sage, 2008).
All three proteins share homology at the N terminal domain, bipartite pocket domain and

C terminal domain (Figure 1.9).
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Figure 1.9: Schematic representation of Rb, p130 and p107 structural and functional
domains. (A) Common structural domains of Rb, p107 and p130 showing N terminal domain,
pocket domain containing the LXCXE motif and C terminal domain. (B) Representation of
p107 structural domains showing N terminal domain that contains cyclin dependent kinase
(Cdk) inhibitor domain, A and B pocket domain that has cyclin binding domain (CBD) and a
C terminal domain that binds E2f4. Identified Threonine (T) and Serine (S) phosphorylation
sites and their respective kinases are noted.

The pocket domain of all three members contain a cleft that binds the LXCXE motif
originally identified in viral oncoproteins (Lee et al., 1998; Mulligan & Jacks, 1998). Unlike Rb,
p107 and p130 have a long spacer region between the bipartite pocket domain that binds cyclins
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and also a cyclin dependent kinase inhibitor domain in the N-terminus (Faha et al., 1992; Hannon
etal., 1993; Li et al., 1993; Wirt & Sage, 2010). In addition, p107 and p130 can also bind cyclin
AJ/Cdk2 or cyclin E/Cdk2 and prevent their kinase activity through the spacer region between A
and B pocket domain (Figure 1.9) (Castafio et al., 1998; Ewen et al., 1992; Lees et al., 1992;
Classon & Dyson, 2001; Woo et al., 1997).

As with Rb and p130, p107 does not bind to DNA directly to repress nuclear gene
expression, but primarily interacts with the transcription factor E2f4 or E2f5 (Figure 1.10)
(Attwooll et al., 2004; Muller et al., 2001; Wirt & Sage, 2010; Young et al., 2003a). It has also
been shown to interact with E2f1, E2f2 and E2f3 as a compensatory role in repressing transcription
of E2f targeted genes in the absence of Rb (Hurford et al., 1997; Lee et al., 2002). The C terminal
domain of p107 is important for binding to the transactivation domain of the E2f transcription

factor family (Giacinti & Giordano, 2006; Zhu et al., 1995).

Promoter repressed Promoter de-repressed

Figure 1.10: Diagram for p107 nuclear function. In the nucleus p107 cannot bind to the DNA
directly, but with the E2f4 transcription factor it represses cell cycle genes. Upon
phosphorylation by Cyclin/Cdks, p107 gets deactivated that abrogates its binding with E2f4,
thereby de-repressing gene transcription.
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Phosphorylation by cyclin/Cdks, abrogate p107 binding to E2f4 thereby de-repressing gene
expression. In mid G1 of the cell cycle, it is phosphorylated by cyclin D/Cdk4 or Cdké6 in the
cytoplasm (Beijersbeigen et al., 1995; Xiao et al., 1996) and eventually by cyclin A or E/Cdk2 in
late G1 or G1/S phase when it enters the nucleus (Chittenden et al., 1993; Cobrinik et al., 1993;
Lees et al., 1992; Lindeman et al., 1997; Midiller et al., 1997; Rodier et al., 2005; Schwarz et al.,
1993; Shirodkar et al., 1992; Verona et al., 1997; Zini et al., 2001). p107 remains phosphorylated
until dephosphorylation most likely by protein phosphatase 2A (Balciunaite et al., 2005; Garriga
et al., 2004; Kolupaeva et al., 2008).

p107 expression is very low or non-existent during quiescence and in most differentiated
cells, but is highly expressed in proliferating cells (Beijersbergen et al., 1994; Burkhart & Sage,
2008; Garriga et al., 1998; Wirt & Sage, 2010). It was demonstrated that p107 genetically deleted
(p107KO) embryonic fibroblasts and primary MPs showed accelerated cell cycle rate compared
to controls (LeCouter et al., 1998). In this context, over expression of p107 in some cell types has
been shown to repress cell cycle progression. It arrests cell cycle at G1 in some cell types such as
osteosarcoma cell lines (Sa0S-2 and U2-0S), cervical carcinoma cell line, C33A (Jiang et al.,
2000; Xiao et al., 1996; Zhu et al., 1993) but could not suppress proliferation of osteosarcoma cell
line MG63 and the breast carcinoma cell line MCF7 (Zhu et al., 1993). It is not understood why
p107 has differential effects on different cell lines, nor if the cell cycle is repressed through its
direct interaction with E2f4 in the nucleus.

p107 has also been shown to inhibit cell cycle progression through possible interactions
with cytoplasmic factors (Wirt & Sage, 2010). p107 downregulates S-phase kinase associated
protein 2 (Skp2), that promotes G1/S phase transition by stabilizing Cdk inhibitor p27 in the

cytoplasm of proliferating cells (Rodier et al., 2005). The stabilized p27 inhibit cyclin E/Cdk2
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which helps in cell cycle progression (Hwang & Clurman, 2005; Rodier et al., 2005). Also p107
was shown to bind Smad3 in the cytoplasm, in response to the cytokine TGFR and together enter
the nucleus, thereby repressing transcription of the cell cycle regulator c-Myc along with E2f4
(Chen et al., 2002).

A number of mechanisms have been proposed to account for Rb family mediated
transcriptional repression (Dunaief et al., 1994; Ferreira et al., 2001; Trouche et al., 1997). Active
repression by pl07 might involve a mechanism by which condensed chromatin structure is
enhanced through histone deacetylation and methylation. p107 has been shown to interact with
chromatin modifiers histone deacetylase 1 (HDACL1) and histone methyltransferase SUV39HL1, to
alter chromatin structure thereby repressing transcription of target genes (Ferreira et al., 1998,
2001; lavarone & Massague, 1999; Stiegler et al., 1998). In addition, it has been reported that in
late G1, pocket protein repressor complexes dissociate from E2f responsive promoters,
accommodating histone acetylation for transcriptional activation (Rayman et al., 2002; Taubert et
al., 2004).

Recently, an evolutionarily conserved protein complex known as DREAM (dimerization
partner,-RB-like,-E2F and multi vulval class B (MuvB)) has been shown to repress cell cycle genes
by scaffolding MuvB proteins with E2f transcription factors and Rb family proteins (Guiley et al.,
2015; Mages et al., 2017; Pilkinton et al., 2007). MuvB, which is an important component of the
DREAM complex contains protein homologues in the form of sub-complex (LIN9, LIN37, LIN52,
LIN54 and RBAP48) (Harrison et al., 2006; Korenjak et al., 2004; Lewis et al., 2004; Van Den
Heuvel & Dyson, 2008). Less information is known for the role of p107 in the DREAM complex
than for p130 and RB. It is well documented that p130 represses cell cycle genes at GO phase of

the cell cycle by binding with DREAM. p107 has been shown to bind with MuvB sub-complex in
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some cell lines including HeLa, glioblastoma cell line (T98G), embryonic human kidney cell line
(HEK?293), fibroblast cell lines (BJ-HTERT) and U2-0S cells, although the control mechanism is
not elucidated in regards to specific stage of the cell cycle or cellular condition (Guiley et al., 2015;
Litovchick et al., 2011; Schmit et al., 2007). In this case the LXCXE motif of p107 interacts with
dual-specificity tyrosine phosphorylation-regulated protein kinase 1A (DYRK1A) mediated
phosphorylated LIN52 to form DREAM (Guiley et al., 2015; Litovchick et al., 2011; Schmit et
al., 2007). Recently, it was shown that p107 can only repress G1/S phase with DREAM complex
in Sa0S-2 cells, when both p130 and Rb are absent (Schade et al., 2019b). Additionally, in the
absence of p130, it was shown to repress cell cycle genes at GO phase of cell cycle (Schade et al.,
2019a). Also in mice lacking p130 and a p107 mutant allele that is incapable of binding to MuvB
a functional DREAM complex was not made and repression of E2f-dependent cell cycle genes
was lost (Forristal et al., 2014; Litovchick et al., 2007). Thus, suggesting that it binds with the
DREAM complex when providing a compensatory role for Rb and/or p130. Another study showed
that, p107 along with p130 can inhibit G2/M genes by interacting with the DREAM complex,
following p53 activation in response to DNA damage (Schade et al., 2019) Upon cell cycle entry,
p130 releases MuvB and recruits cell cycle regulator, BMyb and FoxM1 to upregulate mitotic
gene expression (Sadasivam et al., 2012). However, it is not clear if p107 also releases repression

of cell cycle genes by switching its interaction with MuvB to BMyb (Litovchick et al., 2011).

1.16 p107 and metabolic regulation

Several studies have shown that p107 has a profound influence on energy metabolism.
Scime et al., showed that p107 genetically deleted mice (p107KQO) developed thermogenic and
oxidative “brown-type” instead of white adipocytes (Scimeé et al., 2005). Furthermore, p107KO

and knockdown (p107KD) stem cells were committed to the thermogenic adipose lineage both in
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vitro and in vivo (De Sousa et al., 2014). In addition, p107 has been shown to have a role in
determining the metabolic state of adipose progenitors by regulating energy expenditure that in
turn governs their lineage fates (Porras et al., 2017). Recently, it has been demonstrated to be
involved in mediating the thermogenic program of cancer associated human adipocyte precursors
by governing their metabolic function (Cantini et al., 2020).

For skeletal muscle, it was shown that p107 plays a crucial role in determining fiber types.
p107 deficient mice have higher levels of oxidative MyHC type I and type IlA fibers (Scimé et al.,
2010). Importantly, the differentiation of pl07KO primary MPs resulted in more oxidative
myotubes (Scimeé et al., 2010). Though, it is not known at what level p107 controls fiber type
formation, the result suggests that it is SC and/or MP cell autonomous. Thus, p107 might function
in either of these cells and be involved in one of the multiple signaling pathways that are

reprogrammed during muscle fiber type determination and switching.
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CHAPTER 2
RATIONALE, HYPOTHESIS and OBJECTIVES

Rationale

Mounting evidence have shown that Rb and p107, members of the retinoblastoma family
of transcriptional nuclear co-repressors, which are associated with regulating cell cycle, also
influence the energy status of cells and tissues (Baar et al., 2002; Dali-Youcef et al., 2007; De
Sousa et al., 2014; Fajas, 2013; Jones et al., 2016; Petrov et al., 2016; Porras et al., 2017; Scime et
al., 2005, 2010; Zacksenhaus et al., 2017). In particular, our lab has shown that p107 is necessary
for the adipocyte progenitor fate decision of white versus beige fat lineages (De Sousa et al., 2014;
Porras et al., 2017; Scimé et al., 2005). In this case, p107 governs the adipocyte lineage fate
decision by regulating energy expenditure of progenitor cells (Porras et al., 2017). Unexpectedly,
p107 depleted progenitors are primed for pro-thermogenic adipocyte commitment owing to their
reliance on aerobic glycolysis. Inhibiting aerobic glycolysis convert their differentiation potential
from beige to white adipocyte lineages (Porras et al., 2017). Thus, p107 controls adipocyte
progenitor fate decision through metabolic control in the nucleus.

For skeletal muscle, p107 has been shown to determine the metabolic phenotype of
myofibers (Scimeé et al., 2010). p107 deficient mice have higher levels of oxidative type | and type
I1A muscle fibers with enhanced metabolism. It is not known how p107 prevalence controls fiber
type formation. However, the differentiation of p107KO primary MPs resulted in the formation of
oxidative myotubes, suggesting a SC and/or MP intrinsic mechanism (Scime et al., 2010).

We thus Hypothesize that “p107 has a metabolic role in muscle stem cells that

potentially regulates their fate decisions”
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We have undertaken four specific Objectives to answer this question:

Objectives

Objective 1: Establish a p107 metabolic function in MPs (Chapter 4)

We delineated a mitochondrial function of p107 in MPs. First, as p107 is a known nuclear
co-repressor, we investigated and determined that it interacted at the mtDNA regulatory D-loop
region. We found that this interaction influenced mtDNA gene expression, ETC complex
formation and mitochondrial ATP generation.

Objective 2: Determine the upstream regulatory factor(s) that govern pl07 metabolic
function in MPs (Chapter 5)

We dissected the upstream regulatory factor(s) that control pl07 mitochondrial
localization, hence its function in this organelle. We deciphered how the glycolytic output,
NAD'/NADH, directed p107 mitochondrial localization and function. In this regard, we
highlighted that p107 interacted with Sirtl, a known energy sensor of NAD*/NADH. We also
underscored that Sirtl regulation of mitochondrial encoded gene expression and ATP generation

was dependent on p107.

Objective 3: Determine how p107 metabolic function affects cellular homeostasis (Chapter
6)

We discovered a novel control mechanism for how cell cycle is regulated based on a
mechanism that integrates ATP generation from glycolysis and mitochondria, which is linked by
pl07. Indeed, differential ATP generation due to presence or absence of mitochondrial p107

controlled MP proliferation rate both in vitro and in vivo.
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Objective 4: Investigate the effect of exercise on p107 function in MPs (Chapter 7)

We assessed how p107 might function in MPs at the physiological level in skeletal muscle.
Physiological stress caused by exercise was used to promote potential impacts on skeletal muscle
SCs and/or MPs. We found that p107 protein levels were inversely correlated with the enhanced

mitochondrial Oxphos following exercise in skeletal muscle.
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CHAPTER 3
MATERIALS AND METHODS

Cells

The c2c12 myogenic progenitor cell line was purchased from the American Tissue Type
Culture (ATTC) and grown in Dulbecco’s Modified Eagle Medium (DMEM) (Wisent) containing
25mM glucose supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin.
Primary myogenic progenitor cells (prMPs) were grown on rat tail collagen | (ThermoFisher
Scientific) coated dishes containing Ham’s F10 Nutrient Mix Media (ThermoFisher Scientific)
supplemented with 20% FBS, 1% penicillin streptomycin and 2.5ng/ml bFGF (PeproTech).

For the nutrient specific experiments, c2c12 cells or prMPs were grown in stripped DMEM
with 10% FBS and 1% penicillin streptomycin for 20 hours supplemented with 1mM, 5.5mM or
25mM glucose; or 4mM or 20mM glutamine; or 4mM glutamine with 25mM glucose or 10mM
galactose for 6 hours. For drug specific treatment, c2c12 cells were grown in DMEM with 10%
FBS, 1% penicillin streptomycin, supplemented with 2.5mM oxamate (Ox) or 6mM
dicholoroacetic acid (DCA\) for 40 hours. For Sirtl inhibition, cells were grown in stripped DMEM
with 10% FBS, 1% penicillin streptomycin and 5.5mM glucose with or without 10mM
nicotinamide (Nam) for 20 hours. For Sirt1 activation, cells were grown in DMEM with 10% FBS,
1% penicillin streptomycin with or without 10uM resveratrol (Res) and for inactivation with 50uM
Res for 18 hours.

Primary myogenic progenitor cell (prMP) isolation

All animal experiments were performed following the guidelines approved by the Animal
Care Committee of York University. For derivation of prMPs and tissue immunofluorescence wild
type (Wt) and p107KO mice were from M. Rudnicki (LeCouter et al., 1998) maintained on a mixed

(NMRI, C57/BI6, FVB/N) background (Chen et al., 2004b). Extensor digitorum longus muscles
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of 3-month aged mice were dissected from tendon to tendon and digested in filter sterilized 0.2%
type 1 collagenase (Sigma Aldrich) in serum free DMEM for 30 minutes. Upon unravelling, it was
transferred to a pre-warmed petri dish containing DMEM (Wisent) with 1% penicillin,
streptomycin. The muscle was then flushed gently with the media until it released the fibers with
an intermittent incubation at 37°C every 5 minutes. After 30 minutes, individual fibers were
transferred into 24 well tissue culture plates containing pre-warmed Ham’s F10 Nutrient Mix
Media (ThermoFisher Scientific) supplemented with 20% FBS, 1% penicillin streptomycin and
2.5ng/ml bFGF (PeproTech). After 3 days, the fibers were transferred to rat tail collagen I
(ThermoFisher Scientific) coated Ham’s F10 Nutrient Mix Media with 20% FBS, 1% penicillin,
streptomycin and 2.5ng/ml bFGF (PeproTech). The media was changed every alternate day, until
the fibers generated prMPs that were collected by trypsinization and passaging onto collagen
coated plates to remove live fibers.
Cloning

The p107mls expression plasmid that expresses p107 only in the mitochondria was made
by cloning full length p107 into the pPCMV6-OCT-HA-eGFP expression plasmid vector (Newman
et al., 2016) that contains a mitochondrial localization signal. We used the following forward 5°-
CACCAATTGATGTTCGAGGACAAGCCCCAC-¥ and reverse 5-
CACAAGCTTTTAATGATTTGCTCTTTCACT-3’ primer sets that contain the restriction sites
Mfel and HindlIll, respectively, to amplify a full length p107 insert from a p107 Ha tagged plasmid
(lwahori & Kalejta, 2017). The restriction enzyme digested full length p107 insert which was then
ligated to an EcoRI/Hindlll digest of pCMV6-OCT-HA-eGFP, which removed the HA-eGFP

sequences but retained the N-terminal mitochondrial localization signal (OCT).
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Transfections

The calcium chloride method was used for transfections, whereby a mixture containing a
total of 10ug of plasmid DNA, 125mM CaCl. and H.O were added dropwise to HEBS buffer
(274mM NacCl, 10mM KCI, 1.4mM Na;HPO4, 15mM D-glucose and 42mM HEPES), incubated
at room temperature for 1 hour and then added to 1 x 10° cells that had been passaged on the
previous day. 18 hours post transfection, fresh DMEM containing 25mM glucose supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin was added, and the cells used
the next day. For overexpression studies, at least 4 different p107KO c2c12 cells were transfected
as above with GFP mitochondrial localization empty vector pCMV6-OCT-HA-eGFP, (Newman
et al., 2016) p107fl expressing full length p107 tagged HA, and p107mls expressing full length
p107, which is directed to the mitochondria. For Sirtl overexpression experiments, c2c12 cells
were transfected with p107fl alone expressing full length p107 tagged HA or with full length
(Sirt1fl) or dominant negative (Sirtldn) Sirtl (Boily et al., 2009).
p107KO and SirtKO cell line derivation

Crispr/Cas9 was used to generate p107 and Sirtl genetically deleted c2c12 (p107KO and
SirtlKO) cell lines. For p107KO cells, c2c12 cells were simultaneously transfected with 3 pLenti-
U6-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). Following 18 hours of incubation, the media was changed for 6 hours and then

passaged into 96 well tissue culture plates. On the next day, the media was aspirated and
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replenished with DMEM containing 2mg/ml puromycin for antibiotic selection. Following, the
media was changed every 2 days until cell clones were visible. Any surviving clones was grown
and tested by Western blotting. For control cells, c2c12 cells were transfected by empty vector,
pLenti-U6-sgRNA-SFFV-Cas9-2A-Puro (Applied Biological Materials) and selected as above.
Mitochondrial, nuclear and cytosolic isolation

For nuclear and cytoplasmic isolation, at least 1 million cells were pelleted, washed in PBS,
dissolved in 500ul of cytoplasmic buffer (10mM Tris pH 7.4, 10mM NaCl, 3mM MgCl2, 0.5%
NP-40 with Img/ml of each pepstatin, leupeptin and aprotinin protease inhibitors) and incubated
on ice for 5 minutes followed by rocking on ice for 5 minutes. After centrifugation at 25009 for 5
minutes at 4°C, the supernatant was stored as the “cytoplasmic fraction”. The cell pellet that
represents the “nuclear fraction” was then washed 8 times with the cytoplasmic buffer and lysed
with nuclear lysis buffer containing 50mM Tris pH 7.4, 5mM MgClz, 0.1mM EDTA, 1mM
dithiothreitol (DTT), 40% (wt/vol) glycerol and 0.15 unit/ul benzonase (Novagen).

For mitochondrial and cytosolic isolation, at least 1 million cells were washed in PBS,
pelleted, dissolved in 5 times the packed volume with isolation buffer (0.25M sucrose, 0.1% BSA,
0.2mM EDTA, 10mM HEPES, pH 7.4; with 1mg/ml of each pepstatin, leupeptin and aprotinin
protease inhibitors), transferred into a prechilled Dounce homogenizer and homogenized loose (5-
6 times) and tight (5-6 times) on ice. The homogenate was transferred into an eppendorf tube and
centrifuged at 1000g at 4°C for 10 minutes. The supernatant was then centrifuged at 14000g for
15 min at 4°C and the resulting supernatant was saved as ‘“cytosolic fraction”. The pellet
representing the “mitochondrial fraction” was washed twice and dissolved in 50ul of isolation

buffer. The mitochondria were lysed by repeated freeze-thaw cycles (3 times each) on dry ice.
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Mitochondria fractionation

Mitochondrial fractions were isolated using a hypotonic osmotic shock approach (Lu et al.,
2009). For this, cells were collected by centrifugation at 1500 rpm and the cell pellet resuspended
in STE buffer (250mM sucrose, 5mM Tris pH 7.4 and 1mM EGTA), Dounce homogenized and
centrifuged at 1000g for 3 mins to remove cell debris. The supernatant was then centrifuged at
10,000g for 10 mins to isolate pelleted mitochondria. The mitochondria were resuspended in
hypertonic STE buffer containing 250mM sucrose and centrifuged at 16000g for 10 minutes to
isolate matrix (M) and inner membrane (IM) proteins from the outer membrane (OM) proteins in
the pellet and supernatant, respectively. To obtain a pure mitochondria matrix protein (M) fraction
the isolated mitochondria were resuspended in hypotonic STE buffer containing 25mM sucrose
and centrifuged at 16000g for 10 mins. After centrifugation, the soluble inner membrane (IMS)
and outer membrane (OM) protein fractions were present in the supernatant and the matrix protein
fraction (M) in the pellet. To demonstrate mitochondria matrix veracity, 50ug/ml porcine trypsin
(Promega) was added for 30 mins followed by 20ug/ml trypsin inhibitor aprotinin (Roche) for 10
minutes before centrifugation at 16000g for 10 mins. Only fractions containing M proteins were
unavailable for trypsin digestion. As a control whole cell treatment of c2c12 cells with both buffers
showed that trypsin treatment can digest p107.
Western blot analysis

For Western blot analysis, cells were lysed in RIPA buffer (0.5% NP-40, 0.1% sodium
deoxycholate, 150mM NaCl, 50mM Tris-Cl, pH 7.5, 5mM EDTA) or mitochondrial isolation
buffer (0.25M sucrose, 0.1% BSA, 0.2mM EDTA, 10mM HEPES, pH 7.4) containing protease
inhibitors (Img/ml of each of pepstatin, aprotinin and leupeptin). Protein lysates were loaded on

gradient gels (6-15%) or 7.5% gels. Samples to be loaded were first boiled for 3 minutes in loading
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buffer containing 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue,
0.125M Tris HCl and ImM DTT. Gels were run in 1X running buffer (10X running buffer contains
25mM Tris base, 192mM glycine and 0.1% SDS powder and 90% ddH20) and the proteins were
separated by electrophoresis for 2 hours at 30 milliamps. Proteins were transferred using a wet
transfer method onto a 0.45um pore sized polyvinylidene difluoride (PVDF) membrane (Santa
Cruz Biotechnology) at 4°C for 80 minutes at 100V. The membranes were blocked for an hour at
room temperature in 5% non-fat milk in Tris-buffered saline (TBS-150mM NaCl and 50mM Tris
base) containing 0.1% Tween-20 (TBST). The PVDF membranes were probed overnight at 4°C
with primary antibodies (listed below) diluted in 5% non-fat milk or 1% BSA in TBST. Next day,
the membranes were washed three times with TBST and secondary antibodies conjugated with
horseradish peroxidase diluted in 5% non-fat milk in TBST were added for an hour at room
temperature with gentle rocking. The membranes were again washed 3 times with TBST followed
by a final wash with TBS for 10 minutes and visualized with chemiluminescence on photographic
films. Protein levels were evaluated by densitometry using Image J software.
Primary antibodies used

a-tubulin (66031, Proteintech); Cox4 (ab16056, Abcam) and Total OXPHOS rodent WB
antibody cocktail (Abcam); p107-C18, p107-SD9, histone H3-C16, Sirt1-B7, IgG-D7, Ha-tag-F7,
Brdu-MoBU-1, Pax-7 (EE8) (Santa Cruz Biotech); MyoD (Novus Biologicals) and Sirt1-D1D7
(Cell Signaling). Details is in Table 2.
Co-immunoprecipitation

For Immunoprecipitation (IP), protein lysates were pre-cleared with 50ul protein A/G plus
agarose beads (Santa Cruz Biotechnology) by rocking at 4°C for an hour. The sample was

centrifuged at 15000 rpm for a minute. Fresh protein A/G agarose beads along with 5ug of p107-
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C18, Sirt1-B7 or 1IgG-D7 antibody (Santa Cruz Biotechnology) were added to the supernatant and
rocked overnight at 4°C. The next day the pellets were washed 3 times with wash buffer (50mM
HEPES pH 7.0, 250mM NaCl and 0.1% Np-40) and loaded onto polyacrylamide gels and Western
blotted for p107-SD9 (Santa Cruz Biotechnology) or Sirt1-D1D7 (Cell Signaling). Inputs represent
10% of lysates that were immunoprecipitated.
RNA isolation

Cells were grown in 6¢cm tissue culture plates, washed in PBS, scraped with 500ul of Qiazol
reagent (Qiagen). To this, 100ul of chloroform was added for 3 minutes, mixed vigorously and
then centrifuged at 120009 for 15 minutes that separates the samples into 3 phases. The aqueous
phase was collected to which 250ul of isopropanol was added and incubated at room temperature
for 10 minutes, then centrifuged at 12000g for 10 minutes. The supernatant was discarded and the
pellet was washed with 500ul of 75% ethanol by centrifugation at 7600g for 5 minutes and
resuspended in DNAse and RNAse free water. The RNA concentration was determined by
NanoDrop 2000 (ThermoFisher Scientific).
gPCR

gPCR experiments were performed according to the MIQE (Minimum Information for
Publication of Quantitative Real-Time PCR Experiments) guidelines (Bustin et al., 2009). The
optical density (OD) of RNA was measured using the NanoDrop 2000 (ThermoFisher Scientific),
RNA purity was inferred by the A260/280 ratio (~2.00 is pure). 1ug of RNA was reverse
transcribed into cDNA using the All-in-One cDNA Synthesis SuperMix (Bimake) and the cDNA
used for gPCR. qPCR assays were performed on Light cycler 96 (Roche) using SYBR green Fast
gPCR Master mix (Bimake) with appropriate primer sets and RplpO (36B4) as a normalization

control was used (Table 1). Relative expression of cDNAs was determined with 36B4 as the
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internal control using the AACt method. For fold change, the AACt was normalized to the control.
Student t-tests, one-way or two-way Anova and Tukey post hoc tests were used for comparison
and to obtain statistics.
Mitochondrial and nuclear DNA content

To obtain the mitochondrial to nuclear DNA ratio (mtDNA/nDNA), 1X10° cells grown on
a 6¢cm tissue culture plate were untreated or treated with ImM 5-aminoimidazole-4-carboxamide-
1-B-D-ribofuranoside (AICARFusher) (Toronto Research Chemicals) in presence of 5.5mM or
25mM glucose, or with or without 10mM Nam for 24 hours. The cells were washed in PBS and
lysed with 600ul of lysis buffer containing 2100mM NaCl, 10mM EDTA, 0.5% SDS solution,
20mM Tris HCI; pH 7.4 and 6ul of 1ug/ul proteinase k (ThermoFisher Scientific). Following
incubation in the lysis buffer at 55°C for 3 hours, 100ug/ml RNase A (ThermoFisher Scientific)
was added and incubated at 37°C for 30 minutes. After, 250ul of 7.5M ammonium acetate and
600ul of isopropanol were added, the cells were centrifuged at 150009 for 10 minutes at 4°C. The
supernatant was discarded and the pellet containing mitochondrial and nuclear DNA was washed
with 70% ethanol and resuspended in Tris EDTA buffer (10mM Tris HCI pH 7.4, 1mM EDTA).
gPCR assays were performed on 10ng DNA with primer sets to Mt-Col and H19 (Table 1)
representing total mitochondrial and nuclear DNA content, respectively. Ct values were obtained

and the ratio mtDNA:nDNA were determined by the formula: nNDNA Ct- mtDNA Ct.

Quantitative chromatin immunoprecipitation assay (qChlIP)

qChIP was performed on mitochondrial lysates containing only mitochondrial DNA.
Mitochondrial fractions were collected as described above, washed twice in PBS by centrifugation
at 14000g for 15 minutes at 4°C, resuspended in 200ul of PBS containing 1% formaldehyde and

rocked at room temperature for 30 minutes to fix the cells. The fixation reaction was quenched by
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adding 125mM of glycine in PBS and rocked for 5 minutes at room temperature. The fixed pellet
was washed twice in PBS containing 100mM NaF and 1mM NazVOs by centrifuging at 140009
for 5 minutes at 4°C. The pellet was the resuspended in 500ul of ChIP lysis buffer (40mM Tris,
pH 8.0, 1% Triton X-100, 4mM EDTA, 300mM NaCl) and sonicated at 24% amplitude, 15
seconds on, 15 second off for 3 cycles (Model 120 Sonic Dismembrator, ThermoFisher Scientific).
Following sonication, the samples were centrifuged at 13000 rpm for 10 minutes at 4°C and the
supernatant was transferred to a new tube containing 100ul of dilution buffer 1 (40mM Tris, pH
8.0, 4mM EDTA) from which the input controls were removed before 150ul of dilution buffer 2
(40mM Tris, pH 8.0, 0.5% Triton X-100, 4mM EDTA, 150mM NaCl) was added. To preclear,
50ul of protein A/G agarose beads (Santa Cruz Biotechnology) was added and rocked for 90
minutes at 4°C. The beads were then pelleted and discarded, and to the supernatant was added 5ug
of p107 antibody (p107- C18) (Santa Cruz Biotechnology) or 1gG antibody (IgG-D7) (Santa Cruz
Biotechnology). This was rocked overnight at 4°C and on the following day, 50ul of protein A/G
agarose beads were added and rocked for 90 minutes at 4°C. The beads were collected by
centrifugation and were washed sequentially with 5 minutes rocking at 4°C before centrifugation
by adding the following: low salt complex wash buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA,
20mM Tris HCI, pH 8.0, 150mM NacCl), high salt complex wash buffer (0.1% SDS, 1% Triton X-
100, 2mM EDTA, 20mM Tris HCI, pH 8.0, 500mM NacCl), 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). After the last wash, the mtDNA-protein complexes were
isolated by resuspending the beads in 250ul of elution buffer (1% SDS, 0.1M NaHCO3), vortexing,
rocking for 15 minutes at room temperature and centrifuging at 2000 rpm in a microcentrifuge for

2 minutes. The supernatant was transferred to a clean tube and to the remaining beads another
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250ul of elution buffer was added and the isolation step repeated. For isolation of mtDNA
fragments, to the 500ul of mtDNA-protein complexes in elution buffer, 20ul of 5M NaCl was
added and incubated at 65°C overnight. The next day, the DNA was isolated using DNA
purification kit (Thermo Fisher Scientific), and the concentration determined using the NanoDrop
2000 (ThermoFisher Scientific). Relative occupancy was determined by amplifying isolated DNA
fragments using the D-loop primer sets (Table 1) analyzed using the AACt method and the fold

changes were normalized to 1IgG AACt values.

NAD*/NADH assay

Cells growing in 6¢m tissue culture plates were washed with PBS and scraped into 500l
of 0.5M perchloric acid, vortexed and freeze-thawed on dry ice three times. The cells were then
centrifuged at 4°C for 5 minutes at 7,000 rpm in a microfuge and 100ul of 2.2M KHCO3 was
added to the supernatant on ice. This was again centrifuged at 7,000 rpm for 15 minutes at 4°C
and the supernatant was collected to be analyzed. For the lactate assay; 20ul of the supernatant,
258l of lactate buffer (1M glycine, 500mM hydrazine sulfate, 5mM EDTA), 20ul of 25mM -
nicotinamide-adenine dinucleotide (NAD) (Roche) and 2ul of porcine heart lactate dehydrogenase
(Ldh) (Sigma-Aldrich) were added to each well of an assay plate. For the pyruvate assay; 20ul of
the supernatant, 218l of pyruvate buffer (1.5M Tris, pH 8), 180ul of 6uM B-nicotinamide-adenine
dinucleotide, reduced NAD (NADH) (Roche) and 2ul of rabbit skeletal muscle LDH (Sigma-
Aldrich) were added for each well. The assay plates were then read by a microplate reader
(Glomax, Promega) with excitation at 340nm and emission peak at 450nm and the concentration
values were attained by comparing to standard curves. The standard curves were made with 0, 2,
3,4,5,6,7,and 10mM NADH (Roche) in lactate buffer for the lactate assay and in pyruvate buffer
for the pyruvate assay. Estimation of free NAD*/NADH in cells was based on lactate/pyruvate
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(pyruvate + NADH + H" = lactate + NAD") (Sun et al 2012). The results were normalized to
control samples and graphed.
ATP generation capacity and rate assay

The ATP generation capacity assay is based on the requirement of luciferase for ATP in

producing light from the reaction:

Luciferase
Luciferin + ATP + O2 » Oxyluciferin + AMP + Pyrophosphate + CO, + Light

It was measured from mitochondrial fractions by using the ATP determination kit (ThermoFisher
Scientific). In each well of a 96 well assay plate, 10ul of the isolated mitochondria was added to
4ul of 100mM ADP and 86 pl of reaction mix (1.78ul ddH20, 100ul of 20X reaction buffer, 20l
of 0.1M DTT, 100ul of 10mM D-luciferin and 0.5ul firefly luciferase from a 5mg/mL stock
solution, all supplied by the kit manufacturer) in room temperature. The plate was then read over
a period of 15 minutes every 1 minute for emission peak at 560 nm by a microplate reader (Glomax,
Promega). The amount of ATP generated was normalized to the protein content of the
mitochondrial fractions determined by Bradford Assay Kit (Biobasic) and graphed over time. The
ATP generation rate was calculated from the slope of the graph of ATP that was produced over
time up to the point where its production reached a steady state.
Immunocytochemistry and confocal imaging

For confocal microscopy, cells were grown on Nunc Lab-Tek™ II chambered tissue
culture plates (ThermoFisher Scientific), fixed for 5 minutes with 95% methanol and
permeabilized for 30 minutes at 4°C with blocking buffer (3% BSA and 0.1% saponin in PBS).
Cells were then incubated with primary antibody pl107-SD9 or HA-tag-F7 (Santa Cruz

Biotechnology) in 1:100 dilution in blocking buffer for 1 hour. After 3 washes with 0.05% saponin

65



in PBS (SP), cells were incubated with secondary antibody donkey anti-mouse 1gG NL493-
conjugated (R and D Systems) at a 1:200 dilution in blocking buffer. Cells were then washed 3
times in SP and re-incubated with primary antibody Cox4 (Abcam) at a 1:100 dilution in blocking
buffer for 1 hour. After 3 washes in SP, cells were incubated with secondary antibody goat anti
rabbit 1gG Alexa Fluor 594 (ThermoFisher Scientific) in 1:200 dilution for 1 hour. After, washing
3 times with SP, 4’,6-diamidino-2-phenylindole (Dapi) was added and Vectashield mounting
media (Vector) was added before placing the coverslip. Confocal images and Z-stacks were
obtained using the Axio Observer.Z1 microscope with alpha Plan-Apochromat 63x/Oil DIC (UV)
M27 (Zeiss). Digital images were captured using Axiocam MR R3 (Zeiss). Optical sections were
then “stacked” or merged to create high resolution “z-series” images. Z-stack images were also
portrayed as orthogonally projected on XY, YZ and XZ plane with maximum intensity using ZEN
imaging software (Zeiss). A line was drawn through a representative cell to indicate relative
intensity of RGB signals.
Mitochondrial length and area measurement

Live cell imaging was used to measure mitochondrial length and area of cells grown on
35mm high glass-bottom p-Dish tissue culture plates (MatTek Corp). The cells were washed with
PBS and stained with 1ul of MitoView red (Biotium) in 5mls of serum free DMEM for 30 minutes.
The cells were then washed with PBS and refed with serum free DMEM and immediately live cell
imaged using the Axio Observer.Z1 (Zeiss) microscope with alpha plan-apochromat 40x/Qil DIC
(UV) M27 (Zeiss) in an environment chamber (5% CO»; 37°C). Digital images were captured
using Axiocam MR R3 (Zeiss). Mitochondrial length was measured by tracing the mitochondria
from one end to the other with a line that was calibrated to the scale bar using Image J software.

Area was measured using Image J software. Briefly, threshold was used to select the area of each
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mitochondria. The background was eliminated and using analyze particle, the area of each
mitochondria was measured by considering the scale bar as the reference point. At least 100
mitochondria were measured for length and area from each of 3 different controls (Ctl) and
pl07KO c2c12 cells. The measurements were categorized and graphed within different intervals
of lengths and areas, respectively.
Cardiotoxin-induced muscle regeneration

Three-month-old anesthetized wild type and p107KO mice were injected intramuscularly
in the tibialis anterior (TA) muscle with 40ul of cardiotoxin (Ctx) Latoxan (Sigma) that was
prepared by dissolving in water to a final concentration of 10uM. A day after Ctx injury,
bromodeoxyuridine (Brdu) at 100mg/kg was injected intraperitonially. TA muscles were collected
on day 2 post Ctx injection, immersed in a 1:2 ratio of 30% sucrose:optimal cutting temperature
compound (ThermoFisher Scientific) solution and frozen slowly in liquid nitrogen-cooled
isopentane. Mice were also untreated or treated with 750mg/kg oxamate (Ox) for four consecutive
days, with Ctx on the third day and Brdu on the fourth day, before the TA muscles were dissected
on the fifth day for freezing.
Immunohistochemistry

The frozen samples were cross sectioned at 10um thickness on a cryostat and mounted on
positive charged slides (FroggaBio). Muscle tissue sections were washed with PBS and fixed with
4% paraformaldehyde (PFA) for 15 minutes at room temperature. 2N HCI was added for 20
minutes followed by 40mM sodium citrate for 10 minutes at room temperature. After washing in
PBS, muscle sections were blocked in blocking buffer (5% goat serum, 0.1% Triton X in PBS) for
30 minutes. Muscle tissue sections were then incubated with primary antibody anti-MyoD (Novus

Biologicals) in blocking buffer in 1:100 ratio overnight or p107-SD9 or Pax7-EES8 in blocking
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buffer in 1:100 ratio for 90 minutes. After three washes in 0.05% Tween 20 in PBS (PBST), cells
were incubated with secondary antibody goat anti rabbit IgG Alexa Fluor 594 (ThermoFisher
Scientific) or donkey anti-mouse IgG NL493-conjugated (R and D Systems) for one hour in 1:200
ratio. After three washes in PBST the tissue section was re-incubated with primary antibody Brdu-
MoBU-1 (Santa Cruz Biotechnology) or Cox4 (Abcam) in blocking buffer in 1:100 ratio for 1
hour. After washing 3 times in PBST, the tissue section was incubated with secondary antibody
donkey anti-mouse 1gG NL493-conjugated (R and D Systems) or goat anti rabbit IgG Alexa Fluor
594 (ThermoFisher Scientific) in 1:200 ratio for 1 hour. After washing 3 times in PBST, Dapi was
added and Vectashield mounting media (Vector) was added before placement of coverslip. The
sample was imaged using confocal microscopy with the Axio Observer.Z1 microscope with alpha
Plan-Apochromat 40x/Oil DIC (UV) M27 (Zeiss). Pax7 positive proliferating MPs containing
p107 co-localized with Cox4 were identified in successive tissue sections that were cut at 6um
instead of 10um. Proliferating MPs were determined by enumerating the MyoD*Brdu*Dapi™* cells
as a percentage of all the Dapi™ cells per field. Six fields per muscle section from 4 to 5 different
mice for each treatment was used for the analysis.
Growth curve and Proliferation Rate

3000 cells were plated for both control and p107KO c2c12 cells that were untreated or
treated with 2.5mM Ox. On each of the following 3 days, the number of cells were counted and
graphed. Proliferation rate was calculated from the slope of the cell proliferation over time.
Flow Cytometry

For cell cycle analysis 50000, Ctl and p107KO c2c12 cells were treated or untreated with
2.5mM Ox for 40hrs or Ctl and Sirtl1KO c2c12 cells were grown in 5.5mM glucose, to activate

Sirtl, for 20 hours or p107KO cells 24 hours post transfection with pCMV6-OCT-HA-eGFP alone
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or together with p107fl or p107mls were used. The cells were washed twice with PBS by
centrifuging at 1200g for 5 minutes and re-dissolved in 1ml of PBS. Cells were then fixed by
adding the cell suspension dropwise to 9ml of 70% ethanol while vortexing and then kept at -20°C
overnight. The next day, the fixed cells were pelleted at 4000 rpm for 5 minutes and resuspended
with 3ml PBS on ice for 10 minutes to rehydrate the cells. The rehydrated cells were centrifuged
at 4000 rpm for 5 minutes and dissolved in 500ul of PBS containing 50pg/ml propidium iodide
(ThermoFisher Scientific) and 25ug/ml RNAse (ThermoFisher Scientific). The samples were put
in 96 well plates and loaded on the Attune Nxt Flow Cytometer (ThermoFisher Scientific).
Forward and side scatter were appropriately adjusted and propidium iodide was excited with the
488-nm laser and detected in the BL2 channel. The excitation was analyzed by the ModFit LT™
software that provided the percentage of cells present in each of G1, S and G2 phases of cell cycle,
which were represented graphically. Flow cytometry for cell cycle analysis of transfected cells
consisted of cells transfected with empty vector pPCMV6-OCT-HA-eGFP expressing GFP alone
or along with p107fl expressing full length p107 or with p107mls expressing full length p107,
which is directed to the mitochondria. GFP positive cells were first sorted using the BL1 channel
of the cytometer by adjusting forward and side scatter, followed by detection of propidium iodide
that was excited with the 488-nm laser and detected in the BL2 channel. The excitation was
analyzed by the ModFit LT™ software that provided the percentage of cells present in each of G1,
S and G2 phases of cell cycle and represented graphically.
Live cell ATP analysis (Seahorse)

3000 proliferating or growth arrested cells, control or p107KO cells were grown for 24
hours in DMEM(Wisent) containing 10% FBS and 1% penicillin streptomycin on microplates

(Agilent Technologies). Furthermore, the control cells were treated or untreated with 2.5mM
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oxamate in DMEM containing 10% FBS and 1% penicillin streptomycin overnight. For
transfection experiments, p107KO cells (3000) were transfected with pPCMV6-OCT-HA-eGFP
alone or together with p107fl or p107mls in DMEM (Wisent) containing 10% FBS and 1%
penicillin streptomycin on microplates (Agilent Technologies) and left for 24 hours before
performing the experiments. For analysis, on the same day of assay, the cells were washed in XF
assay media supplemented with 10mM glucose, 1ImM pyruvate and 2mM glutamine (Agilent
Technologies) and incubated in a CO- free incubator in the same media at 37°C for 1 hour. The
media was then removed and replenished with fresh XF media supplemented with 10mM glucose,
1mM pyruvate and 2mM glutamine and the microplate was assessed using the Seahorse XF real-
time ATP rate assay kit (Agilent Technologies) on a previously calibrated Seahorse XFe96
extracellular flux analyzer (Agilent Technologies), with addition of 1.5uM of oligomycin and
0.5uM rotenone + antimycin A as per the manufacturer’s direction. The energy flux data in real
time was determined using Wave 2.6 software.
Mitochondrial ROS determination

50000 Ctl and p107KO cells were treated or untreated with 2.5mM Ox for 40 hours, or
p107KO cells transfected with empty vector alone, p107fl, p107mls or Ctl and Sirt1KO cells were
trypsinized and washed twice in PBS by centrifuging at 400g for 5 minutes. The cell pellets were
resuspended in 5ml PBS with 20uM of mitochondrial ROS indicator dihydrorhodamine 123 (DHR
123) (ThermoFisher Scientific) and incubated at 37°C for 30 minutes in the dark. DHR123 is an
uncharged non-fluorescent ROS indicator and is oxidized to positively charged fluorescent
rhodamine 123 (R123) that accumulates in the mitochondria. After staining with DHR123, the
stained cells were collected by centrifugation and re-dissolved in 500ul of PBS. ROS was then

assessed by measuring the fluorescent R123 levels by flow cytometry using the Attune Nxt flow
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cytometer by first adjusting forward and side scatter appropriately. R123 was excited with the 488-
nm laser and detected in the BL1 channel. The data was analyzed using FlowJo software.
Statistical analysis

Statistical analysis was performed by GraphPad Prism. Student’s t-tests were used unless
otherwise stated. Results were considered to be statistically significant when p <0.05. Specific data
was analyzed using an appropriate one-way or two-way analysis of variance (ANOVA) with a
criterion of p <0.05. All significant differences for ANOVA testing were evaluated using a Tukey

post hoc test. All data are mean + SD.
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Table 1: List of primer sets

Sequence | Amplicon .
Gene . Forward primer .
Name Accession Length sequence Reverse primer sequence
Number (bp) g
Rplpo MGI-1927636 GAGGAATCAGATGAG | AAGCAGGCTGACTTG
(36B4) ' 29 GATATGGGA GTTGC
mENAZ | 102500 CATAGGGGCATGAGG | TGAGTAGAGTGAGGG
(Nd2) ' 121 AGGACT ATGGGTTG
mt-Nd6 MGI-102495 TGTTGCAGTTATGTTG| CAAAGATCACCCAGC
(Nd6) ' 44 GAAGGAG TACTACC
mt-Co2
MGI:102503 AGTTGATAACCGAGT | CTGTTGCTTGATTTAG
(Cox2) : 98 CGTTCTG TCGGC
mt-Atp6 MG1:99927 TCCCAATCGTTGTAGC| TGTTGGAAAGAATGG
(Atp6) ' 55 CATC AGTCGG
D-100 ME 133498.1 173 GCGTTATCGCCTCATA| GGTGCGTCTAGACTGT,
P ' CGTT GTG
Nfe2l2 MGI:108420 146 AGAGCAACTCCAGAA | TGTGGGCAACCTGGG
(Nrf2) ' GGAACAG AGTAG
Mfn2 MGI:2442230 103 AGAGGCAGTTTGAGG | ATGATGAGACGAACG
' AGTGC GCCTC
Ppargcla MGI:1342774 126 TACGCAGGTCGAACG | ACTTGCTCTTGGTGGA
(Pgc-10) ' AAACT AGCA
Nrfl MGI:1332235 154 GTTGGTACAGGGGCA | TCGTCTGGATGGTCAT
’ ACAGT TTCA
H19 MGI:95891 207 GTACCCACCTGTCGTC| GTCCACGAGACCAAT
' C GACTG
Mt-Col MGI:102504 342 CCCAATCTCTACCAGC| GGCTCATAGTATAGCT
' ATC GGAG
Slc25a4 MGI:1353495 174 GTCTCTGTCCAGGGCA| ACGACGAACAGTGTC
' TCAT AAACG

(ANT 1)
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Table 2: List of antibodies

Target Protein Antibody Host/Class Company
name
p107 pl107-C18 Rabbit polyclonal SantaCruz
Biotechnology
p107 p107-SD9 Mouse monoclonal SantaCruz
Biotechnology
a-tubulin a-tubulin Mouse monoclonal Proteintech
Cox4 Cox4 Rabbit polyclonal Abcam
(ab16056)
IgG 1gG-D7 Mouse monoclonal SantaCruz
Biotechnology
MyoD MyoD Rabbit polyclonal Novus Biologicals
Brdu Brdu-MoBU- | Mouse monoclonal SantaCruz
1 Biotechnology
NDUFB8 Total Total OXPHOS Abcam
SDHB OXPHOS rodent WB antibody
UQCRC2 rodent WB cocktail
MTCO antibody
ATP5A cocktail
Sirtl Sirtl- B7 Mouse monoclonal SantaCruz
Biotechnology
HA HA-tag- F7 Mouse monoclonal SantaCruz
Biotechnology
Pax7 Pax-7 (EE8) Mouse monoclonal SantaCruz
Biotechnology
Goat anti-rabbit Biorad
antibody
Rabbit anti-goat Biorad
antibody
Goat anti-mouse Biorad
antibody

Anti-mouse NL493
conjugated donkey
IgG (HRP)

R and D Systems

Alexa Fluor 594 goat
anti rabbit 1gG (HRP)

Life Technologies
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CHAPTER 4

p107 regulates mitochondrial ATP generation via mitochondrial gene expression

Abstract

Advances in the field of bioenergetics have shed light on metabolic regulation of stem cell
fates that in particular cast the mitochondria in maintaining and dictating stem cell state outcomes
(Shyh-Chang & Ng, 2017). In this regard, mitochondrial contribution in myogenic stem cell fates
has also gained consideration (Bhattacharya & Scime, 2020). Disrupted mitochondrial function is
associated with muscle wasting diseases and ageing; wherein impaired SC self-renewal and/or
limited number of their proliferating committed progenitors, MPs, is observed (Brack & Mufioz-
Cénoves, 2016). In this chapter we have showcased a novel mechanism for regulating
mitochondrial ATP generation in MPs, by the transcriptional co-repressor p107. In vivo, we found
that p107 localizes in the mitochondria of activated and proliferating MPs. In vitro, using MP
primary cells and cell lines, we found that during proliferation p107 acts in the mitochondria, by
interacting at the mtDNA D-loop promoter. Here it represses mitochondrial encoded genes,
thereby limiting the availability of ETC complex proteins, resulting in reduced ATP generation.
Indeed, compared to controls, absence of p107 in pl07KO MP cell lines, leads to enhanced
mitochondrial gene expression, ETC complex protein formation with consequential significantly

increased ATP production capacity.
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Results
p107 is localized in the mitochondria of myogenic progenitor cells

p107 is normally present in the cytoplasm during proliferation of different cell types and
enters the nucleus in late G1 or G1/S phase of the cell cycle (Lindeman et al., 1997; Heiko Muller
et al., 2001; Rodier et al., 2005; Verona et al., 1997; Wirt & Sage, 2010; Zini et al., 2001). We
confirmed its cytoplasmic presence in actively proliferating MP cells by assessing the MP cell line
c2c12. For this, cytoplasmic and nuclear fractions of proliferating c2c12 cells were Western blotted
for p107. As is the case in other cell types, we also found that p107 is present in the cytoplasm of
proliferating MPs (Fig. 4.1A). Considering the emergent findings that showed p107 can influence
the metabolic state of progenitors (Porras et al., 2017), we assessed its potential metabolic role in
the cytoplasm. As mitochondria are crucial in controlling metabolism, we tested for the presence
of p107 within this cytoplasmic organelle. We compared the mitochondria to the remainder of the
cytoplasmic proteins of proliferating and contact inhibited confluent growth arrested c2c12 cells.
We chose to assess contact inhibited cells because in mouse fibroblastic CH310T1/2 cell line, p107
is known to translocate to the nucleus from the cytoplasm when growth arrested in this manner
(Porras et al., 2017). Intriguingly, Western blot analysis demonstrated that p107 was in the
mitochondria of the cells during proliferation (Fig. 4.1B). On the contrary, when the cells were
contact inhibited in growth arrested cultures, p107 was negligible in the mitochondria (Fig. 4.1B).

To further assess for the presence of p107 in the mitochondria, we used a biochemical
method utilizing osmotic shock, by varying sucrose concentration to isolate various mitochondria
sub-fractions in c2c12 cells (Lu et al., 2009). To accomplish this, the intact mitochondria were
dissolved in hypertonic buffer containing 250mM sucrose that separated the outer membrane (OM)

from the matrix (M) and inner membrane (IM) proteins. To isolate the pure M proteins,
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mitochondria were dissolved in hypotonic buffer containing 25mM sucrose. This caused osmotic
shock, swelling the inner membrane and rupturing the outer membrane, thereby separating the
soluble inner membrane (IMS) and OM protein fractions from the M protein fraction (Fig. 4.2A).
This method enabled us to investigate p107 presence in different mitochondrial fractions. We
found that p107 was not located in the OM nor in the IMS protein fractions, but localized within
the M fraction of the mitochondria (Fig. 4.2B). To further demonstrate the purity of the M protein
fraction, and confirm the rupture of the outer membrane, we treated the fractions with the
proteolytic enzyme trypsin. We found that matrix localized p107 is resistant to trypsin digestion
unlike, Cox4 in the IMS protein fraction. Additionally, p107 from the whole cell control lysate
also showed sensitivity to trypsin digestion (Fig. 4.2B). These data suggest that p107 is localized
in the matrix and inaccessible to trypsin digestion.

We corroborated the mitochondrial localization of p107 by using confocal microscopy and
subsequent analysis of generated Z-stacks, which showed p107 and the mitochondrial protein
Cox4 co-localize in proliferating c2c12 cells (Fig. 4.3B). The specificity of the
immunocytochemistry for p107 was confirmed by the absence of immunofluorescence in p107KO
c2c12 cells (Fig. 4.3B). These cells were generated with Crispr/Cas9 directing p107 specific
gRNA s that resulted in null protein expression that was confirmed by Western blot analysis (Fig.
4.3A). p107 and Cox4 co-localization was suggested by matching fluorescence intensity peaks of
a line scanned for red, green and blue (RGB) profile in which the arrows denoted overlapped peaks
indicating co-localization (Fig. 4.3C). We also performed orthogonal projection that scrutinizes a
portion of a Z-stack image in 3 projection planes (XY, YZ and XZ) to confirm p107 co-localization
with Cox4. The selected part of the Z-stacked image was dissected into a frontal plane in the XY

direction, a sagittal plane in the YZ direction, and a transverse plane in the XZ direction. The
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generated projections in 3 different planes, confirmed that p107 and Cox4 co-localized in the
mitochondria (Fig. 4.3D).

As p107 was localized in the mitochondria of MP cell line, c2c12 cells, we sought if the
mitochondrial localization of p107 was physiologically pertinent. This was accomplished by
investigating its localization in MPs in tibialis anterior (TA) muscle of mice. In vivo, proliferating
MPs arise from activated SCs that enter cell cycle, during skeletal muscle regeneration following
injury (Nguyen et al., 2019; Relaix & Zammit, 2012). Thus, we induced acute skeletal muscle
regeneration in mice by an intramuscular injection of cardiotoxin (Ctx) into the TA muscle. Ctx
belongs to the family of snake venom toxins that causes myolysis of myofibers, triggering their
injury and subsequent regeneration (Guardiola et al., 2017). Two days post injury, we isolated and
processed the tissue for immunohistochemistry (Fig. 4.4A). By confocal microscopy, we found
that p107 co-localized with Cox4 in MPs derived from activated SCs that expressed Pax7 (Fig.
4.4B). Together, this data showcases that p107 is present in the mitochondria of MPs both in vitro
and in vivo.

We next confirmed that p107 also localized in the mitochondria of primary MPs (prMPs)
obtained from mouse skeletal muscle. We isolated prMPs from wild type (Wt) and p107KO
extensor digitorum longus (EDL) myofibers. Confocal microscopy and subsequent analysis of
generated Z-stacks also showed that p107 and the mitochondrial protein Cox4 co-localized in Wt
prMPs that was supported by the lack of p107 immunofluorescence in p107KO prMPs (Fig. 4.5A).
Also, similar to c2c12 cells, p107 and Cox4 fluorescence intensity peaks were matched on a line
scanned RGB profile that showed several overlapping peaks indicative of co-localization in Wt

prMPs (Fig. 4.5B). An orthogonal projection of a Z-stack also showed co-localization in 3
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projection planes; frontal in the XY direction, sagittal in the YZ direction, and transverse in the
XZ direction; thereby corroborating p107 and Cox4 co-localization in prMPs (Fig. 4.5C).

Thus, by  Western blotting, confocal immunocytochemistry,  confocal
immunohistochemistry and biochemical analysis, we confirmed that p107 localized in the
mitochondria of MPs from both primary cells and cell lines suggesting that it might have an
important function in this organelle.
p107 interacts at the mtDNA

To find the functional consequence of p107 mitochondrial matrix localization, we assessed
if it interacted at the mtDNA to repress mitochondrial gene expression, similar to its role as a co-
transcriptional repressor on nuclear promoters (Wirt & Sage, 2010). We evaluated this potential
by first performing quantitative chromatin immunoprecipitation (QChIP) analysis for the D-loop
regulatory region of isolated mitochondria from c2c12 cells. qChlIP revealed that p107 interacted
at the mtDNA of proliferating cells, when it was present in the mitochondria (Fig. 4.1B and 4.6B).
The interaction was not readily discernible in growth arrested cells where p107 levels were
deficient in the mitochondria and not detected in p107KO cells (Fig. 4.6B). Immunoglobulin G
(1gG) antibody was used as a negative control for non-specific antibody-chromatin interaction in
the proliferating and growth arrested cells. We found that unlike differential binding of p107, 1gG
showed negligible interaction at the D-loop regulatory region of the mtDNA (Fig. 4.6B). This data
suggests that the interaction of p107 at the mtDNA regulatory region might repress mitochondrial
encoded gene expression.
p107 represses mtDNA encoded gene expression

We next appraised if its promoter occupancy at the mtDNA D-loop might repress

mitochondrial encoded gene expression. For this we performed quantitative PCR (qPCR) of 4 of
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13 mitochondrial encoded genes that are subunits of 3 of the 5 ETC complexes. gPCR analysis
showed that during proliferation when pl107 was abundant in the mitochondria, there was
significantly less expression of the mitochondrial encoded genes for complex 1, NADH
dehydrogenase 2 (Nd2) and NADH dehydrogenase 6 (Nd6); complex IV, cytochrome ¢ oxidase 2
(Cox2) and complex V, ATP synthase 6 (Atp6), compared to growth arrested cells where p107 was
barely present (Fig. 4.7).

We confirmed the potential of p107 to repress mitochondrial gene expression by assessing
pl07KO MPs. qPCR analysis showed that pl07KO c2c12 cells had significantly increased
mitochondrial encoded gene expression for Nd2, Nd6, Cox2 and Atp6 compared to control cells
during proliferation (Fig. 4.8A). The expressions of these mitochondrial encoded genes were also
significantly upregulated in p107KO prMPs compared to Wt prMPs during proliferation (Fig.
4.8B). Thus, the absence of p107 on the mtDNA promoter of p107-deleted cells, resulted in de-
repression of the mitochondrial encoded genes.

We further tested the mitochondrial function by rescuing the de-repression found in
p107KO cells by adding back p107. For this we used transient transfection assays of p107KO cells
that were over expressed with empty vector, full length p107 (p107fl) or p107 possessing a
mitochondrial localization sequence (pl107mls). Western blotting of cytoplasmic and
mitochondrial fractions 48 hours post transfection showed that p107fl was present in both the
cytoplasmic and mitochondrial fractions and p107mls was solely present in the mitochondria (Fig.
4.9A). To further confirm their localization capacity, we performed confocal microscopy
immunofluorescence and Z-stack analysis after transfection with empty vector, p107fl or p107mis.
Similar to the Western blot results, p107mls co-localized only in the mitochondria with Cox4,

unlike p107fl which was present in both cytoplasm and mitochondria and to a lesser extent in the

79



nucleus (Fig. 4.9B). As both constructs were shown to be in the mitochondria, we evaluated the
functional consequence of adding back pl07 to the pl07KO cells. gPCR analysis showed
significantly decreased mitochondrial gene expression for Nd2, Nd6, Cox2 and Atp6 in p107KO
c2c12 cells overexpressing p107fl or p107mls compared to that transfected with empty vector (Fig.
4.10A, 4.10B, 4.10C and 4.10D). Importantly, this suggests that the repression of mitochondrial
encoded gene expression is due to a p107 mitochondrial specific function.
p107 limits electron transport chain complex formation

As mitochondrial genes are crucial for ETC complex formation (D’Souza and Minczuk,
2018), we next gauged if p107 promoter occupancy and its control over mtDNA gene expression
affected ETC complex formation. For this we assessed the protein expression of key subunits
within the five ETC complexes that include complex I subunit NDUFB8, complex Il subunit
SDHB, complex Il subunit UQCRC2, complex IV subunit MTCO and complex V subunit
ATP5A. These key proteins become readily labile if not present within their specific complex, thus
providing an estimation of ETC complex assembly. By Western blotting, we found that p107KO
c2c12 cells had augmented levels of ETC complex subunit proteins compared to normal c2c12
cells during proliferation (Fig. 4.11A), which corresponded to the significantly increased
mitochondrial encoded gene expression (Fig. 4.8A). Similar to the p107KO cells, growth arrested
c2c12 cells with barely any p107 in the mitochondria (Fig. 4.1B) and increased mitochondrial gene
expression (Fig. 4.7), also displayed increased ETC subunit proteins compared to the proliferating
cells (Fig. 4.11B). Together, this data showed that the presence of p107 in the mitochondria might
limit ETC complex formation through mtDNA promoter binding that repressed the mitochondrial

encoded gene expression.
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p107 controls mitochondrial ATP synthesis

Mitochondria gene expression is crucial for ETC complex formation, which in turn
regulates mitochondrial ATP generation capacity (Reinecke et al., 2009). Thus, we next assessed
if p107 mtDNA promoter occupancy and its control over mitochondrial gene expression and ETC
complex formation had an impact on the capacity of mitochondria to generate ATP. Using a
luminescence assay kit for Oxphos generation, the potential ATP generation capacity and rate were
determined from isolated mitochondria in control and p107KO c2c12 cells. The ATP generation
capacity and rate, were normalized to their protein content to exclude the potential contribution of
mitochondria number. We found that the potential rate and capacity of ATP formation from
isolated mitochondria of p107KO cells were significantly higher than control cells (Fig. 4.12A
and 4.12B), consistent with the increase in mitochondrial gene expression profile (Fig. 4.8A) and
increased ETC proteins (Fig. 4.11A) linked to the absence of p107. We further evaluated if growth
arrested cells that also had increased ETC proteins (Fig. 4.11B) and mitochondrial gene expression
(Fig. 4.7B) due to a lack of p107 in the mitochondria (Fig. 4.1B) might also have increased
mitochondrial ATP generation. Similar to the p107KO cells, the luminescence assay showed that
growth arrested cells exhibited significantly higher ATP generation capacity and rate compared to
the proliferating cells (Fig. 4.13A and 4.13B).

We corroborated the ATP generation findings based on the luminescence assay by using
live cell metabolic analysis with Seahorse. The analysis showed that p107KO c2c¢12 cells exhibited
significantly higher oxygen consumption rate (OCR), increased Oxphos and glycolysis, as well as
mitochondrial/glycolytic ATP ratio compared to the control cells (Fig. 4.14A, 4.14B and 4.14C).
Furthermore, live cell metabolic analysis by Seahorse, also confirmed that growth arrested cells

had significantly enhanced OCR concomitant with increased Oxphos and glycolysis, as well as
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mitochondrial/glycolytic ATP ratio compared to the proliferating c2c12 cells (Fig. 4.15A, 4.15B
and 4.15C). Together, these results suggest that p107 impacts mitochondrial ATP generation
through regulation of mitochondrial encoded gene expression that is crucial for ETC complex
formation.
Increased Oxphos in p107KO cells is associated with mitochondrial fusion

As elevated mitochondrial energy generation has been shown to increase mitochondrial
fusion causing elongation (Hoppins et al., 2011; Meeusen et al., 2004; Mishra & Chan, 2014a,
2016b), we evaluated if the increased mitochondrial ATP generation capacity is associated with
enhanced mitochondrial network. We assessed if p107KO cells that had increased ATP generation
capacity and rate might also have elongated mitochondrial morphology. To visualize
mitochondrial morphology, we stained our cells with MitoView red, which is a fluorogenic
mitochondrial stain for live cells. Live cell imaging by confocal microscopy revealed that p107KO
c2c12 cells had an elongated mitochondrial network compared to control cells, which is indicative
of mitochondrial fusion (Fig. 4.16). We quantified the mitochondrial morphology using Image J
software. This showed that the p107KO cells had significantly more mitochondria having greater
lengths and areas, compared to the controls (Fig. 4.17A and 17B). Thus, this data is in congruence
with previous findings that had shown that increased mitochondrial ATP production cause

mitochondrial fusion leading to elongated mitochondrial morphology (Mishra & Chan, 2016b).
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Figure 4.1
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Figure 4.1. p107 is localized in the mitochondria of proliferating myogenic progeni-
tors (MPs). (A) Representative Western blot of whole cell (W), cytoplasmic (C) and
nuclear (N) fractions for p107, a-tubulin (cytoplasm loading control) and His3a (nucleus
loading control) during proliferation of c2c12 MPs. (B) Representative Western blot of
cytoplasmic (Cyto) and mitochondrial (Mito) c2c12 fractions for p107, a-tubulin and Cox4
(mitochondria loading control) and graphical enumeration of p107 in the mito fractions
during proliferation (G) and growth arrest (Ga), n=3, asterisks denote significance,
**p<0.01; Student T-test.
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Figure 4.1
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Figure 4.2. p107 is localized in the mitochondrial matrix of proliferating MPs.

(A) Diagrammatic representation of hypotonic osmotic shock treatment that swells the
inner membrane (IM), ruptures the outer membrane (OM), releases soluble inner mem-
brane (IMS) mitochondrial proteins, preserving the mitochondrial matrix (M). (B) Repre-
sentative Western blot for p107, a-tubulin and Cox4, of c2¢c12 whole cell and mitochon-
drial fractions including OM, IM, IMS and M that were isolated using 250mM or 25mM
sucrose buffer, treated and untreated with trypsin.

84



Figure 4.3
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Figure 4.3. Confirmation of p107 localization in the mitochondria of proliferating
c2c12 cells by confocal microscopy and Z-stack analysis. (A) Representative West-
ern blot for p107 and a-tubulin of different clones for control (Ctl) c2c12 cells and p107
genetically deleted c2c12 cells (p107KO) generated by Crispr/Cas9. (B) Immunofluores-
cence and confocal microscopic images for p107 (green), Cox4 (red), Dapi (blue) and
Merge of proliferating Ctl and p107KO c2c12 cells (scale bar 10um). (C) Aline was drawn
through a representative cell to indicate relative intensity of RGB signals with the arrow-
heads pointing to areas of concurrent intensities and (D) an orthogonal projection was
generated by a Z-stack (100 nm interval) image set using the ZEN program (Zeiss) in the
XY, XZ, and YZ planes.
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Figure 4.4
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Figure 4.4. In vivo, p107 is present in the mitochondria of MPs. (A) Schematic for
inducing in vivo satellite (SC) activation and MP proliferation in the tibialis anterior (TA)
muscle with cardiotoxin (Ctx) injury (MN is myonuclei). (B) Confocal microscopic immu-
nofluorescence of wild type (Wt) TA muscle section 2 days post injury for Pax7 (green),
Dapi (blue) and Merge; p107 (green), Cox4 (red), Dapi (blue) and Merge and for p107KO
TA muscle section for p107 (green), Cox4 (red), Dapi (blue) and Merge. Arrows denote
Pax7*p107*Cox4* cells (scale bar 20um).
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Figure 4.5
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Figure 4.5. p107 is present in the mitochondria of proliferating primary MPs. (A)
Confocal immunofluorescence microscopy for p107 (green), Cox4 (red), Dapi (blue) and
Merge of wild type (Wt) and p107KO primary (pr) MPs (scale bar 10um). (B) Aline was
drawn through a representative cell to indicate relative intensity of RGB signals with the
arrowheads pointing to areas of concurrent intensities and (C) an orthogonal projection
was generated by a Z-stack (100 nm interval) image set using the ZEN program (Zeiss)
in the XY, XZ, and YZ planes.
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Figure 4.6
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Figure 4.6. p107 interacts at the mitochondrial DNA promoter. (A) Schematic of p107
binding to mitochondrial DNA D-loop regulatory region with a potential transcription factor
that binds to the DNA directly (X), that is currently unknown. HSP1 and HSP2 stand for
heavy strand promoters 1 and 2 respectively, LSP stands for light strand promoter and
genes encoding electron transport chain complexes are shown. (B) Graphical represen-
tation of relative p107 and IgG mitochondrial DNA promoter occupancy by qChlP analysis
during proliferation (G) and growth arrest (Ga) in control (Ctl) and p107KO c2c12 cells,
n=3, asterisks denote significance, **p<0.01; two-way Anova with post hoc Tukey test.
Not detected (N.D.).
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Figure 4.7
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Figure 4.7. p107 represses mitochondrial gene expression. Gene expression analysis
by gPCR of mitochondrial encoded genes Nd2, Nd6, Cox2 and Atp6 for c2c12 cells during
proliferation (G) and growth arrest (Ga), n=3, asterisks denote significance, *p<0.05,
**p<0.01; Student T-test.
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Figure 4.8

A
c2c12 cells
6 — *%
W Cil
| M p107KO

()

(@)]

C

Q)

N

@)

k)

(@)

L

Nd2 Nd6 Cox2 Atp6
B 100~ PrMPs | Wt
i *% W p107KO
80

o |

(@)

& 60
e
@) _ *
T 8-
S *

4 *
0
Nd2 Nd6 Cox2 Atp6

Figure 4.8. Absence of p107 increases mitochondrial gene expression. Gene
expression analysis by qPCR of mitochondrial encoded genes Nd2, Nd6, Cox2 and Atp6
for (A) control (Ctl) and p107KO c2c12 cells, n=4 and (B) Wt and p107KO primary myo-
genic progenitors (prMPs) during proliferation, n=4, asterisks denote significance,
*p<0.05, **p<0.01; Student T-test.
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Figure 4.9
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Figure 4.9. Overexpression of p107 with mitochondrial localization sequence
(p107mls). (A) Representative Western blot of cytoplasmic (Cyto) and mitochondrial
(Mito) fractions for p107, a-tubulin and Cox4 and (B) Confocal microscopic immunofluo-
rescence and Z-stack (100 nm interval) image using the ZEN program (Zeiss) for p107
(green), Cox4 (red), Dapi (blue) and Merge (scale bar 10um) for p107KO c2c12 cells
transfected with empty vector or full length p107 (p107fl) or p107 with a mitochondrial
localization seugnece (p107mls).
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Figure 4.10
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Figure 4.10. Overexpressing p107 decreases mitochondrial gene expression. Gene
expression analysis by qPCR of mitochondrial encoded genes (A) Nd2, (B) Nd6, (C)
Cox2 and (D) Atp6 for p107KO c2c¢12 cells transfected with empty vector, full length p107
(p107fl) or p107 with a mitochondrial localization sequece (p107mils), n=4, asterisks
denote significance, *p<0.05, **p<0.01; one way-Anova and post hoc Tukey test.
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Figure 4.11
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Figure 4.11. p107 influences electron transport chain complex formation. Repre-
sentative Western blot of (A) control (Ctl) compared to p107KO c2c¢12 cells and (B) prolif-
erating (G) compared to growth arrested (Ga) c2c12 cells for a key subunit from each
electron transport chain complex (C) including, ClI (NDUFB8), CII (SDHB), CIl
(UQCRC2), CIV (MTCO) and CV (ATP5A).
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Figure 4.12
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Figure 4.12. Absence of p107 is associated with an increase in mitochondrial ATP
generation potential. ATP generation (A) rate and (B) capacity of isolated mitochondria
over time for control (Ctl) and p107KO c2c12 cells, n=4. For rate, asterisks denote signifi-
cance, **p<0.01; Student T-test. For capacity statistics see Table 3.
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Figure 4.13
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Figure 4.13. p107 decreases mitochondrial ATP generation potential of proliferaing
MPs. ATP generation (A) rate and (B) capacity of isolated mitochondria over time for
proliferating (G) and growth arrested (Ga) c2c12 cells. n=4. For rate, asterisks denote
significance, **p<0.01; Student T-test. For capacity statistics see Table 3.
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Figure 4.14
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Figure 4.14. p107KO c2c12 cells have higher oxygen consumption rate and mito-
chondrial to glycolytic ATP production rate. Live cell metabolic analysis by Seahorse
for (A) oxygen consumption rate (OCR) over time with addition of oligomycin (olig), anti-
mycin A (ant) and rotenone (rot) (B) Glycolytic (Glyc) and mitochondrial (Mito) ATP
production rate and (C) Energetic map for control (Ctl) and p107KO c2c¢12 cells. n=4-5,
asterisks denote significance,*p<0.05, **p<0.01; two-way Anova and post hoc Tukey test.
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Figure 4.15
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Figure 4.15. p107 reduces oxygen consumption rate and mitochondrial to glyco-
lytic ATP production rate. Live cell metabolic analysis by Seahorse for (A) oxygen con-
sumption rate (OCR) over time with addition of oligomycin (olig), antimycin A (ant) and
rotenone (rot) (B) Glycolytic (Glyc) and mitochondrial (Mito) ATP production rate and (C)
Energetic map for proliferating (G) and growth arrested (Ga) c2c12 cells. n=7-8, asterisks
denote significance, *p<0.05, **p<0.01; Student T-test.
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Figure 4.16
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Figure 4.16. p107KO c2c12 cells have elongated mitochondria. Representative live
cell confocal microscopy image of stained mitochondria (MitoView Red) for control (Ctl)
and p107KO c2c¢c12 cells (scale bar 20um).
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Figure 4.17
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Figure 4.17. p107KO c2c12 cells have increased mitochondrial length and area.
Graphical representation of mitochondria number per grouped (A) lengths and (B) areas
for control (Ctl) and p107KO c2c12 cells using image J quantification, n=3, atleast 100
mitochondria were counted per n, significance denoted by w=p<0.05, m=p<0.01, K
=p<0.001, $=p<0.0001; Student T-test.
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CHAPTERS
Sirtl governs p107 mitochondrial function
Abstract

The regulation of glycolysis in the cytoplasm and oxidative phosphorylation (Oxphos) in the
mitochondria are integrated into the control mechanisms that govern stem cell fate decisions (Ito
& Ito, 2016). However, the control mechanism(s) that synchronize their association remain
obscure. In this chapter, we show that during MP proliferation, p107 acts as an indirect energy
sensor of the cytoplasmic NAD*/NADH ratio that affects its mitochondrial function of regulating
Oxphos. When the NAD*/NADH ratio is low, p107 compartmentalizes in the mitochondria, where
it interacts at the D-loop promoter region of mitochondrial DNA, repressing mitochondrial gene
expression limiting ETC protein formation, thereby suppressing ATP generation. On the contrary,
with high NAD*/NADH, p107 is localized mostly in the cytoplasm with the opposite effects on
mitochondrial gene expression and ATP generation. The NAD*/NADH control of pl07 is
facilitated by its interaction with the NAD* dependent deacetylase and energy sensor Sirtl.
Deletion of Sirtl or inhibition of its activity in MPs increases p107 mitochondrial localization
concomitant with decreased mitochondrial gene expression and ATP generation. On the other

hand, increasing the activity of Sirtl has the opposite effect on p107 mitochondrial function.
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Results
Glucose levels control p107 mitochondrial localization

As availability of nutrients impact mitochondrial energy generation (Hwang & Song, 2017,
Locasale & Cantley, 2010), we evaluated how it would influence p107 sub-cellular localization
and function during MP proliferation. Since glucose availability is important for dividing cells, we
assessed the effect of glucose metabolism on p107 mitochondrial function. For this purpose, we
grew c2c12 cells in low (5.5mM) or high (25mM) glucose as the sole nutrient in stripped media
(not supplemented with glucose, glutamine and pyruvate). Western blot analysis of isolated
mitochondria revealed that pl07 translocation into mitochondria was glucose concentration
dependent (Fig. 5.1A). Its presence was negligible in mitochondria when cells were grown in a
low concentration (5.5mM) of glucose, but at a higher glucose concentration (25mM) there was a
significant increase of p107 localization in mitochondria (Fig. 5.1A).

We next assessed the p107 mitochondrial functional consequence due to varied glucose
concentration. First, we evaluated its interaction at the mtDNA D-loop regulatory region, by
performing gqChlP analysis on isolated mitochondria from c2c12 cells grown in stripped media
with 5.5mM or 25mM glucose. As expected, we found that cells grown in higher glucose (25mM)
concentration had significantly increased p107 mtDNA interaction at the promoter compared to
cells grown in a lower (5.5mM) glucose concentration (Fig. 5.1B). 1gG antibody was used as a
negative control for non-specific antibody-chromatin interaction. IgG showed negligible
interaction at the D-loop regulatory region of the mitochondrial DNA, unlike differential binding
of p107. Furthermore, no interaction was detected in p107KO cells (Fig. 5.1B). These results
suggest that high glycolytic flux increases p107 interaction at the mtDNA, which might have

functional consequences.
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Glucose levels regulate p107 repressor function of mitochondrial gene expression

As a higher glucose concentration increased p107 mitochondrial localization and mtDNA
interaction, we assumed that this would be associated with a decreased mitochondrial encoded
gene expression pattern. We assessed for this possibility by performing qPCR analysis on c2¢c12
cells grown in stripped media with 25mM compared to a lower (5.5mM) glucose concentration.
We found that the higher glucose concentration that increased p107 mitochondrial presence (Fig.
5.1A) was indeed associated with a significant decrease in mitochondrial encoded gene expression
for Nd2 and Nd6 (complex I), Cox2 (complex V), and Atp6 (complex V) (Fig. 5.2A, 5.2B, 5.2C
and 5.2D).

We next confirmed that the glucose concentration dependent control of mitochondrial gene
expression was due to a p107 mitochondrial function. This was accomplished by evaluating the
effect of varying the glucose concentrations in p107KO c2c12 cells. Indeed, we found that the
glucose concentration did not affect the mitochondrial encoded gene expression for Nd2, Nd6,
Cox2 and Atp6, in p107KO cells compared to control cells (Fig. 5.2A, 5.2B, 5.2C and 5.2D).

We corroborated that the mitochondrial encoded gene expression differences with varying
glucose concentration were due to p107, by using prMPs obtained from EDL muscle isolated from
Wtand p107KO mice. As with c2c12 cells, gPCR analysis of Wt prMPs showed that mitochondrial
encoded genes Nd2, Nd6, Cox2 and Atp6 significantly decreased in cells grown in high (25mM)
compared to low concentrations of glucose in stripped media (Fig. 5.3A, 5.3B, 5.3C and 5.3D).
Moreover, p107KO prMPs grown in low (5.5mM) or high (25mM) glucose concentrations, had
no differences in mitochondrial gene expression (Fig. 5.3A, 5.3B, 5.3C and 5.3D) similar to

pl07KO c2c12 cells (Fig. 5.2A, 5.2B, 5.2C and 5.2D). Together, these data suggest that glucose
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concentration affecting mitochondrial encoded gene expression is dependent on p107 interaction
at the mtDNA promoter.
Glucose levels do not affect mitochondrial biogenesis

We verified that changes in mitochondrial gene expression in c2c12 cells grown in varying
glucose concentrations was not influenced by differences in mitochondrial biogenesis. For this two
approaches were used. First, by qPCR in c2c12 cells, we assessed the gene expression of key
regulatory factors of mitochondrial biogenesis, including peroxisome proliferator activated
receptor gamma co-activator 1 alpha (Pgcla ), mitofusin 2 (Mfn2), adenine nucleotide translocase
type 1 (Antl) and nuclear factor erythroid 2-related factor 2 (Nrf2) (Fig. 5.4A). We found that
Pgcla and Mfn2 were not detected at all, as they are mostly expressed in differentiated myotubes
(Bach et al., 2003; Lin et al., 2014). Though Antl and Nrf2 were detected by gPCR, there were no
significant differences in their expression when the cells were grown in low (5.5mM) compared to
high (25mM) glucose concentrations in stripped media (Fig. 5.4A). Second, by determining the
mtDNA to nuclear DNA (nDNA) content we evaluated if the mtDNA copy number was different
in the divergent glucose concentrations. We found no significant differences in the mtDNA/nDNA
ratio in c2c12 cells grown in low (5.5mM) versus high (25mM) glucose concentrations (Fig. 5.4B).
To validate our results, mitochondrial biogenesis activator 5-aminoimidazole-4-carboxamide-1-f-
D-ribofuranoside (AICAR) was used as a positive control, which increased the mtDNA/nDNA
ratio significantly for both concentrations of glucose (Fig. 5.4B). Together, these data show that
mitochondrial gene expression might be mediated by glycolytic flux induced p107 mitochondrial

localization and not merely a consequence of differences in mitochondrial biogenesis.
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NAD*/NADH ratio regulates p107 mitochondrial function

As glucose metabolism affects the NAD*/NADH redox balance, we determined if this
balance might impact p107 mitochondrial localization and function. We found that c2c12 cells
grown in stripped media containing 5.5mM compared to 25mM glucose had significantly
increased cytoplasmic NAD*/NADH (Fig. 5.5). This suggested that redox state of the cells
governed by glycolytic flux in the cytoplasm might have a role in controlling p107 sub-cellular
localization.

We next evaluated if the cytoplasmic NAD*/NADH ratio was responsible for p107
function by manipulating the redox potential in a glucose concentration independent manner. We
first used oxamate, a structural analog of pyruvate that inhibits lactate dehydrogenase a (Ldha),
resulting in the formation of acetyl CoA instead of lactate (Valvona et al., 2016). Treatment of
c2c12 cells with 2.5mM oxamate for 40 hours significantly decreased the NAD*/NADH ratio
compared to untreated cells (Fig. 5.6A). Western blot analysis showed that the addition of
oxamate, increased p107 mitochondrial localization (Fig. 5.6B), and resulted in a significant
downregulated mitochondrial encoded gene expression for Nd2, Nd6, Cox2 and Atp6 (Fig. 5.7A,
5.7B, 5.7C and 5.7D). To confirm that the functional consequence was driven by p107, we also
treated p107KO c2c12 cells with oxamate and found that mitochondrial gene expression for Nd2,
Nd6, Cox2 and Atp6 were not affected unlike control cells (Fig. 5.7A, 5.7B, 5.7C and 5.7D). This
suggests that decreasing the NAD*/NADH ratio due to oxamate treatment caused significantly
decreased mitochondrial gene expression as a result of p107 mitochondrial localization.

As ETC complex formation is partly dependent on the mitochondrial encoded genes, we
evaluated if decreased mitochondrial gene expression with reduced NAD*/NADH and increased

p107 mitochondrial localization, would limit ETC complex protein formation. To accomplish this,
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we performed Western blot using antibodies against key subunits of the 5 complexes as before
including complex I subunit NDUFB8, complex Il subunit SDHB, complex I11 subunit UQCRC2,
complex IV subunit MTCO and complex V subunit ATP5A. Our results revealed that oxamate
treatment decreased ETC complex protein levels in proliferating c2c12 cells compared to untreated
cells (Fig. 5.8). This is in line with decreased mitochondrial gene expression (Fig. 5.7A, 5.7B,
5.7C and 5.7D) due to increased p107 mitochondria localization with oxamate treatment (Fig.
5.6B). We also performed the same experiment in pl07KO c2c12 cells that were treated or
untreated with oxamate and found there were no differences in the ETC protein levels (Fig. 5.8),
corresponding to the unchanged mitochondrial gene expression pattern (Fig. 5.7A, 5.7B, 5.7C and
5.7D). This suggests that NAD*/NADH might control Oxphos via p107 dependent regulation of
mitochondrial gene expression and ETC complex formation.

We substantiated that the NAD*/NADH ratio promoted p107 mitochondrial function,
which was not only reliant on glucose, by treatment of cells with dichloroacetic acid (DCA). DCA
is an inhibitor of pyruvate dehydrogenase kinase, which normally inhibits pyruvate dehydrogenase
that converts pyruvate to acetyl CoA (Rodrigues et al., 2015). Similar to oxamate, when c2c¢12
cells were treated with 6mM DCA for 40 hours, there was a significant decrease in NAD*/NADH
ratio compared to untreated cells (Fig. 5.9A). Moreover, Western blot analysis of DCA treated
cells showed increased p107 levels in the mitochondria (Fig. 5.9B), as well as significant decreased
mitochondrial encoded gene expression for Nd2, Nd6, Cox2 and Atp6 (Fig. 5.9C) when compared
to untreated controls. Together, these results suggest that in response to lower cytoplasmic
NAD*/NADH, p107 preferentially localizes in the mitochondria, to repress mitochondrial gene

expression that impacts ETC complex protein formation.
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High NAD*/NADH levels impede p107 mitochondrial function

We next assessed the p107 functional outcome of increasing the NAD*/NADH ratio in a
glucose independent manner. For this we grew cells in galactose (gal) that is known to increase
Oxphos, but also increase the NAD*/NADH ratio (Ryall et al., 2015). Indeed, growth of c2c12
cells with 10mM gal for 6 hours significantly increased the NAD*/NADH ratio compared to the
cells grown in glucose (Fig. 5.10A). As expected, Western blot analysis showed that treatment of
c2c12 cells with gal resulted in significantly less p107 in the mitochondria (Fig. 5.10B) and
significantly higher mitochondrial gene expression for Nd2, Nd6, Cox2 and Atp6 compared to the
cells grown in glucose (Fig. 5.10C). This suggests that a shift to a higher NAD*/NADH ratio,
prevents p107 mitochondrial localization, thereby de-repressing mitochondrial gene expression.
Glutamine has no effect on p107 mitochondrial function

We next tested another nutrient, glutamine that is metabolized via Oxphos for a potential
effect on p107 mitochondrial function. We substituted glutamine for glucose as the sole growth
nutrient in stripped media. We found that c2c12 cells grown in two different concentrations of
glutamine (5mM and 20mM) in stripped media had no effect on the cytoplasmic NAD*/NADH
ratio (Fig. 5.11A). As anticipated, Western blot analysis of c2c12 cells grown in the different
glutamine concentrations had no effect on the pl07 mitochondrial localization levels, in
accordance with unchanged NAD*/NADH ratio (Fig. 5.11B). Also, there was no significant
mitochondrial gene expression changes for Nd2, Cox2 and Atp6 (Fig. 5.11C). However, the
mitochondrial encoded gene expression levels of Nd6 was significantly increased in c2c12 cells
grown in the high (20mM) compared to the low (5mM) glutamine concentration (Fig. 5.11C). A
possible explanation is that Nd6 is the only mitochondrial gene expressed from the L-strand of

MtDNA (D’Souza & Minczuk, 2018). Together, these results showcase that p107 acts by sensing
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the cytoplasmic NAD*/NADH ratio to regulate mitochondrial gene expression, which might
influence the ATP production in the mitochondria.
Glycolytic flux regulates p107 control of mitochondrial ATP generation

We next investigated if glycolytic flux that controls mitochondrial gene expression in a
p107 dependent manner can also affect the mitochondrial ATP synthesis capacity and rate. Using
a luminescence assay kit, the potential ATP generation capacity and rate were determined in
isolated mitochondria of c2c12 cells under different glucose concentrations that affected
NAD*/NADH ratios. We found that there was a significant decrease in the ATP generation rate
and capacity of c2c12 cells at a lower NAD*/NADH ratio, by comparing cells grown in stripped
media containing 25mM to 5.5mM glucose (Fig. 5.12A and 5.12B). The decrease in ATP
generation capacity corresponded to the presence of pl07 in the mitochondria (Fig. 5.1A).
Importantly, in the p107KO c2c12 cells, where mitochondrial gene expression was not influenced
by the NAD*/NADH ratio (Fig. 5.2A, 5.2B, 5.2C and 5.2D), the potential mitochondrial ATP rate
and generation capacity were unaffected by varying the glucose concentration (Fig. 5.12C and
5.12D). Together, these data suggest that p107 regulates the potential mitochondrial energy
production by recognizing the cytoplasmic NAD*/NADH ratio.

We substantiated the importance of NAD*/NADH to p107 control of Oxphos by treating
cells with oxamate that decreased the NAD*/NADH ratio (Fig. 5.6A) and increased p107
mitochondrial levels (Fig. 5.6B). Live cell metabolic imaging with Seahorse of oxamate treated
c2c12 cells compared to untreated cells, showed a significant decrease in OCR (Fig. 5.13A), as
well as ATP generation from both Oxphos and glycolysis (Fig. 5.13B) that corresponded to a
reduced mitochondrial/glycolytic ATP ratio (Fig. 5.13C). Together this data suggests that, in

response to a shift to low NAD*/NADH ratio, p107 locates in the mitochondria to attenuate ATP
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generation capacity as a consequence of repressing mitochondrial gene expression and limiting
ETC complex formation.

We next considered that enhanced p107 mitochondrial function, by overloading NADH
levels might lead to increased ROS generation. In this case, we hypothesized that NADH accretion,
due to oxamate, would cause mitochondrial ROS by reductive stress, by overwhelming ETC
complex | (Xiao & Loscalzo, 2020) and/or due to drastically reduced number of ETC complexes
(Fig. 5.8) instigated by p107 repression of mitochondrial gene repression (Fig. 5.7A, 5.7B, 5.7C
and 5.7D). To test the possibility, we stained both oxamate treated and untreated c2c12 cells, with
dihydrorhodamine 123 (DHR123). DHR123 is an uncharged non-fluorescent ROS indicator that
is oxidized to positively charged fluorescent rhodamine 123 (R123) in the mitochondria
(O’Connell et al., 2002). By flow cytometry, we found that oxamate treated cells produced
significantly higher levels of R123. This might be potentially caused by higher mitochondrial ROS
produced in oxamate treated compared to untreated cells (Fig. 5.14A and 5.14B). Moreover, this
was a p107 dependent mechanism, as ROS generation was not affected in p107KO cells treated
with oxamate compared to untreated cells (Fig. 5.14A and 5.14B) where mitochondrial gene
expression (Fig. 5.7A, 5.7B, 5.7C and 5.7D) and ETC complex formation (Fig. 5.8) were
unaltered by this treatment. Together, this suggests that p107 mitochondrial localization might
increase the potential for mitochondrial ROS generation. We believe this might occur because
limiting ETC complex proteins due to repression of mitochondrial gene expression might not
sufficiently oxidize augmented NADH levels. On the other hand, in p107KO cells the greater
capacity of the ETC for Oxphos, might buffer the increased availability of NADH. Further
experiments using mitochondrial targeted ROS fluorophores that are oxidized directly by

mitochondrial superoxides such as MitoSOX Red/ Amplax Red shall confirm this function.
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To further assess that suppression of mitochondrial genes by p107 might lead to enhanced
ROS production, we overexpressed p107KO c2c12 cells with empty vector alone or together with
p107fl (full length p107) or with p107mls that contained a mitochondrial localization sequence.
We hypothesized that over expression of these p107 constructs that decreased mitochondrial gene
expression (Fig. 4.10A, 4.10B, 4.10C and 4.10D) would lead to increased ROS production, as
was found with oxamate treatment (Fig. 5.14A and 5.14B). Thus, we measured ROS by staining
the transfected cells with DHR123 and performing flow cytometry to quantify the amount of
fluorescence caused by its oxidation. We found that overexpression of p107fl and p107mls resulted
in high ROS levels (Fig. 5.15A and 5.15B). Thus, this result corroborates that elevated p107 levels
in the mitochondria might promote mitochondrial ROS generation.
Sirtl directly interacts with p107

As pl107 mitochondrial function is regulated by the NAD*/NADH ratio and NAD*
dependent Sirtl deacetylase is an energy sensor of this ratio (Anderson et al., 2017), we evaluated
if Sirtl potentially controls p107 mitochondrial function. To test this possibility, we first
determined if p107 and Sirtl interact endogenously. Importantly, reciprocal Immunoprecipitation
(IP)/Western blot analysis of p107 and Sirtl on native non over-expressing c2c12 lysates showed
that they directly interacted (Fig. 5.16B and 5.16C). 1/10" 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 1Ped. We also used two negative controls to bolster the validity of our findings. First, the
specificity of the antibodies used were tested using lysates (Fig. 5.16B and 5.16C) for p107 on
pl07KO cells (Fig. 4.3A); and for Sirtl on genetically deleted Sirtl (Sirt1KO) cells, which were
made using Crispr/Cas9 (Fig. 5.16A). Second, a negative IP control with an IgG antibody did not

display a p107 or Sirtl interaction upon Western blotting (Fig. 5.16B and 5.16C). These results
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highlight that p107 interacts with Sirtl in native cellular protein lysates, suggestive of a potential
mechanism to regulate p107 mediated mitochondrial function.
Genetic deletion of Sirtl increases p107 mitochondrial function

We next gauged if Sirtl activity might affect p107 mitochondrial function. For this, we
grew c2c12 and Sirt1KO cells in stripped media with a low glucose concentration (5.5mM) that
results in a high NAD*/NADH ratio, a condition that is known to activate Sirtl activity. We had
demonstrated that 5.5mM glucose concentration significantly decreased pl107 sub-cellular
localization inside the mitochondria (Fig. 5.1A). However, unlike control cells Western blot
analysis of Sirt1KO cells showed that p107 is present in the mitochondria of c2c12 cells grown in
stripped media with 5.5mM glucose (Fig. 5.17A). This signifies that p107 mitochondrial
translocation is dependent on Sirtl activity. Therefore, we predicted that due to presence of p107
in the mitochondria of Sirt1KO cells, its mitochondrial gene expression would be lower compared
to control cells. Indeed, gPCR analysis showed that there were significant reductions of the
mitochondrial encoded genes Nd2, Nd6, Cox2 and Atp6, in SirtlKO cells compared to controls
grown in 5.5mM glucose (Fig. 5.17B). Relevantly, these results suggest that p107 mitochondrial
function is dependent on Sirtl activity.

Next, we wanted to compare Sirtl1KO cells grown in 5.5mM to 25mM glucose. We had
demonstrated a significant lower p107 mitochondrial presence in c2c12 cells grown in 5.5mM
compared to 25mM glucose (Fig. 5.1A) and it did not relocate from the mitochondria in Sirt1KO
cells grown in 5.5mM (Fig. 5.17A). Thus, we postulate that p107 mitochondrial localization
should not be affected in Sirtl1KO cells grown in 25mM versus 5.5mM glucose concentration. To
test this, we performed Western blot analysis on Sirt1KO c2c12 cells grown in 5.5mM and 256mM

glucose and as expected, we did not find any differences in p107 mitochondrial levels (Fig. 5.18A).
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This is in contrast to control cells that showed differences in p107 mitochondrial localization in
low versus high glucose concentrations (Fig. 5.1A). This finding corresponded to no changes in
the mitochondrial encoded gene expression for Nd2, Nd6, Cox2 and Atp6 for Sirt1KO cells grown
in 5.5mM versus 256mM glucose (Fig. 5.18B), unlike control cells that displayed decreased
mitochondrial gene expression in the higher glucose concentration due to increased p107 levels in
the mitochondria (Fig. 5.2A, 5.2B, 5.2C and 5.2D).

These results suggest that Sirt1 activity might also affect the mitochondrial ATP generation
function of p107, implied by the decreased mitochondrial gene expression in SirtlKO cells
compared to control c2c12 cells grown in 5.5mM glucose. We tested this notion, by using a
luminescence assay for potential ATP generation rate and capacity on isolated mitochondria. The
mitochondria were normalized to their protein content to exclude the potential contribution of their
number. We found that ATP generation rate and capacity of Sirt1KO cells were drastically reduced
(Fig. 5.19A and 5.19B) compared to control cells in 5.5mM glucose which aligned with p107
localization (Fig. 5.17A) and the mitochondrial encoded gene expression (Fig. 5.17B).
Furthermore, there were no differences in ATP generation rate or capacity between Sirt1KO cells
grown in 5.5mM or 25mM glucose (Fig. 5.19C and 5.19D) corresponding to unaltered p107
mitochondrial levels (Fig. 5.18A) and mitochondrial gene expression (Fig. 5.18B). Together, these
data suggest that p107 mitochondrial function is dependent on Sirtl activity.

Sirtl deacetylase activity affects p107 mitochondrial function

As Sirtl deletion affected pl07 mediated mitochondrial function, we next wanted to
evaluate if the deacetylase activity of Sirtl affected p107 mitochondrial function. To accomplish
this, we used expression plasmids for Sirt1 full length (Sirt1fl), that retained its enzymatic function

and Sirtl dominant negative (Sirtldn), which had a base substitution (H363Y) in the deacetylase
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catalytic site rendering it inactive (Ghosh et al., 2007). c2c12 cells were transiently transfected
with hemagglutinin (HA) tagged p107fl alone or together with Sirt1fl or Sirtldn and grown in low
(5.5mM) or high (25mM) glucose concentrations in stripped media. Confocal microscopy and Z-
stack analysis revealed that overexpression of Sirtldn grown in 5.5mM glucose was unable to
prevent Ha tagged p107 mitochondria localization (Fig. 5.20), similar to Sirt1KO cells that had
p107 in the mitochondria when grown in the same condition (Fig. 5.18A). Moreover, there were
no differences in mitochondrial p107HA levels in the overexpressing Sirtldn cells grown in
5.5mM and 25mM glucose. However, Sirt1fl over expressing cells grown in 5.5mM glucose and
25mM glucose showed differences in p107 mitochondrial localization (Fig. 5.21), similar to c2¢c12
cells grown in low and high glucose (Fig. 5.1A). This suggests that Sirtl deacetylase activity is
vital for encumbering p107 mitochondrial localization.

Next, we assessed Sirtl activity on mitochondrial encoded gene expression, to find a
possible association with p107 subcellular localization. c2c12 cells were transiently transfected
with Sirt1fl or Sirtldn, grown in 5.5mM and 25mM glucose in stripped media and analyzed by
gPCR for Nd2, Nd6, Cox2 and Atp6 genes. We found that Sirtldn overexpressing c2c12 cells had
no differences in mitochondrial encoded gene expression when grown in 5.5mM or 25mM glucose
(Fig. 5.22A, 5.22B, 5.22C and 5.22D) which is in accordance with the unchanged pl107
mitochondrial localization (Fig. 5.20 and 5.21), However, Sirtlfl overexpressing c2c12 cells
showed decreased mitochondrial gene expression when grown in a higher concentration (25mM)
compared to lower concentration (5.5mM) of glucose (Fig. 5.22A, 5.22B, 5.22C and 5.22D). This
suggests that Sirtl enzyme activity is important for regulating p107 mediated mitochondrial
function.

Inhibition of Sirtl activity enhances p107 mitochondrial function
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To further confirm that Sirt1 catalytic action is important for p107 mitochondrial function,
we modulated Sirtl activity using various factors to appraise its influence on p107 mediated
mitochondrial function. First, we tested the effect of inhibiting Sirtl by treating c2c12 cells with
Sirtl inhibitor nicotinamide (Nam). Western blot analysis showed that inhibition of Sirtl activity
by Nam increased p107 mitochondrial localization compared to untreated cells (Fig. 5.23A). To
determine if the inhibition of Sirtl activity that had promoted p107 mitochondrial localization,
increased its interaction with mtDNA promoter, we conducted qChIP assays. The increased
mitochondrial presence of p107 with compromised Sirtl activity was concomitant with increased
mtDNA promoter interaction (Fig. 5.23B). IgG antibody was used as a negative control for non-
specific immunoglobulin-chromatin interaction in presence or absence of Nam. We found that
unlike differential interaction by p107, 1gG showed negligible binding at the D-loop regulatory
region of the mtDNA with and without Nam (Fig. 5.23B). Moreover, no p107 detection was
observed at the D-loop promoter in p107KO cells (Fig. 5.23B).

We appraised if the effect of increased mtDNA interaction of p107 due to inhibition of
Sirtl activity influenced mitochondrial gene expression. Indeed, we found that Nam treatment
decreased the expression of Nd2, Nd6, Cox2 and Atp6 genes compared to untreated c2c12 cells
(Fig. 5.24A). However, Nam treatment of p107KO and Sirt1KO c2c12 cells had no effect on the
mitochondrial gene expression (Fig. 5.24B and 5.24C). Importantly, these data suggest that Sirt1
activity influences mitochondrial gene expression in a p107 dependent manner, as absence of
either p107 or Sirtl failed to impact changes on the mitochondrial gene expression.

Next, we found that both the potential ATP generation rate and capacity of isolated
mitochondria were reduced with Sirtl attenuated activity with Nam in c2c12 cells (Fig. 5.25A and

5.25B). On the contrary, Sirt1KO cells showed no differences in ATP generation capacity and rate
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with Nam treatment (Fig. 5.25C and 5.25D) that corresponded to a lack of changes in
mitochondrial gene expression profile (Fig. 5.24C). Finally, we confirmed that the decreased
mitochondrial gene expression and ATP generation rate and capacity by inhibiting Sirtl with Nam
was not due to a decrease in mitochondrial biogenesis. This was accomplished by assessing the
mtDNA content by quantifying the potential changes in the mtDNA/nDNA ratio. The ratio
remained unaltered in Nam treated compared to untreated c2c12 cells (Fig. 5.25E). These results
suggest that the functional consequence of inhibiting Sirtl activity is due to the mitochondrial
function of p107 and not a change in mitochondrial content.

We corroborated the effect of inhibiting Sirtl activity on p107 mitochondrial function by
treating c2c12 cells with a high dose (50uM) of resveratrol (Res) that is known to repress Sirtl
activity (Park et al., 2012). By Western blotting, treatment of cells with this concentration of Res
showed increased p107 localization in the mitochondria compared to untreated cells (Fig. 5.26A).
This was associated with significantly reduced mitochondrial gene expression for Nd2, Nd6, Cox2
and Atp6 (Fig. 5.26B) together with significant attenuation of ATP generation rate and capacity
(Fig. 5.26C), as was the case when using Nam as an inhibitor. Together, these results suggest that
inhibition of Sirtl catalytic activity increases p107 localization within the mitochondria where it
interacts at the mtDNA to repress mitochondrial encoded gene expression and decrease ATP
generation potential.

Enhancing Sirtl activity decreases p107 mitochondrial function

We verified that Sirtl enzymatic activity regulated p107 mitochondrial function by
enhancing Sirtl catalytic activity indirectly using a low concentration of Res (10uM) (Park et al.,
2012). Western blot analysis of c2c12 cells treated with this concentration of Res resulted in a

decrease for p107 levels in the mitochondria (Fig. 5.27A).
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Using qChIP we also found that the enriched Sirtl activity with low Res treatment reduced
p107 mtDNA promoter interaction at the D-loop (Fig. 5.27B). The IgG antibody used as a negative
control for non-specific interaction showed negligible binding at the D-loop regulatory region of
the mtDNA and no detection was observed in p107KO cells (Fig. 5.27B).

We performed gPCR to determine if decreased p107 mtDNA interaction with activated
Sirtl (low Res treatment) would de-repress mitochondrial gene expression. As expected,
heightened Sirtl activity, enhanced the mitochondrial encoded gene expression for Nd2, Nd6,
Cox2 and Atp6 when the cells were treated with 10uM Res (Fig. 5.28A). Relevantly, no
differences were observed in p107KO and Sirt1KO c2c12 cells untreated or treated with this Res
concentration (10uM) (5.28B and 5.28C), suggesting that Sirtl catalytic activity regulates
mitochondrial gene expression directly in a p107 dependent manner.

We hypothesized that boosting Sirtl activity with low (10uM) Res treatment would
influence the ATP generation rate and capacity. This idea was tested by performing ATP
generation assays. We found that the potential ATP synthesis rate and capacity of isolated
mitochondria from c2c12 cells were significantly greater when Sirtl activity was enriched (Fig.
5.29A and 5.29B). This corresponded to the increased p107 redistribution from the mitochondria
to the cytoplasm (Fig. 5.27A) and significant elevation of mitochondrial gene expression (Fig.
5.28A). However, no differences in ATP generation rate and capacity were observed in Sirt1KO
c2c12 cells (Fig. 5.29C and 5.29D), which was anticipated because 10uM Res had no effect on
mitochondrial gene expression (Fig. 5.28C). Together, these results suggest that Sirtl catalytic
activity directly regulates p107 sub-cellular localization that ultimately impacts its repressive

function on mitochondrial gene expression and ATP generation capacity.
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Figure 5.1. Increased glucose availability increases p107 mitochondrial localiza-
tion and mtDNA promoter binding in c2¢c12 cells. (A) Representative Western blot and
graphical representation of cytoplasmic (Cyto) and mitochondrial (Mito) fractions for
p107, a-tubulin and Cox4 of c2c12 cells grown in stripped media (SM) containing only
1.0mM, 5.5mM or 25mM glucose (Glu), n=3, asterisks denote significance, *p<0.05; Stu-
dent T-test. (B) Graphical representation of relative p107 and IgG mitochondrial DNA
promoter occupancy by qChlIP analysis for control (Ctl) and p107KO c2c12 cells grown in
SM containing only 5.5mM (LoGlu) or 25mM (HiGlu) glucose, N.D denotes not detected.
n=3, asterisks denote significance, **p<0.01; two-way Anova with post hoc Tukey test.
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Figure 5.2
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Figure 5.2. p107 reduces mitochondrial gene expression of c2c12 cells in high glu-
cose. Gene expression analysis by gPCR of mitochondrial encoded genes (A) Nd2, (B)
Nd6, (C) Cox2 and (D) Atp6 for Control (Ctl) and p107KO c2c12 cells grown in stripped
media containing only 5.5mM glucose (LoGlu) or 25mM glucose (HiGlu), n=4, asterisks
denote significance, *p<0.05, **p<0.01, ***p<0.001; two-way Anova with post hoc Tukey
test.
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Figure 5.3
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Figure 5.3. p107 reduces mitochondrial gene expression of prMPs in high glucose.
Gene expression analysis by gPCR of mitochondrial encoded genes (A) Nd2, (B) Nd6,
(C) Cox2 and (D) Atp6 for wild type (Wt) and p107KO prMPs grown in stripped media
containing only 5.5mM glucose (LoGlu) or 25mM glucose (HiGlu), n=4, asterisks denote
significance, *p<0.05, **p<0.01; two-way Anova with post hoc Tukey test.
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Figure 5.4
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Figure 5.4. High glucose availability does not influence mitochondrial content. (A)
Gene expression analysis by qPCR of Pgc1a, Mfn2, Ant1 and Nrf2 for c2¢c12 cells grown
in stripped media (SM) containing 5.5mM glucose (LoGlu) or 25mM glucose (HiGlu), n=3
(N.D. is not detected). (B) Mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) ratio for
c2c12 cells grown in SM containing LoGlu or HiGlu in the absence or presence of
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), n=3, asterisks denote signifi-
cance, *p<0.05, ***p<0.001; two-way Anova with post hoc Tukey test.
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Figure 5.5
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Figure 5.5. High glucose availability decreases NAD*/NADH ratio. NAD*/NADH ratio
for c2¢c12 cells grown in stripped media containing 5.5mM glucose (LoGlu) or 25mM
glucose (HiGlu), n=3, asterisks denote significance, ****p<0.0001; Student T-test.
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Figure 5.6
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Figure 5.6. Oxamate decreases NAD*/NADH ratio and enhances p107 mitochon-
drial localization. (A) NAD*/NADH ratio for c2c12 cells untreated (Unt) or treated with
2.5mM oxamate (Ox), n=4, asterisks denote significance, ***p<0.001; Student T-test. (B)
Representative Western blots of cytoplasmic (Cyto) and mitochondrial (Mito) fractions for
p107, a-tubulin and Cox4 and graphical representaion of Mito fractions of cells in (A),
n=3, asterisks denote significance, *p<0.05; Student T-test.

121



Figure 5.7
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Figure 5.7. p107 decreases mitochondrial encoded gene expression of c2c12 cells
treated with oxamate. Gene expression analysis by qPCR of mitochondrial encoded
genes (A) Nd2, (B) Nd6, (C) Cox2 and (D) Atpé6 for control (Ctl) and p107KO c2c12 cells
untreated or treated with 2.5mM oxamate (Ox), n=4, difference between p107KO cells
treated or untreated with Ox is non-significant (ns), asterisks denote significance,
*p<0.05; **p<0.01, ***p<0.001, ****p<0.0001; two- way Anova and post hoc Tukey test.
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Figure 5.8
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Figure 5.8. Oxamate treatment decreases electron transport chain complex forma-
tion in a p107 dependent manner. Representative Western blot for control (Ctl) and
p107KO c2c12 cells untreated or treated with 2.5mM oxamate (Ox) for electron transport
chain complex (C) subunits, CI (NDUFB8), Cll (SDHB), ClIl (UQCRC2), CIV (MTCO) and

CV (ATP5A).
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Figure 5.9
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Figure 5.9. Dicholoroacetic acid decreases the NAD*/NADH ratio, enhances p107
mitochondrial localization and decreases miochondrial encoded gene expression.
(A) NAD*/NADH ratio for c2c12 cells untreated (Unt) or treated with dichloroacetic acid
(DCA), n=4, asterisks denote significance, **p<0.01; Student T-test. (B) Representative
Western blot of cytoplasmic (Cyto) and mitochondrial (Mito) fractions for p107, a-tubulin
and Cox4 and graphical representation of p107 in the mito fraction of c2c12 cells in (A),
n=3, asterisks denote significance, **p<0.01; Student T-test. (C) qPCR analysis of cells in
(A) for mitochondrial encoded genes Nd2, Nd6, Cox2 and Afp6, n=3, asterisks denote
significance, *p<0.05, **p<0.01; Student T-test.
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Figure 5.10
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Figure 5.10. Galactose increases the NAD*/NADH ratio, decreases p107 mitochon-
drial localization and enhances miochondrial encoded gene expression.

(A) NAD*/NADH ratio for c2c12 cells grown in 25mM glucose (Glu) or 10mM galactose
(Gal), n=4, asterisks denote significance, **p<0.01; Student T-test. (B) Representative
Western blot and graphical representation of cytoplasmic (Cyto) and mitochondrial (Mito)
fractions for p107, a-tubulin and Cox4 and graphical represntation of mito fractions of
c2c12 cells in (A), n=3, asterisks denote significance, *p<0.05; Student T-test. (C) gPCR
analysis of cells in (A) for mitochondrial encoded genes Nd2, Nd6, Cox2 and Aip6, n=3,
asterisks denote significance, **p<0.01; Student T-test.
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Figure 5.11
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Figure 5.11. Unvarying NAD*/NADH ratio by glutamine treatment does not affect
p107 mitochondrial localization and function. (A) NAD*/NADH ratio for c2c12 cells
grown in varying concentrations of glutamine (Gl), 4mM and 20mM, n=4; Student T-test.
(B) Representative Western blot and graphical representation of cytoplasmic (Cyto) and
mitochondrial (Mito) fractions for p107, a-tubulin and Cox4 and graphical represntation of
mito fractions of c2c12 cells in (A), n=3. (C) gPCR analysis of cells in (A) for mitochondrial
encoded genes Nd2, Nd6, Cox2 and Atp6, n=3, asterisk denote significance, *p<0.05;
Student T-test.
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Figure 5.12
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Figure 5.12. p107 is associated with decreased mitochondrial ATP generation in
high glucose. ATP generation (A) rate and (B) capacity over time for isolated mitochon-
dria from c2c12 cells, grown in stripped media containing 5.5mM glucose (LoGlu) or
25mM glucose (HiGlu), n=4. ATP generation (C) rate and (D) capacity over time for
isolated mitochondria from p107KO c2c12 cells, grown in stripped media containing
5.5mM glucose (LoGlu) or 25mM glucose (HiGlu), n=4. For rate, asterisks denote signifi-
cance, **p<0.01; Student T-test. For capacity statistics see Table 3.
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Figure 5.13
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Figure 5.13. Oxamate decreases mitochondrial oxygen consumption and mito-
chondrial to glycolytic ATP production rates. Live cell metabolic analysis by Seahorse
for (A) oxygen consumption rate (OCR) over time with addition of oligomycin (olig), anti-
mycin A (ant) and rotenone (rot) (B) Glycolytic (Glyc) and mitochondrial (Mito) ATP
production rate and (C) Energetic map for c2c12 cells untreated (Unt) or treated with oxa-
mate (Ox), n=6-8, ***p<0.001, ****p<0.0001; Student T-test.
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Figure 5.14
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Figure 5.14. p107 mitochondrial function increases mitochondrial ROS production
in c2c12 cells treated with oxamate. (A) Graphical representation (B) Intensity peaks
for mitochondrial ROS generation for control (Ctl) and p107KO c2c12 cells untreated or
treated with 2.5mM oxamate (Ox), n=6-8, difference between p107KO cells treated or
untreated with Ox is non-significant (ns), asterisks denote significance, ***p<0.001,
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****p<0.001; two-way Anova with post hoc Tukey test.
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Figure 5.15
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Figure 5.15. p107 overexpression increases mitochondrial ROS production. (A)
Graphical representation (B) Intensity peaks for mitochondrial ROS generation for
p107KO c2c12 cells transfected with either empty vector alone or together with full length
p107 (p107fl) or p107 with mitochondrial localization sequence (p107mls), n=6-8,
**p<0.01, ***p<0.001; one-way Anova with post hoc Tukey test.
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Figure 5.16
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Figure 5.16. p107 interacts with Sirt1 endogenously. (A) Representative Western blot
for Sirt1 and a-tubulin (a-tub) of genetically deleted Sirt1 (Sirt1KO) clones generated
using Crispr/Cas9 in c2c12 cells. Immunoprecipitation and Western blot for (B) p107 and
(C) Sirt1 of endogenous c2c12 cells. Inputs for analysis of p107KO and Sirt1KO are 10%.
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Figure 5.17
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Figure 5.17. p107 mitochondrial localization is not prevented by Sirt1 genetically
deleted cells. (A) Representative Western blot of cytoplasmic (Cyto) and mitochondrial
(Mito) fractions for p107, a-tubulin and Cox4 and (B) qPCR for mitochondrial encoded
genes Nd2, Nd6, Cox2 and Atp6 of control (Ctl) and Sirt1KO c2c12 cells grown in stripped
media containing 5.5mM glucose, n=4, asterisks denote significance, *p<0.05, **p<0.01;
Student T-test.
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Figure 5.18
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Figure 5.18. Growth in varied glucose conditions do not affect p107 mitochondrial
localization and mitochondrial encoded gene expression in Sirt1KO cells. (A) Rep-
resentative Western blot of cytoplasmic (Cyto) and mitochondrial (Mito) fractions for
p107, a-tubulin and Cox4 and (B) gPCR for mitochondrial encoded genes Nd2, Nd6,
Cox2 and Atp6 of Sirt1KO c2c12 cells grown in stripped media containing 5.5mM and
25mM glucose, n=4; Student T-test.
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Figure 5.19
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Figure 5.19. Sirt1 genetically deleted cells have dysregulated Oxphos associated
with p107 mitochondrial function. (A) ATP generation rate and (B) capacity for mito-
chondria isolated from control (Ctl) and Sirt1KO c2c12 cells grown in stripped media con-
taining 5.5mM glucose. (C) ATP generation rate and (D) capacity for mitochondria
isolated from Sirt1KO c2c12 cells grown in stripped media containing 5.5mM or 25mM
glucose, n=4, asterisks denote significance, *p<0.05; Student T-test. For capacity statis-
tics see Table 3.
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Figure 5.20
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Figure 5.20. Sirt1 enzymatic activity is necessary for p107 mitochondrial localiza-
tion. Confocal immunofluorescence microscopy and Z-stack (100 nm interval) image
using the ZEN program (Zeiss) for Ha (green), Cox4 (red), Dapi (blue) and Merge of
c2c12 cells grown in stripped media containing 5.5mM glucose that were transfected with
full length Ha-tagged p107 (p107Ha) alone or with full length Sirt1 (Sirt1fl) or dominant
negative Sirt1 (Sirt1dn) (scale bar 10um).
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Figure 5.21
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Figure 5.21. Sirt1 enzymatic activity is necessary for p107 mitochondrial localiza-
tion. Confocal immunofluorescence microscopy and Z-stack (100 nm interval) image
using the ZEN program (Zeiss) for Ha (green), Cox4 (red), Dapi (blue) and Merge of
c2c12 cells grown in stripped media containing 25mM glucose that were transfected with
full length Ha-tagged p107 (p107Ha) alone or with full length Sirt1 (Sirt1fl) or dominant
negative Sirt1 (Sirt1dn) (scale bar 10um).
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Figure 5.22
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Figure 5.22. Sirt1 enzymatic activity is linked to p107 regulation of mitochondrial
encoded gene expression. Gene expression analysis by qPCR of mitochondrial
encoded genes (A) Nd2, (B) Nd6, (C) Cox2 and (D) Atp6 of c2c12 cells transfected with
full length (Sirt1fl) or dominant negative (Sirt1dn) Sirt1 grown in stripped media containing
5.5mM or 25mM glucose, n=4-5, diference between Sirt1dn transfected cells treated with
5.5mM and 25mM glucose is non significant (ns), asterisks denote significance,
***p<0.001, ****p<0.0001; two-way Anova with post hoc Tukey test.
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Figure 5.23
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Figure 5.23. Inhibition of Sirt1 activity increases p107 mitochondrial localization
and interaction with mtDNA. (A) Representative Western blot for p107, a-tubulin and
Cox4 in cytoplasmic (Cyto) and mitochondrial (Mito) fractions from c2c12 cells that were
untreated (Unt) or treated (10mM) with Sirt1 inhibitor nicotinamide (Nam). (B) Graphical
representation of relative p107 and IgG mitochondrial DNA promoter occupancy by
gChlP analysis in Ctl and p107KO c2c12 cells untreated (Unt) or treated with 10mM Nam,
n=3, asterisks denote significance, *p<0.05; two-way Anova with post hoc Tukey test.

138



Figure 5.24
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Figure 5.24. Inhibition of Sirt1 activity decreases mitochondrial gene expression
via p107. Gene expression analysis by qPCR of mitochondrial encoded genes Nd2, Nd6,
Cox2 and Atpé6 for (A) Ctl, (B) p107KO and (C) Sirt1KO c2c¢12 cells untreated (Unt) or
treated with 10mM nicotinamide (Nam), n=4, asterisks denote significance, *p<0.05,

**p<0.01, ***p<0.001; Student T-test.
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Figure 5.25
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Figure 5.25. Attenuation of Sirt1 activity decreases mitochondrial ATP generation
capacity via p107. Isolated mitochondrial ATP generation rate for (A) control (Ctl) (C)
Sirt1KO and capacity for (B) Ctl and (D) Sirt1KO c2c12 cells treated and untreated (Unt)
with 10mM nicotinamide (Nam), n=4. For rate asterisks denote significance, *p<0.05;
Student T-test. For capacity statistics see Table 3. (E) Mitochondria DNA (mtDNA) to
nuclear DNA (nDNA) ratio for c2c12 cells with and without 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR) and Nam, n=4. For rate asterisks denote signifi-
cance, ***p<0.001; one way Anova and Tukey post hoc test.
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Figure 5.26
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Figure 5.26. High resveratrol concentration that inactivates Sirt1 activity represses
p107 mitochondrial function. (A) Representative Western blot of cytoplasmic (Cyto)
and mitochondrial (Mito) fractions for p107, a-tubulin and Cox4 of c2¢12 cells untreated
(Unt) or treated with a concentration (50uM) of resveratrol (Res) that inactivates Sirt1. (B)
Gene expression analysis by gPCR of mitochondrial encoded genes Nd2, Nd6, Cox2
and Atp6 for c2c12 cells untreated (Unt) or treated with a concentration (50uM) of Res
that inactivates Sirt1, n=3-4, asterisks denote significance, *p<0.05, **p<0.01; Student
T-test. Isolated mitochondrial ATP generation (C) rate and (D) capacity over time for
c2c12 cells untreated (Unt) or treated with a concentration (50uM) of Res that inactivates
Sirt1, asterisks denote significance, *p<0.05, **p<0.01 ***p<0.001; Student T-test. For

capacity statistics, see Table 3.
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Figure 5.27
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Figure 5.27. Enhancing Sirt1 activity decreases p107 mitochondrial localization
and mtDNA interaction. (A) Representative Western blot of cytoplasmic (Cyto) and
mitochondrial (Mito) fractions for p107, a-tubulin and Cox4 of c2c12 cells untreated (Unt)
or treated (10uM) with a concentration of resveratrol (Res) that activates Sirt1. (B)
Graphical representation of relative p107 and IgG mitochondrial DNA promoter occu-
pancy by qChIP analysis in control (Ctl) and p107KO c2c12 cells untreated (Unt) or
treated with 10uM Res, n=3, asterisks denote significance, **p<0.01; two-way Anova with
post hoc Tukey test test.
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Figure 5.28

Ctl
A * W Unt
> 2 — | ool * Res(10uM)
c *%*
® —
c —
@)
9 1 — T T T -
o
] I
0l
Nd2 Nd6 Cox2  Atpé6
4] ki Il Unt
o ] M Res(10uM)
S 37
£
5 2]
(@)
T -
0
Nd2 Nd6 Cox2 Atp6
C — Sirt1KO Il Unt
19— I T M Res(10uMm)
(O] —
2
© .8
e
o —
= 4
L —
0 —

Nd2 Nd6 Cox2  Atp6

Figure 5.28. Enhancing Sirt1 activity decreases p107 mitochondrial function. Gene
expression analysis by qPCR of mitochondrial encoded genes Nd2, Nd6, Cox2 and Atp6
for (A) control (Ctl), (B) p107KO and (C) Sirt1KO c2c12 cells untreated (Unt) or treated
(10puM) with a concentration of resveratrol (Res) that activates Sirt1, n=4, asterisks
denote significance, *p<0.05, **p<0.01, ***p<0.001; Student T-test.
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Figure 5.29
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Figure 5.29. Enhncing Sirt1 activity increases mitochondrial ATP generation capac-
ity via p107. Isolated mitochondrial ATP generation rate for (A) control (Ctl) (C) Sirt1KO
and capacity for (B) Ctl and (D) Sirt1KO c2c12 cells treated and untreated (Unt) with
10uM resveratrol (Res) that activates Sirt1, n=4. For rate asterisks denote significance,
**p<0.05; Student T-test. For capacity statistics see Table 3.
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CHAPTER 6
p107 regulates myogenic progenitor proliferation through management of Oxphos
Abstract

We have shown that p107 can be localized in the mitochondria of proliferating MPs
(Chapter 4) dependent on the cellular energy status and Sirtl activity (Chapter 5). In the
mitochondria p107 reduces ATP generation capacity and rate (Chapter 4 and 5) through
repression of mitochondrial gene expression, as a consequence of mitochondrial DNA binding
(Chapter 4 and 5). In this chapter, we have deciphered how this novel mitochondrial role for
p107 influences the cellular physiology. We have demonstrated that the amount of ATP generated
by the mitochondrial function of p107 is directly associated to the cell cycle rate of MPs both in
vitro and in vivo. In vitro, we found that p107KO MPs exhibited a faster cell cycle rate concomitant
with increased ATP generation capacity. Alternatively, concentrating p107 to the mitochondria
prevented cell cycle progression in conjunction with reduced ATP generation capacity. In vivo,
regenerating p107KO mouse skeletal muscle displayed more quiescent SCs and proliferating MPs
compared to Wt controls. Hence, corroborating the faster proliferative capacity we found in vitro.
These findings highlight a crucial role for p107 linking the regulation of mitochondrial Oxphos

and glycolysis, to proliferation dynamics in MPs that is likely to extend to other cell types.
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Results
p107KO skeletal muscle have more SCs

Intriguingly, p107 is referred to as a cell cycle regulator because it is known to inhibit cell
cycle progression of certain cancer cell types when over expressed (Rodier et al., 2005; Schade et
al., 2019; Wirt & Sage, 2010; Zhu et al., 1993). A clue that the p107 mitochondrial function
controls cell cycle rate is the quantity of quiescent SCs found in skeletal muscle of p107KO
compared to Wt mice. This was ascertained by confocal immunofluorescence that showed
pl07KO TA muscle had significantly more Pax7* quiescent SCs per myofiber compared to Wt
littermates (Fig. 6.1A and 6.1B). Pertinently, the increased levels of quiescent SCs in the absence
of p107 might suggest that the cells have an inherent capacity to undergo faster cell division and/or
self-renewal.
p107KO MPs have a faster proliferation rate following injury

We examined MP proliferation during the early stages of skeletal muscle regeneration that
is known to activate and commit SCs to MPs. We injured the TA muscle of Wt and p107KO mice
with intramuscular injection of Ctx and introduced the thymidine analog bromodeoxyuridine
(Brdu) intraperitoneally on the next day (Fig. 6.2A). Following 2 days post Ctx injury, muscles
were isolated, processed and sectioned for confocal immunofluorescence for MP marker MyoD
and proliferation indicator Brdu. Quantification of the double positive MyoD and Brdu cells
revealed that p107KO TA muscle had significantly more proliferating MPs compared to Wt TA
muscle (Fig. 6.2B and 6.2C). This indicates that the p107KO MPs might have a faster cell cycle
rate compared to the Wt littermates following injury, which might be due to the lack of p107

mitochondrial function.
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We confirmed that the in vivo proliferative differences for MP cells in the p107KO mice
was cell autonomous, by considering control and p107KO c2c12 cells. First, we analyzed the cell
proliferation rate by plating an equal number of control and p107KO cells and enumerating their
number on successive days. We found that pl07KO c2c12 cells had almost twice the cell
proliferative rate compared to controls (Fig. 6.3A and 6.3B). Second, we evaluated how the cell
cycle was affected by the faster proliferation rate in p107KO c2c12 cells. To accomplish this, we
performed flow cytometric analysis on cells using propidium iodide (PI) DNA staining. Pl is a
fluorescent molecule, with excitation and emission at 488/617nm, which binds to DNA by
intercalating between nucleotide bases. This allowed quantification of cellular DNA content in G1,
S and G2 phases of the cell cycle in presence and absence of p107. We discovered that p107KO
c2c12 cells had significantly more cells in S phase compared to controls (Fig. 6.4), which
explained p107KO cells having twice the growth rate compared to the control cells (Fig. 6.3A and
6.3B). This finding also corroborated the in vivo findings, where p1l07KO TA muscle had
significantly more proliferating MPs compared to Wt littermates during muscle regeneration (Fig.
6.2B and 6.2C) and potentially more SCs in quiescence (Fig. 6.1A and 6.1B). It suggests that the
cell cycle differences found in vivo were affected by SC and/or MP specific defects and not due
to the influence of other confounding cells. In Sirt1KO cells that had increased levels of p107 in
the mitochondria (Fig. 5.17A), along with decreased mitochondrial gene expression (Fig. 5.17B)
and ATP generation capacity (Fig. 5.19A and 5.19B) exhibited significantly decelerated cell cycle
progression with significantly fewer cells in S-phase compared to controls (Fig. 6.5). Thus, it
suggests that while absence of p107 increases cell cycle progression, presence of pl07 in the
mitochondria inhibits cell cycle rate, through inhibition of ATP generation as a result of inhibited

mitochondrial gene expression.
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p107 controls cell cycle rate through management of Oxphos

We evaluated if the enhanced mitochondrial ATP generation potential in p107KO cells
(Fig. 4.12A and 4.12B) potentially influenced their accelerated cell cycle rate. We surmised if
ATP regulated by p107 was essential to cell cycle, then sustaining p107 mitochondrial localization
in p107KO c2c12 cells would reduce the proliferative rate. Indeed, we found that sustained p107
expression in the mitochondria of p107KO cells by either p107fl or p107mls, significantly reduced
OCR (Fig. 6.6A), decreased Oxphos and glycolysis (Fig. 6.6B), as well as
mitochondrial/glycolytic ATP ratio (Fig. 6.6C) compared to p107KO cells transfected with empty
vector.

Next, we determined the effect of decreased ATP due to p107 mitochondrial localization,
on cellular proliferative fates. To accomplish this, we used flow cytometry to assess the cell cycle
in the presence or absence of sustained p107 mitochondrial localization. We transfected p107KO
cells with an empty vector expressing green fluorescent protein (GFP) in the mitochondria
(pPCMV6-OCT-HA-eGFP) alone or together with p107mls or p107fl. Twenty-four hours post
transfection we stained the cells with PI. Flow cytometry for cell cycle was performed on the GFP
positive cells that represented only the transfected fraction of the cells. Compared to cells
expressing GFP alone, p107 overexpressed cells had a significant attenuation of cells in S phase
with an extensive majority of cells in G1, suggesting that the cells were blocked in G1 phase of
the cell cycle (Fig. 6.7). Therefore, the cell cycle block by over expression of p107 in many cell
types (Leng etal., 2002; Wirt and Sage, 2010; Zhu et al., 1993) might be due to p107 mitochondrial
function, which impedes Oxphos generation capacity by repressing mitochondrial encoded gene

expression.
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Manipulating p107 affects cell cycle through Oxphos

We further assessed if manipulating p107 mitochondrial function by altering the
NAD*/NADH ratio would affect the proliferative rate of c2c12 cells. Notably, when c2c12 cells
were treated with oxamate, they had less ATP generative potential (Fig. 5.13), as a consequence
of p107 mediated reduction of mitochondrial gene expression (Fig. 5.7). By extension, oxamate
treatment should also have an effect on MP proliferation. We assessed this by plating equal
numbers of c2c12 cells that were untreated or treated with 2.5mM oxamate, and counted the cells
over several days. We found that for the oxamate treated cells, there was a significant decrease in
the number and rate of proliferating cells (Fig. 6.8A and 6.8B). Conspicuously, p107KO c2c12
cells that were oxamate untreated and treated, displayed no differences in cell number and
proliferation rate over the same period in contrast to the control cells (Fig. 6.8A and 6.8B). We
also performed cell cycle analysis by Pl staining and flow cytometry on the control and p107KO
c2c12 cells with and without oxamate treatment. Oxamate treated c2c12 cells had significantly
reduced S phase numbers compared to untreated cells (Fig. 6.9). Contrarily, p107KO cells did not
show any changes in cell cycle kinetics when treated with oxamate (Fig. 6.9), which was in
congruence with their proliferation potential (Fig. 6.8A and 6.8B). Together, these results suggest
ATP generation controls MP proliferation and cell cycle dynamics viaan NAD*/NADH dependent
management of p107 mitochondrial function.
Oxamate treatment reduces MP proliferation in vivo

We next tested the effect of oxamate on MPs in vivo during the process of skeletal muscle
regeneration following injury. For this, both Wt and p107KO mice were injected with oxamate for
5 days. On day 3, TA muscles were injured by intramuscular injection of Ctx, followed by

intraperitoneal injection of Brdu on day 4. MP proliferation was assessed by enumerating cells for
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proliferation marker Brdu and MP marker MyoD by immunohistochemistry and confocal
microscopy after the TA muscles were isolated on the fifth day (Fig. 6.10A). We found that Wt
mice treated with oxamate had significantly fewer proliferating MyoD*Brdu® MPs in their
regenerating TA muscle compared to control untreated mice (Fig. 6.10B and 6.11). Importantly,
there were no MP proliferative differences for p107KO regenerating TA that were treated for
oxamate (Fig. 6.10B and 6.11). This result corroborated the in vitro data that showed oxamate
treatment decreased MP proliferation in c2c12 cells (Fig. 6.8A and 6.8B), but did not affect
proliferation dynamics of p107KO cells (Fig. 6.8A and 6.8B). Together this data suggests that MP
proliferation and regeneration capacity might be dependent on a pl07 metabolic control

mechanism operating in the mitochondria.
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Figure 6.1
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Figure 6.1. p107KO muscle contains significantly more Pax7* quiescent sateliite
cells (SCs) indicating a better self-renewal potential. (A) Confocal microscopic immu-
noflourescence of Dapi (blue), Laminin (Lam) (red), Pax7 (green) and Merge of wild type
(Wt) and p107KO tibialis anterior (TA) muscle (scale bar 20um). (B) Graph depicting
Pax7* quiescent SCs per myofiber of Wt and p107KO TA muscle, n=4, asterisks denote
significance, **p<0.01; Student T-test.

151



Figure 6.2
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Figure 6.2. p107KO muscle contains S|gn|f|cantly more proliferating myogenic pro-
genitors. (A) Time course of treatments for wild type (Wt) and p107KO mice injected with
cardiotoxin (Ctx) and bromodeoxyuridine (Brdu). (B) Representative confocal micro-
scopic immunofluorescence and Z-stack (100 nm interval) image using the ZEN program
(Zeiss) for MyoD (red), Brdu (green), Dapi (blue) and Merged image (scale bar 20um).
Arrows denote Brdu and MyoD positive nuclei. (C) Graph depicting the percentage of
proliferating myogenic progenitors from TA muscle at day 2 post injury, n=4, asterisks
denote significance, ***p<0.001; Student T-test.
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Figure 6.3
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Figure 6.3. p107KO c2c12 cells have a greater proliferation rate. (A) Growth curve
and (B) proliferation rate for control (Ctl) and p107KO c2c12 cells over 3 days, n=6-8,
asterisks denote significance, ***p<0.001, ****p<0.0001; Student T-test.
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Figure 6.4
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Figure 6.4. p107KO c2c12 cells have a significantly greater S-phase. Cell cycle
analysis by flow cytometry for control (Ctl) and p107KO c2c12 cells, n=6-9; asterisks
denote significance, *p<0.05, ****p<0.0001; Student T-test.
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Figure 6.5
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Figure 6.5. Sirt1KO cells have significantly less S-phase. Cell cycle analysis by flow
cytometry for control (Ctl) and Sirt1KO c2c¢c12 cells, n=6-9, asterisks denote significance,
***p<0.001; ****p<0.0001; Student T-test.

155



Figure 6.6
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Figure 6.6. Mitochondrial localized p107 significantly decreases ATP generation.
Live cell metabolic analysis by Seahorse of (A) oxygen consumption rate (OCR) (B) ATP
production rate from mitochondria (Mito) and glycolysis (Glyc) and (C) energetic map for
p107KO c2c¢12 cells transfected with either empty vector alone or together with full length
p107 (p107fl) or p107 with mitochondrial localization sequence (p107mls), n=4, asterisks
denote significance, ****p<0.001; Student T test.
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Figure 6.7
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Figure 6.7. Mitochondrial localized p107 significantly decreases S-phase of the cell
cycle. Cell cycle analysis by flow cytometry of p107KO c2c12 cells transfected with either
empty vector alone or together with full length p107 (p107fl) or p107 with mitochondrial
localization sequence (p107mils), n=4; asterisks denote significance, ***p<0.001,
****p<0.0001; Student T-test.
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Figure 6.8. p107 decreases proliferation rate of c2c12 cells when treated with oxam-
ate. (A) Growth curve and (B) proliferation rate for control (Ctl) and p107KO c2c12 cells
untreated or treated with 2.5mM oxamate (Ox), n=6-8, differences between p107KO cells
treated or untreated with Ox is non significant (ns), asterisks denote significance,
***p<0.001, ****p<0.001; two-way Anova with post hoc Tukey test.
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Figure 6.9
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Figure 6.9. p107 decreases S-phase of c2c12 cells when treated with oxamate. Cell
cycle analysis using flow cytometry for control (Ctl) and p107KO c2c12 cells untreated or
treated with 2.5mM oxamate (Ox), n=6-8, differences between p107KO cells treated and
untreated with oxamate in G1, S and G2 phases is non significant (ns), asterisks denote
significance, y<0.05, ¥<0.001, $<0.0001; two-way Anova with post hoc Tukey test.
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Figure 6.10
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Figure 6.10. Oxamate decreases myogenic progenitor proliferation in regenerating
muscle via p107. (A) Time course of treatments for Wt and p107KO mice injected with
oxamate (Ox), cardiotoxin (Ctx) and bromodeoxyuridine (Brdu) with Endpoint. (B) Repre-
sentative confocal microscopic immunofluorescence image using the ZEN program
(Zeiss) for MyoD (red), Brdu (green), Dapi (blue) and Merged image for proliferating myo-
genic progenitors (MPs) from tibialis anterior muscle at day 2 post injury (scale bar
20uM), n=5.
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Figure 6.11
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Figure 6.11. Graphical representation of proliferating myogenic progenitor in
regenerating muscle with oxamate treatment. (A) Box and whisker plot and (B)
graphical representation for percentage of proliferating MPs represented by MyoD*Brdu*
cells, from tibialis anterior muscle of Wt and p107KO mice, n=4-5, differences between
p107KO TA muscle treated or untreated with Ox is non significnat (ns), asterisks denote
significance, *p<0.05, ****p<0.001; two-way Anova with post hoc Tukey test.
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Table 3. Statistical significance values at each timepoint for various ATP generation
capacity graphs.

A) ATP generation capacity for proliferating control (Ctl) and p107KO c2c12 cells,

n=4, (Fig. 4.12B)
Time (min.) Significance
1 0.009 (**)
2 0.008 (**)
3 0.005 (**)
4 0.005 (**)
5 0.004 (**)
6 0.008 (**)
7 0.015 (*)
8 0.045 (*)
9 0.018 (*)
10 0.020 (*)
11 0.018 (*)
12 0.020 (*)
13 0.021 (*)
14 0.021 (*)
15 0.003 (**)

B) ATP generation capacity for proliferation (G) and growth arrest (Ga),
n=4, (Fig. 4.13B)

Time (min.) Significance
1 0.033 (*)
2 0.016 (*)
3 0.011 (*)
4 0.006 (**)
5 0.005 (**)
6 0.005 (**)
7 0.001 (***)
8 0.002 (**)
9 0.001 (**)
10 0.001 (**)
11 0.001 (**)
12 0.001 (**)
13 0.001 (**)
14 0.0009 (***)
15 0.0007 (***)
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C) ATP generation capacity for c2c12 cells grown in stripped media containing
5.5mM and 25mM glucose, n=4, (Fig. 5.12B)

Time (min.) Significance
1 0.035 (*)
2 0.030 (*)
3 0.025 (*)
4 0.024 (*)
5 0.024 (*)
6 0.022 (*)
7 0.021 (*)
8 0.020 (*)
9 0.017 (*)
10 0.009 (**)
11 0.011 (*)
12 0.036 (*)
13 0.016 (*)
14 0.011 (*)
15 0.005 (**)

D) ATP generation capacity for Ctl and Sirt1KO c2c12 cells treated with 5.5mM
glucose, n=4, (Fig. 5.19B)

Time (min.) Significance

0.001 (**)

0.0004 (***)

0.004 (**)

0.0007 (***)

0.001 (**)

0.0008 (***)

0.0009 (***)

0.001 (*%)

0.0009 (***)

0.001 (**)

0.001 (**)

0.001 (**)

0.001 (**)

0.002 (**)

Il TR
HIRIRSIKIEIB|e|o|volug|~w(nfe

0.002 (**)
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E) ATP generation capacity for c2c12 cells treated or untreated with 10mM Nam,
n=4, (Fig. 5.25B)

Time (min.) Significance

0.0003 (***)

0.006 (**)

0.014 (*)

0.021 (%)

0.022 (*)

0.032 (%)

0.034 (*)

0.035 (%)

0.007 (**%)

0.020 (*)

0.027 (*)

0.032 ()

0.038 (*)

0.034 ()

I I
SRR B B|lole|vNo|uaswN e

0.032 (*)

F) ATP generation capacity for c2c12 cells treated or untreated with 50uM Res,
n=4, (Fig. 5. 26D)

Time (min.) Significance
1 0.0009 (***)
2 0.001 (**)
3 0.0009 (***)
4 0.0008 (***)
5 0.001 (**)
6 0.001 (**)
7 0.001 (**)
8 0.002 (**)
9 0.003 (**)
10 0.006 (**)
11 0.008 (**)
12 0.010 (*)
13 0.010 (**)
14 0.017 (*)
15 0.019 (*)
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G) ATP generation capacity for c2c12 cells treated or untreated with 10uM Res,

n=4, (Fig. 5.29B)

Time (min.) Significance
1 0.064 (*)
2 0.027 (*)
3 0.021 (*)
4 0.016 (*)
5 0.012 (*)
6 0.010 (**)
7 0.006 (**)
8 0.004 (**)
9 0.002 (**)
10 0.002 (**)
11 0.002 (**)
12 0.005 (**)
13 0.005 (**)
14 0.004 (**)
15 0.005 (**)
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Decreased transcriptional co-repressor p107 is associated with exercise-induced
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Abstract

Increased mitochondrial content is a hallmark of exercise-induced skeletal muscle remodeling. For
this process, considerable evidence underscores the involvement of transcriptional coactivators in
mediating mitochondrial biogenesis. However, our knowledge regarding the role of transcriptional
corepressors is lacking. In this study, we assessed the association of the transcriptional corepressor
Rb family proteins, Rb and p107, with endurance exercise-induced mitochondrial adaptation in
human skeletal muscle. We showed that p107, but not Rb, protein levels decrease by 3 weeks of
high-intensity interval training. This is associated with significant inverse association between
pl07 and exercise-induced improved mitochondrial oxidative phosphorylation. Indeed, p107
showed significant reciprocal correlations with the protein contents of representative markers of
mitochondrial electron transport chain complexes. These findings in human skeletal muscle
suggest that attenuated transcriptional repression through p107 may be a novel mechanism by

which exercise stimulates mitochondrial biogenesis following exercise.
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Introduction

Skeletal muscle is a highly plastic tissue having the ability to undergo functional adaptations in
response to external stimuli including exercise, which is known to improve metabolic health and
enhance physical performance (Coffey & Hawley, 2007; Flick & Hoppeler, 2003; Gundersen,
2011). Exercise-induced skeletal muscle adaptations are manifested by changes in metabolic
function (Green et al., 1992) that include increases in the content and oxidative capacity of
mitochondria (Holloszy, 1967; Holloszy & Coyle, 1984). Ultimately, the enhanced oxidative
capacity of skeletal muscle is believed to contribute to more rapid activation of mitochondria
oxidative phosphorylation (OXPHQOS), improved fat oxidation, and carbohydrate sparing which
are hallmarks of greater endurance performance (Holloszy & Coyle, 1984).

Leading models propose that the greater mitochondrial oxidative capacity following
chronic exercise result from continual and coordinated stimulation of transcriptional pathways.
This process results in a steady state accumulation of mitochondrial proteins manifesting as greater
mitochondrial content (Flick & Hoppeler, 2003; Perry et al., 2010; Pilegaard et al., 2000). Indeed,
the majority of the literature has focused on the role of transcriptional coactivators and
transcription factors required for promoter activation. For example, one model suggests that
exercise activates peroxisome proliferator gamma coactivator-la (Pgc-1a), which coactivates a
variety of transcription factors controlling the expression of distinct families of mitochondrial
proteins (Kupr & Handschin, 2015). Surprisingly, there is very little knowledge on the role of
transcriptional corepressors in  mediating mitochondrial biogenesis following exercise.
Conceivably, exercise might suppress transcriptional repressors themselves as part of the early
stages of mitochondrial biogenesis in the course of training. Receptor interacting protein 140

(RIP140), a transcriptional corepressor of nuclear receptors regulating metabolic genes (Powelka
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et al., 2006) and negative regulator of skeletal muscle oxidative capacity (Seth et al., 2007) did not
change in content following several weeks of exercise training in rats (Frier et al., 2011; Hoshino
et al., 2013). However, in a human study with acute exercise, protein levels of RIP140 were less
induced after exercise compared to a time-matched nonexercised control group (Gidlund et al.,
2015).

Recent investigations have revealed that the transcriptional corepressors, Rb (Rb1) and
p107 (Rbl1l) members of the retinoblastoma susceptibility (Rb) family of proteins, may represent
a new mechanism by which muscle metabolic capacities are controlled through negative regulation
(Fajas, 2013). In addition to their typical role in cell proliferation and cell cycle, Rb was shown to
promote mitochondrial integrity by inhibiting autophagy in myotubes to maintain the differentiated
state (Ciavarra & Zacksenhaus, 2010). Moreover, oxidative genes in skeletal muscle are repressed
by Rb interaction with transcription factor E2F1 (Blanchet et al., 2011). Indeed, skeletal muscle of
Rb haploinsufficient mice showed increased fatty acid uptake and oxidation compared to its wild-
type littermates (Petrov et al., 2016). In line with this, knockdown of Rb in myotubes showed
enhanced mitochondrial to nuclear DNA ratio, increased oxygen consumption, increased basal
glucose uptake, and disposal (Petrov et al., 2016). Also, p107 null mice have enhanced whole body
lipid utilization, significantly increased levels of Pgc-1a in skeletal muscle, and increased levels
of oxidative muscle fiber types (Scimeé et al., 2005, 2010).

Despite the role of Rb and p107 in influencing skeletal muscle homeostasis, very few
papers have assessed their potential influence during exercise adaptation. Rb null mice showed
increased running endurance and enhanced oxidative gene expression (Blanchet et al., 2011).
Moreover, after 7 days of acute exercise in mice, Rb is inactivated by phosphorylation, which

might be one of the contributing factors to increase mitochondrial oxidative metabolism (Petrov
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et al., 2016). For humans, the role of Rb and p107 in exercise-induced muscle adaptation has not
been studied until now. Indeed, these corepressors may reveal a novel role for transcriptional de-
repression in exercise-induced mitochondrial biogenesis distinct from the well-established concept
of transcriptional coactivation. The purpose of this study was to describe the response of Rb and
p107 protein expression in human skeletal muscle following repeated intense exercise challenges.
We employed a time-course design whereby early changes in markers of skeletal muscle oxidative
capacity were related to the expression of Rb and p107 transcriptional corepressors. Our findings
reveal that reductions in p107 may be a novel mechanism involved in mitochondrial biogenesis

following exercise in human skeletal muscle.

Materials and Methods

Human participants — exercise testing and muscle biopsies

All experimental procedures with human participants were approved by the Research Ethics Board
at York University (Toronto, ON, Canada) and conformed to the Declaration of Helsinki. In the
participants, exercise testing and muscle biopsy procedure were previously performed and
described by Ydfors et al. (2016). The participants were healthy men with: mean + SEM age of
24.8 £ 1.0 years, height 180.4 + 1.8 cm, weight 75.5 + 3.4 kg, body mass index of 23.2 + 0.8 kg
m—2 and peak oxygen uptake peak of 51.9 +£ 1.9 mL kg—1 min—1. Over 3 weeks, the subjects
performed nine sessions of high-intensity interval training (HIIT) that included 10 x 4 min
intervals at 91% maximal heart rate with intermittent 2-min rest between each interval. Before the
first exercise session (T1) and preceding exercise session 5 (T5) and session 9 (T9), skeletal muscle
sample was collected from vastus lateralis muscle using a percutaneous needle biopsy technique

with a 14-gauge Medax Biofeather disposable needle (San Possidonio, MO, Italy) under local
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anesthesia. The tissues were frozen in liquid nitrogen and stored for gene and protein expression
analysis.

OXPHOS content and individual ETC complex determination

The individual mitochondrial complex determination were previously performed, supplied and
determined by Ydfors et al. (2016). The proteins of individual electron transport chain (ETC)
complexes were detected by western blot analysis using a human OXPHOS Cocktail (ab110411,
Abcam) containing five monoclonal antibodies specific for complex I subunit NDUFB8, complex
Il subunit SDHB, complex I subunit UQCRC2, complex IV subunit COX Il, and complex V
subunit ATP5A. The protein levels were quantified by densitometry for three time points
including, before the first HIIT session (T1) and pre-session 5 (T5) and pre-session 9 (T9) (Ydfors
et al. 2016). The total OXPHQOS content for each time point was by determined taking the sum of
the protein densities for the five proteins above. The proteins were normalized with the internal
control B-tubulin (T8328, Sigma).

gPCR analysis

For quantification of Rb (Rb1) and p107 (Rbl1) mRNA, reverse transcriptase polymerase chain
reaction was performed using TagMan® Fast Universal PCR Master Mix (2X), no AmpErase®
UNG (Applied Biosystems) on the CFX384 real-time PCR detection system (Bio-rad). The
reaction volume was 10uL, including 2pL of sample cDNA diluted 1:100, SuL of Master Mix,
0.5uL of target-specific probe for Rb and p107 (Hs01078066_m1 and Hs00765700 m1, Applied
Biosystems), and 2.5uL nuclease-free water. GAPDH (4352934E, Applied Biosystems) was used

as an endogenous control.
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Western blot analysis

An aliquot of 10-30 mg of frozen muscle from each of the biopsies on T1, T5, and T9 were
homogenized in ice-cold buffer containing 40 mmol/L Hepes pH 7.1, 120 mmol/L NaCl, 1 mmol/L
EDTA, 10 mmol/L NaHP207.10H20 pyrophosphate, 10 mmol/L B-glycerophosphate, 10 mmol/L
NaF, and 0.3% CHAPS detergent (pH 7.1). Denatured protein lysates (40png) were loaded on
gradient gels (6-15%) and separated by electrophoresis. Proteins were transferred on a 0.45 a
polyvinylidene diflouride (PVDF) membrane (Bio-rad) using a wet transfer method. The PVDF
membranes were probed with rabbit polyclonal anti-p107 (C18, SantaCruz), validated by LeCouter
et al. (1998), mouse monoclonal anti-Rb (G3-245, BD Biosciences) validated by Huh et al. (2004),
and monoclonal anti-a-tubulin (T6199, Sigma). Secondary antibodies conjugated with horseradish
peroxidase were goat anti-rabbit and anti-mouse (Bio-rad). The membranes were visualized with
chemiluminescence on photographic films and evaluated through densitometry using Image J
software.

Correlation analysis

Correlation of p107 or Rb protein levels with the total OXPHOS content and individual
mitochondrial complexes from Ydfors et al. (2016) on T1, T5, and T9 was done using Pearson
correlation and linear regression analysis with Graphpad Prism 5.

Statistical analysis

Statistical analysis was performed by Graphpad Prism 5. One-way ANOVA and Tukey's post hoc
tests were used to compare the protein contents of Rb and p107 on T1, T5, and T9. Results were
considered to be statistically significant when P < 0.05. Associations between variables were
investigated using Pearson correlation and linear regression analysis. Statistical significance was

accepted at P < 0.05.
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Results
Exercise decreases p107 protein levels in human skeletal muscle

We assessed the influence of exercise-induced skeletal muscle adaptation on Rb and p107
in human participants from a previous study reporting that markers of mitochondrial content and
function increased during training (Ydfors et al., 2016). The participants were engaged in high-
intensity interval training (HIIT) over a 3-week period, and muscle samples were obtained pre-
exercise at three consecutive time points. Gene expression analysis revealed no changes in the
expression patterns of Rb and p107 in skeletal muscle biopsies collected before initiation of the
exercise protocol at time point 1 (T1), and pre-exercise at sessions 5 (T5) and 9 (T9) (Fig. 1A and
B). As there were no changes for Rb and p107 in gene expression, we determined the protein levels
on the biopsied samples by Western blot analysis. Unlike the change in Rb that is seen in mice in
7 days of acute exercise (Petrov et al., 2016), no change was evident in the protein expression level
of Rb in the pre-exercise samples over the entire exercise regimen in humans (Fig. 2A). However,
Western blot analysis and subsequent quantification of protein levels revealed that p107 was
modulated over the 3-week period of the training session (Fig. 2B). Down-regulation of the p107
protein level was observed in the pre-exercise samples on TS5 of exercise by 45% compared to T1
before initiating HIIT. The level of p107 decreased significantly (P < 0.05) further by T9 in the
pre-exercise samples by as much as 61%. Taken together, these results suggest that 3 weeks of
HIIT reduced protein expression level of p107, but not Rb in human skeletal muscle.
p107 protein levels are inversely correlated with mitochondrial OXPHOS content

We investigated the potential role of Rb and p107 in muscle metabolic adaptation by
assessing their relationship with the total OXPHOS content (Fig. 3A and B). This was determined

by quantifying the protein expression of representative markers of the electron transport chain
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(ETC) at T1, T5, and T9 of HIIT (Ydfors et al., 2016). Pearson correlation and linear regression
analysis revealed that p107 (r = 0.113, P = 0.711) and Rb (r = 0.349, P = 0.496) protein content
did not correlate with OXPHOS content before the initiation of HIIT (Fig. 3A and B).
Interestingly, at T9 of HIIT, we found a significantly strong inverse correlation between OXPHOS
content and pl107 (r = —0.891, P < 0.05) (Fig. 3B). On the contrary, Rb failed to show any
significant correlation with the total OXPHOS content at T9 (Fig. 3A). These data suggest that the
improved mitochondrial oxidative capacity associated with exercise have a strong inverse
association with the transcriptional corepressor p107 but not Rb.
p107 and Rb protein levels are inversely correlated with mitochondrial ETC complexes

As a significant association was found between the total OXPHOS content and p107, we
evaluated if the mitochondrial ETC complexes separately had correlation with Rb and p107. This
was accomplished by comparing the protein content of a representative marker for each of the five
mitochondrial ETC complexes with Rb or p107. Before the onset of the HIIT regimen at T1 as
well as at T5, we found that neither p107 nor Rb showed correlation with any of the ETC
complexes (Fig. 4 and 5). In line with the correlation between the total OXPHOS content and
pl07 at T9, a very strong negative correlation was also present between every ETC complex and
p107 (Fig. 5). Although Rb showed no significant association with the total OXPHOS content on
T9, a significant negative correlation was observed only with Complexes Il1, 1V, and V (Fig. 4).
This suggests that p107, and to a minor extent Rb, establishes an intricate association with the

enhanced mitochondrial content caused by exercise.
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Discussion

The adaptation of skeletal muscle in response to exercise has been a matter of extensive
research, as considerable evidence exists for the beneficial effects of exercise for improving
adverse health conditions (Schenk & Horowitz, 2007). Our study used nine sessions of HIIT over
a 3-week period on human subjects as a model for acute endurance exercise to assess its influence
on the transcriptional corepressors, Rb and p107. HIT is a powerful model for investigating
muscle plasticity given that it challenges metabolic homeostasis through repetitive intense bursts
of contraction.

At present it is not known if pl07 targets any of the nuclear or mitochondrial genes
promoters associated with OXPHOS. However, the concept of the Rb family interacting with
metabolic gene promoters is not atypical as Jones et al. (2016) found that Rb loss in triple-negative
breast cancer induces mitochondrial protein translation, concomitant with increased OXPHOS
(Jones et al., 2016). Although, others have found that Rb loss has the opposite effect by repressing
OXPHOS in noncancerous cells (Nicolay et al., 2015). In addition, an early report, using ChIP-
seq, demonstrated the association of E2F4 (a transcription factor binding partner of the RB family)
on gene promoters involved with mitochondrial biogenesis (Cam et al., 2004). However, out of
more than 10,000 E2F4 binding sites that have been identified through ChIP-seq analysis of E2F4,
none has been specifically annotated for mitochondrial biogenesis (Balciunaite et al., 2005; Cam
et al., 2004; Lee et al., 2011). Additionally, a large number of E2F4 targets specifically interact
without p107 (Balciunaite et al.,, 2005) and pl107 is known to interact with several other
transcription factors including Sp1, b-myb, c-myc, and Smad3 (Balciunaite et al., 2005; Wirt &
Sage, 2010). A p107-specific ChIP analysis of a DNA microarray (ChIP on ChIP), containing

13,000 human gene promoter regions spanning 700 bp upstream and 200 bp downstream of the
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transcription start sites, revealed that p107 was bound to 244 genes, among which some are
involved in mitochondrial biogenesis (Balciunaite et al., 2005). To date, none of these promoters
involved in mitochondrial biogenesis have been annotated for specific p107 binding using p107
genetically deleted cells as controls. Nonetheless, the increased expression patterns for these genes
based on potential p107 de-repression during HIIT might reflect the involvement of another
factor(s) that is controlled by p107.

Our data suggest a novel association of p107 with the mitochondrial adaptations that are
established after nine sessions of HIIT over 3 weeks. Indeed, the novel findings of this study are
that, by the end of the exercise regimen there was (1) a decrease in p107 protein levels, (2) a strong
inverse association of p107 with OXPHQOS content, and (3) an inverse relation of p107 with each
of the five ETC complexes. Therefore, these findings provide a newly discovered association
between transcriptional corepressor down-regulation with increased mitochondrial bioenergetics.

Many findings show that p107 levels are normally controlled transcriptionally. Few details
are known regarding posttranslational regulation of p107 levels. Two early reports suggest that
Ca2+-activated protease calpain and the ubiquitin-proteasome pathway might post-translationally
regulate p107 levels (Jang et al., 1999). Intriguingly, during running exercise, total calpain activity
is increased and is associated with enhanced rates of protein degradation that is known to occur in
skeletal muscle soon after exercise (Belcastro et al., 1998). Future studies investigating if the
increase in calpain activity during exercise adaptation would target p107 for degradation are
required.

Our findings strongly suggest that Rb might not have a role in influencing skeletal muscle
adaptation triggered by exercise at the end of HIIT. Intriguingly, we found there were no changes

in the transcriptional and posttranscriptional levels of Rb. Also there were no apparent differences
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in posttranslational modification by phosphorylation, as determined by the mobility of Rb through
gels, which was unaltered on Western blots. However, p107 showed a significant inverse
correlation with each of the five ETC complexes and total OXPHOS content when sum of the
complexes were assessed. This is in contrast to Rb that showed negative association with only
complexes 11, 1V, and V and did not show any significant relation when compared to total
OXPHOS. In mice, 7 days of acute exercise inactivates Rb in skeletal muscle by its
phosphorylation by cyclin-dependent kinases (Petrov et al., 2016). The inactivation of Rb is
synonymous with enhanced fatty acid oxidation, glucose uptake, and mitochondrial fusion (Petrov
et al., 2016). These metabolic manifestations are the same as observed in human skeletal muscle
after exercise training (Cartoni et al., 2005; Holloszy & Coyle, 1984; Neufer & Dohm, 1993; Perry
et al., 2008; Richter & Hargreaves, 2013; Talanian et al., 2007). Thus, it remains to be determined
if Rb inactivation by phosphorylation or other posttranslational modification(s) is associated with
these metabolic improvements following training. In addition, the differences in the mouse and
our human study for Rb might be species-specific and/or a disparity with the exercise
methodologies used.

In mouse, it was shown that knockdown and knockout of p107 myoblasts resulted in more
oxidative fiber types (Scime et al., 2010). Interestingly, 6 weeks of HIIT also has been shown to
induce myoblast activation followed by its differentiation into more metabolically efficient fiber
types in humans (Joanisse et al., 2013). However, our human subjects did not show any fiber-type
remodeling after nine sessions of HIIT despite a decrease in the p107 levels and an increase in
skeletal muscle oxidative capacities, as published previously in these participants (Ydfors et al.,

2016). This discrepancy might be explained by the differences in the duration of the HIIT regimen
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between the two studies, which might play a crucial role in dictating the fate of myoblasts in
humans.

There is strong evidence that inverse association between p107 and the mitochondrial
metabolic machinery might be due to a functional role for p107. It has been shown that down-
regulation of p107 is associated with oxidative phenotypes such as slow fiber formation (Scime et
al., 2010) and brown fat formation (De Sousa et al., 2014; Scime et al., 2005) in mice. Indeed, in
mouse skeletal muscle, p107 has been shown to suppress the transcriptional levels of Pgc-1la, a
master regulator of exercise-induced mitochondrial biogenesis, through direct promoter interaction
(Scime et al., 2010). In humans, several weeks of endurance training (Kuhl et al., 2006; Russell et
al., 2003; Short et al., 2003) and acute exercise (Cartoni et al., 2005; Hellsten et al., 2007;
Mortensen et al., 2007; Norrbom et al., 2004; Pilegaard et al., 2000; Russell et al., 2005; Watt et
al., 2004) are sufficient to increase Pgc-1a mRNA. This suggests that the decrease in p107 levels
might release repression on Pgc-1a promoter. Perry et al. (2010) showed that following every
session of HIIT, Pgc-1a mRNA increased 4 h post exercise. However, Pgc-1a returned to its pre-
exercise levels after 24 h (Perry et al., 2010). We did not test samples for p107 immediately after
exercise to assess if its levels were reduced to account for the increased Pgc-la mRNA
immediately post exercise.

In summary, we have found an association between a transcriptional corepressor with
improved oxidative capacity after exercise adaptation. Indeed, in human skeletal muscle, p107
protein content is decreased concurrent with increased markers of mitochondrial content during
short-term HIIT. This negative relationship suggests that the classic models of regulating
mitochondrial biogenesis through positive coactivation should consider the potential role of

decreasing transcriptional repression. Moreover, our results highlight that p107 might be more
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important than Rb in human skeletal muscle adaptation during exercise. Given the clear
relationship between skeletal muscle oxidative capacity and metabolic health, elucidating the role
of transcriptional de-repression is of great importance in unraveling the mechanisms by which

exercise mediates protection from metabolic disease.
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Figure 1
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Figure 1. Rb and p107 gene expressions are unaffected after nine sessions of HIIT
in human skeletal muscle. (A) gPCR analysis of Rb and (B) p107 of vastus lateralis
muscle from human subjects engaged in HIIT before the initiation of the exercise protocol
at T1 and pre-exercise session 5 (T5) and session (T9). One way ANOVA and Tukey post
hoc test analysis were performed to determine the significance, n=10 for Rb and 11 for

p107. All data are presented as mean +/- SD.
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Figure 2
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Figure 2: p107 protein levels are significantly decreased over nine sessions of HIIT
in human skeletal muscle. (A) Representative Western blot and graphical representa-
tion for Rb and o-tubulin (control) from vastus lateralis muscle of human subjects
engaged in HIIT over nine sessions before the initiation of the exercise protocol on T1
and pre-exercise at TS5 and T9. n=8, one way ANOVA and Tukey post hoc test analysis
were performed to determine the significance. All data are +/- SD. (B) Representative
Western blot and graphical representation for p107 and a-tubulin (control) as in (A). n=8
(except n=7 for T5), one-way ANOVA and Tukey post hoc test were performed to deter-
mine the significance, asterisks denote significance.*P<0.05. All data are presented as
mean +/- SD.
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Figure 3
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Figure 3: p107 is inversely correlated with total mitochondrial OXPHOS content
after nine sessions of HIIT in human skeletal muscle. (A) Correlation and linear
regression analysis between the protein levels of Rb and total OXPHOS content at T1
before the inititiation of HIIT and pre-exercise T5 and T9. (B) Correlation and linear
regression analysis between the protein levels of p107 and total mitochondria OXPHOS
content as above. n’s are stated on the graph, asterisks denote significance, *P<0.05.
r=Pearson correlation coefficient.

182



Figure 4
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Figure 4: Rb is inversely correlated with ETC complex lll, IV and V after nine ses-
sions of HIIT in human skeletal muscle. Correlation and linear regression analysis
between the protein levels of Rb and complex I, complex II, complex Ill, complex IV, or
complex V of the ETC at T1, T5, and T9 of HIIT. n's are stated on the graph, asterisks
denote significance *P < 0.05. r = Pearson correlation. HIIT, high intensity interval train-

ing.
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Figure 5
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Figure 5: p107 is inversely correlated with individual ETC complexes after nine ses-
sions of HIIT in human skeletal muscle. Correlation and linear regression analysis
between the protein levels of p107 and complex |, complex I, complex Ill, complex IV, or
complex V of the ETC at T1, T5, and T9 of HIIT. n's are stated on the graph, asterisks
denote significance *P < 0.05 and **P < 0.01. r = Pearson correlation coefficient. HIIT,
high intensity interval training.
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CHAPTER 8
DISCUSSION

Our results for the first time unveil a potential mechanism for how SCs and their
progenitors, MPs, might make fate decisions through p107 mediated control of mitochondrial
function. Over many years, prior studies have largely focused on p107 nuclear function in the
context of its transcriptional repressor role and ability to repress cell cycle in transient transfection
assays (Lindeman et al., 1997; Rodier et al., 2005; Verona et al., 1997; Zini et al., 2001).

Though for decades, it has been known to localize in the cytoplasm up to late G1 and G1/S
phase of the cell cycle; its cytoplasmic role was never fully elucidated. (Lindeman et al., 1997;
Rodier et al., 2005; Verona et al., 1997; Wirt & Sage, 2010; Zini et al., 2001). Now, our novel
results shed light on a new paradigm for p107 function, as a metabolic regulator for cell cycle
control. Notably, this is through sensing energy requirement in the cytoplasm that is translated to
energy generation in mitochondria, via NAD" dependent deacetylase Sirtl. Using a series of
complimentary approaches, we found that p107 was located in the mitochondrial matrix, where it
interacted at the mtDNA to repress mitochondrial encoded gene expression. By controlling gene
expression in this manner, we found p107 directly impacted the Oxphos capacity of MP cells,
ultimately restricting their proliferation rate (Fig. 8.1).

In recent years, there has been an emerging realization that cellular metabolism governs
how stem cells and their progenitors behave (Ghosh-Choudhary et al., 2020; Khacho et al., 2017;
Ochocki & Simon, 2013; Porras et al., 2017). However, the molecular mechanism(s) underlying
the metabolic regulation of SCs and their progenitors’ fate, is still not completely understood. In

this context, glycolysis and Oxphos play a crucial role in SC activation, proliferation, self-renewal
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Figure 8.1: p107 controls MP proliferation through its mitochondrial function. In the
presence of high NAD*/NADH ratio, p107 interacts with Sirt1, that prevents its mitochondrial
translocation. This causes de-repression of the mitochondrial DNA promoter, increased
mitochondrial encoded gene expression, enhanced ATP generation and a faster MP cell cycle
rate. When NAD'/NADH is reduced and Sirtl inactivated, p107 is localized in the
mitochondria. Here it interacts at the mitochondrial DNA promoter causing repression of
mitochondrial encoded genes, decreased ATP generation and MP cell cycle rate.

and differentiation (Bhattacharya & Scime, 2020). Crucially, mitochondria are important for
dynamic metabolic reprogramming of SCs and their progenitors during different stages of the
differentiation process (Bhattacharya & Scime, 2020; Folmes et al., 2012; Hori et al., 2019; Lyons
et al., 2004; Ryall et al., 2015). Indeed, impaired SC regeneration capacity associated with health
complications such as ageing and muscular dystrophies is often attributed to reduced

mitochondrial function exhibited by low mtDNA copy number and attenuated Oxphos (Bollinger

192



et al., 2015; Garcia-Prat et al., 2016a; Minet & Gaster, 2011; Pant et al., 2015; Rocheteau et al.,
2015; Vilaet al., 2017).

Our results underscore an unanticipated role of p107 in controlling SC and MP fate through
regulation of mitochondrial gene expression and ATP generation. Till date the Rb family members,
Rb and p130, have not been shown to be involved in regulating mitochondrial ATP generation
capacity. A mitochondrial presence for p130 has not been published, but Rb has been shown to be
located on the outer mitochondrial membrane, but not in the matrix or inner membrane where
mtDNA and ETC complexes are located (Hilgendorf et al., 2013). In the mitochondria Rb directly
interacts with the apoptosis regulator BAX, which induces mitochondrial outer membrane
permeabilization and release of cytochrome c to initiate the apoptosis cascade (Hilgendorf et al.,
2013). Furthermore, overexpression of Rb in the mitochondria of genetically deleted Rb and p53
(which is also a known tumour suppressor protein) mice, hindered tumour development by
inducing apoptosis (Hilgendorf et al., 2013). p107 might also have an apoptotic role in the
mitochondria, as we found that its sustained presence in the mitochondria enhanced ROS that
might cause apoptosis (Fig. 5.14 and 5.15). This mechanism might be separate from its function
in normally proliferating cells.

By using a series of complimentary approaches, we found that p107 was localized in the
mitochondria of actively proliferating c2c12 cells and prMPs (Fig. 4.1, 4.3 and 4.5). In vivo, p107
was also found to co-localize in the mitochondria with Cox4 of activated and proliferating MPs of
Ctx injured TA muscle (Fig. 4.4). Biochemical mitochondrial fractionation showed that it was
located in the mitochondrial matrix that is known to harbour mtDNA (Fig. 4.2). At this time, how
p107 is shuttled across the outer and inner mitochondrial membranes remains a mystery. It might

be a consequence of post-translational modification by acetylation and/or phosphorylation
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(Garriga et al., 2004; Leng et al., 2002; Wirt & Sage, 2010). There is evidence for this potentiality,
as pl107 translocates from the cytoplasm to the nucleus via phosphorylation by cyclin E/cdk2 at
G1/S phase (Lindeman et al., 1997; Miller et al., 1997; Rodier et al., 2005; Verona et al., 1997;
Zini et al., 2001).

Normally, mitochondrial targeted proteins are imported through specialized mitochondrial
import machineries (Chacinska et al., 2009; Lucero et al., 2019; Neupert & Herrmann, 2007). The
main mitochondrial protein import machinery consists of a series of complex channels that
facilitate protein transport from the cytoplasm (Wiedemann & Pfanner, 2017). Located in the outer
mitochondrial membrane is translocase of the outer membrane (Tom) complex, which is composed
of various receptors including Tom20 and Tom70. The inner membrane contains two translocase
of the inner membrane (Tim) complexes, namely Tim23 and Tim22, constituting several subunits
(Hood et al., 2019). Proteins having cleavable mitochondrial targeting amino acid pre-sequences
located at the N-terminal are directed to the mitochondrial matrix by Tom20, Tim23 and
mitochondrial heat shock protein (Hsp)70, utilizing ATP. Once inside the matrix, mitochondrial
processing peptidase cleaves the pre-sequences (Calvo et al., 2017; Wiedemann & Pfanner, 2017).
However, Western blotting for both cytoplasmic and mitochondrial fractions of p107, did not show
any differences in molecular size, suggesting that p107 might lack a cleavable N-terminal pre-
sequence. This suggests that p107 mitochondrial ingress is facilitated by alternate mechanism. In
this regard, another pathway dedicated to the mitochondrial import of proteins recognizes internal
hydrophobic amino acid domains (Pfanner et al., 2019). This is the case for solute carrier group of
membrane transport proteins that contain internal mitochondrial targeting signals made up of
hydrophobic elements, in lieu of cleavable N-terminal pre-sequence (Pfanner et al., 2019; Ruprecht

& Kunji, 2020). These proteins are recognized by cytosolic chaperones, Hsp70 and Hsp90 which
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bind the hydrophobic residues of the proteins in the cytosol, prevent their aggregation and deliver
them to Tom70. Although both the chaperones help in mitochondrial protein import, Hsp90 is
considered crucial for docking hydrophobic proteins to Tom70 by virtue of their similar structural
domain (Yano et al., 2004; Young et al., 2003). The proteins are then transported to Tim22 for
mitochondrial import (Wiedemann & Pfanner, 2017; Young et al., 2003b). It is plausible, that p107
via its hydrophobic internal structure might be targeted and imported into the mitochondria
(Backes et al., 2018). Indeed, using the Expasy Protscale software, we found that p107 has internal
hydrophobic amino acids in the N-terminal (amino acid residues 202-213, 248-253 with maximum
hydrophobicity at amino acid 205) and pocket domain (amino acid residues 504-512 and 842-80)
which might be necessary for its mitochondrial translocation.

A method to determine p107 mitochondrial import through hydrophobic internal targeting
signals, is to test its interaction with Hsp90, which is important for recognizing hydrophobic
cytosolic proteins. IP/Western analysis would determine if p107 possibly interacts with Hsp90.
Another possible way to determine if Hsp90 is involved in p107 mitochondrial import is by
generating genetically deleted Hsp90 cell lines by a Crispr/Cas9 approach (Young et al., 2003b),
or using inhibitors such as geldanamycin that decreases Hsp90 activity (Backes & Herrmann,
2017; Barksdale & Bijur, 2009). In this case, we would expect that mitochondrial p107 import
would be decreased in absence of Hsp90 and/or diminution of its activity. Alternatively, by
performing affinity purification and mass spectrometry, it can be evaluated if Hsp90 is one of the
interacting partners of p107 (Meyer & Selbach, 2015). To accomplish this, lysates from c2c12
cells transfected with Flag-tagged p107 can be pre-cleared with protein A/G beads, incubated with
anti-Flag agarose beads to pull down the Flag-tagged p107. Following incubation, the beads can

be washed to remove non-specific protein interaction, transferred to a spin column with 3XFlag
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peptides to separate Flag-tagged p107 from the beads. The eluted purified proteins can then be
sent for mass spectrometry to identify the binding partners for p107 involved in protein import
pathway (Gerace & Moazed, 2015). This approach would also be useful to find mitochondrial
interacting proteins especially the mtDNA binding partner by assessing mitochondrial specific
lysates.

Control of cellular metabolism by Rb family members, albeit in a mitochondria
independent manner, have been published (De Sousa et al., 2014; Nicolay et al., 2015; Petrov et
al., 2016; Porras et al., 2017). Rb was shown to control expression of oxidative genes in skeletal
muscle through interaction with the E2f1 transcription factor (Blanchet et al., 2011). Moreover,
skeletal muscle of Rb haploinsufficient mice demonstrated increased fatty acid uptake and
oxidation compared to its Wt littermates (Petrov et al., 2016). In line with this, knockdown of Rb
in myotubes showed enhanced mitochondrial to nuclear DNA ratio, increased oxygen
consumption, increased basal glucose uptake and disposal (Petrov et al., 2016). Conversely,
another study showed that ablation of Rb reduced mitochondrial ETC complex activity and
Oxphos in retinal pigment epithelial and fibroblast cell lines (Nicolay et al., 2015). Similar to many
studies on Rb, an inverse relation of pl07 with oxidative metabolism, in a mitochondria
independent manner, has also been reported (De Sousa et al., 2014; Porras et al., 2017; Scimé et
al., 2010). p107 depleted adipose progenitors were shown to be primed for pro-thermogenic
adipocyte lineages owing to their reliance on aerobic glycolysis (Porras et al., 2017). Additionally,
p107 deficient mice had higher levels of oxidative type | and type 1A muscle fibers with enhanced
metabolism (Scime et al., 2010). Differentiation of pl07KO prMPs resulted in formation of
oxidative myotubes (Scime et al., 2010). These studies suggest a negative association between

p107 and oxidative function.
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Relative to nuclear gene expression, regulation of mitochondrial gene expression is poorly
understood. Mitochondria have their own distinctive mechanism of gene expression relying on the
transcriptional factors TFB2M and TFAM. Additionally, multiple reports have suggested that
transcription factors and co-transcriptional regulators that are typically functional in the nucleus,
also have regulatory functions in the mitochondria. Some of the nuclear transcription factors that
are characterized as direct regulators of mitochondrial gene expression in mammals are the
glucocorticoid receptor (Demonacos et al., 1993; Koufali et al., 2003), thyroid hormone T3
receptor p43 (Enriquez et al., 1999; Wrutniak-Cabello et al., 2001), cyclic-AMP response element
binding protein (Cammarota et al., 1999; Ryu et al., 2005), the tumor suppressor p53 (Heyne et
al., 2004; Saleem & Hood, 2013), interferon regulatory factor 3 (Liu et al., 2010) estrogen
receptors (Chen et al., 2004a), activator protein 1 (Ogita et al., 2002), peroxisome proliferator-
activated receptor y2 (Casas et al., 2000), nuclear factor kB and inhibitor of nuclear factor kB a
(Cogswell et al., 2003), signal transducer and activator of transcription 3 (Stat3) (Yang & Rincon,
2016), MOF acetyl transferase (Chatterjee et al., 2017), nuclear factor of activated T cells complex
1 (Lambertini et al., 2015) and myocyte specific enhancer factor 2D (Brusco & Haas, 2015). All
these transcription factors have role in mitochondrial gene expression and functions, albeit their
prominent nuclear role. Apart from the transcription factors that directly regulate mitochondrial
gene expression, transcriptional co-activator Pgcla has also been shown to interact at the mtDNA

promoter in complex with TFAM (Aquilano et al., 2010; Safdar et al., 2011).

Although, there is evidence of mitochondrial gene expression by transcriptional activators,
the influence of transcriptional repressors on mitochondrial transcription remains elusive. To date,
the only transcriptional repressor found in mammalian mitochondria is MTERF3, which has been

shown to repress mitochondrial transcription initiation by binding at the mtDNA promoter (Park
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et al., 2007). Absence of MTERF3, caused uncontrolled activation of mtDNA encoded
transcription leading to an imbalance between mitochondrial and nuclear ETC complex subunit
transcripts (Wredenberg et al., 2013). We propose that p107 is another transcriptional repressor
that directly interacts at the D-loop regulatory region of the mtDNA to repress mitochondrial
encoded gene expression (Fig. 4.6B). Indeed, an imbalance between mitochondrial ETC complex
subunits is associated with p107KO primary MPs and c2c12 cells displaying significant increased
expression of the mitochondrial genes encoded for complexes I, Il and IV of ETC (Fig. 4.8A and
4.8B).

Our finding renders an important cellular role for p107 pertaining to cell cycle repression,
which for many years, has been vague and confusing (Wirt & Sage, 2010). Unlike family member
Rb that has been characterized as a bonafide GO/G1 phase restriction check point factor (Giacinti
& Giordano, 2006). Over expression of p107 inhibited cell proliferation and arrested cell cycle at
G1in many cell types (Leng et al., 2002; Wirt & Sage, 2010; Zhu et al., 1993) and delayed the G1
to S phase entry in rat fibroblast cell lines (Rodier et al., 2005). Our data showcases an important
regulatory mechanism that might govern this function. We revealed that p107 controls cellular
proliferation by influencing ATP output through regulation of mitochondrial gene expression.
Indeed, forced p107 expression in the mitochondria drastically limits mtDNA gene expression
(Fig. 4.10A, 4.10B, 4.10C and 4.10D) and ATP generation (Fig. 6.6A. 6.6B and 6.6C) that
inhibits the cell cycle rate both in vitro and in vivo (Fig 6.7 and 6.10). This is consistent with the
finding that showed depletion of mtDNA resulted in impaired cell proliferation due to reduced
Oxphos (Martinez-Reyes et al., 2016). Thus, the decreased proliferative capacity and cell cycle

dynamics of pl07 over-expressing cells found in many reports might now be ascribed to its
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mitochondrial role in repressing mitochondrial gene expression, which is required for G1 cell cycle
progression.

Thus, the high rate of mitochondrial gene expression accompanied with elevated ATP
levels generated by Oxphos and glycolysis, due to absence of p107, can explain the accelerated
G1/S phase of cell cycle and proliferation rate in p107KO c2c12 cells (Fig. 6.3 and 6.4). It also
supports the significantly greater number of proliferating MPs observed in regenerating skeletal
muscle isolated from Ctx injured p107KO mice (Fig. 6.2B and 6.2C). These results now provide
the rationale for the higher proliferative and cell cycle rate evidenced in p107KO mouse embryonic
fibroblasts and prMPs (Lecouter et al., 1998). This control mechanism for p107 might ensure that
ATP levels remain compatible with the demands of the proliferating cells. Moreover, by down
regulating ATP generation capacity, p107 might act as a mechanism to provide macromolecules
to the proliferating cells by diverting TCA cycle from producing reducing equivalents for the ETC
(Vander Heiden & Deberardinis, 2017).

Similar to our study, other reports also disclosed that mitochondrial Oxphos is essential for
cell cycle progression (Da Veiga Moreira et al., 2015; McBride et al., 2006). Mitochondrial ATP
was shown to increase cyclin E levels that was necessary for Cdk2 activation and G1/S progression
(Mitra et al., 2009). Importantly, during G1/S transition of the cell cycle, a glycolytic to Oxphos
switch occurs (Kalucka et al., 2015; Mandal et al., 2005). This is the period (late G1 or G1/S phase
of the cell cycle) when p107 has been shown to re-locate from the cytoplasm to nucleus
(Lindeman et al., 1997; Miiller et al., 1997; Rodier et al., 2005; Verona et al., 1997). Moreover,
crucial to p107 nuclear translocation during G1/S phase is its phosphorylation by cyclin E/Cdk2
(Kolupaeva & Basilico, 2012; Reshetnikova et al.,, 2000; Zini et al., 2001). Notably,

downregulation of Cdk2 activity prevents p107 translocation to the nucleus, thereby arresting cell

199



cycle progression (Reshetnikova et al., 2000). In this scenario, we believe the cells might be held
in G1 because p107 accumulates in the mitochondria, causing repression of Oxphos. On the other
hand, we had showed that for adipocyte progenitors, p107 cytoplasmic to nuclear translocation is
associated with silencing Ldha and Pdk2 gene expression on nuclear promoters, thus promoting
an increase in Oxphos capacity (Porras et al., 2017). Thus, these results suggest that p107
dynamically modulates cell metabolism during the cell cycle through promoter repression in two
different organelles. Through inhibiting Oxphos in G1 (mitochondrial function), dependent on the
nutrient load, and increasing Oxphos in S phase (nuclear function), p107 is able to exert dual
influences on cell cycle progression.

An important partner of Rb family members in mediating repression of cell cycle genes in
the nucleus is the DREAM complex (Fischer & Miiller, 2017). A functional role during the cell
cycle for this interaction has been shown for Rb at the GO/G1 restriction point and p130 in GO
(Litovchick etal., 2011; Uxaet al., 2019). However, a cell cycle role for p107 is not obvious owing
to its ubiquitous expression in proliferating cells when an interaction with DREAM would halt the
cell cycle. It suggests that the p107 interaction with the DREAM complex is a unique role
independent of normal cell cycle progression. This was showcased by a recent publication that
found it had a role in DNA damage response (Schade et al., 2019b). In this case following DNA
damage, p107 inhibited gene expression at the G1/S phase of the cell cycle by interacting with the
DREAM complex, to mediate cell cycle arrest. Thus, adding more evidence for p107 nuclear
functionality only during G1/S phase of the cell cycle. Till date, it is not clear if p107 represses
MtDNA transcription by binding with its nuclear transcription factor partner E2f4/E2f5, or the
mitochondrial transcription factors TFB2M or TFAM. Co-immunoprecipitation studies between

p107 and these transcription factors will determine if this is the case.
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Imaging studies of cultured cells have indicated that mitochondrial energy generation
causes changes in mitochondrial morphology, which is commensurate with cell cycle progression
(Margineantu et al., 2002; Mitra et al., 2009; Taguchi et al., 2007). One of the more prominent
features is mitochondrial fusion that causes elongation during the G1/S phase transition that is
associated with higher ATP production (Mishra & Chan, 2014; Mitra et al., 2009; Mandal et al.,
2005). Interestingly, p107 is not present in mitochondria during G1/S phase, that would increase
the mitochondrial ATP generation capacity (Fig. 4.13 and 4.15). Interestingly, p107KO c2c12
cells display elongated mitochondrial network (Fig. 4.16) with significantly higher mitochondrial
length compared to the controls (Fig. 4.17). This is associated with increased mitochondrial
Oxphos (Fig. 4.12 and 4.14) due to de-repression of the mitochondrial genes. Moreover, p107KO
c2c12 cells and MPs have accelerated cell cycle rates (Fig. 6.3 and 6.4). This might suggest that
cells strategically lose p107 from mitochondria to increase Oxphos that cause mitochondrial
elongation due to fusion perpetuating cell cycle progression. It would be of interest to determine
if decreased cell cycle due to p107 overexpression might increase mitochondrial fragmentation by
fission, as a result of significantly reduced ATP generation. This can be tested by assessing
mitochondrial morphology and length in p107KO cells over expressing full length (p107fl) and
mitochondrial localized p107 (p107ml).

In order to proliferate, cells rely on both glycolysis and Oxphos for ATP production
(Locasale & Cantley, 2010). However, it is unclear how glycolysis and Oxphos collectively
operate to regulate the yield of ATP. Our data show a major rationale for the ubiquitous expression
of p107 in proliferating cells as part of a mechanism involved in this interconnection. Our results
highlight that p107 influences ATP production in the mitochondria based on the energy generated

in the cytoplasm. We believe that this system is used to balance total cellular ATP production
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based on the needs of the proliferating cell (Locasale & Cantley, 2010). Importantly, p107 acts as
a nexus in sensing the NAD*/NADH ratio driven by availability of substrate, to control ATP
generation by Oxphos. Increased glucose accessibility that decreased the cytoplasmic
NAD*/NADH ratio (Fig. 5.5), attenuated mitochondrial potential for ATP generation (Fig. 5.12A
and 5.12B). This in part due to increasing levels of p107 interacting at the mtDNA (Fig. 5.1B)
where it repressed gene expression (Fig. 5.2A, 5.2B, 5.2C and 5.2D). Similarly, oxamate that
increased p107 mitochondrial levels (Fig. 5.6B) by sensing the cytoplasmic NAD*/NADH ratio
(Fig. 5.6A), reduced ATP generation (Fig. 5.13), due to repressed mitochondrial gene expression
(Fig. 5.7) limiting ETC complex formation (Fig. 5.8). On the other hand, increasing the
cytoplasmic NAD*/NADH ratio (Fig. 5.10A) by galactose that decreased p107 mitochondrial
levels (Fig. 5.10B), decreased mitochondrial gene expression (Fig. 5.10C). Importantly, these
findings suggest that p107 acts as a metabolic sensor for the energy produced in the cytoplasm to
mediate energy generation in the mitochondria.

Our data strongly support that p107 controls mitochondrial ATP generation by acting as an
energy sensor of NAD*/NADH in conjunction with Sirtl, which is activated by NAD®.
Importantly, we found that p107 interacted with Sirt1 directly by IP/Westerns, using endogenous
lysates, which did not contain over expressed proteins (Fig. 5.16B and 5.16C). Moreover, by
inhibiting or activating Sirtl we found that it affected p107 mitochondrial localization, mtDNA
promoter binding, mitochondrial gene expression and ATP generation levels. Significantly, Sirtl
regulation of MP cell cycle was also dependent on pl107 mitochondrial function (Fig. 6.5).
Previous findings have shown that Sirtl promotes SC activation and MP proliferation with greater
SC self-renewal and more proliferative MPs (Rathbone et al., 2009; Zhang et al., 2016). Consistent

with this idea, mice with activated Sirtl, due to caloric restriction or NAD™ repletion exhibited
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greater self-renewal and proliferative capacity (Cerletti et al., 2012; Zhang et al., 2016). In this
context, primary activated SCs isolated from Sirt1KO mice, showed significantly attenuated cell
cycle, as measured by the incorporation of nucleotide base analogs into DNA (Myers et al., 2019;
Tang & Rando, 2014). In relation to our finding, this might be suggestive of p107 mitochondrial
localization without Sirtl control that impedes cell cycle through inhibition of ATP generation
(Fig. 6.5, 5.19A and 5.19B). Though the use of SirtlKO cells confirmed that p107 functions
through a Sirtl dependent mechanism in proliferating MPs, it is unlikely that the functional
interaction between p107 and Sirtl is maintained during myogenic differentiation, as Sirtl has a
non-metabolic role during differentiation (Fulco et al., 2008; Ryall et al., 2015). Nonetheless, these
findings set the stage for future evaluation of the mitochondrial function of p107 and Sirt1 during
SC activation, self-renewal and commitment.

As pl107 mitochondrial localization, reduces Oxphos capacity, cell cycle rate and
proliferation of MPs, in conjunction with Sirt1, it is crucial to identify the potential structural and
functional domains of p107 that regulate the mechanism. For this, truncated and mutated HA-
tagged versions of p107 for E2f4, E2f5, cyclin D/Cdk4 and cyclin E/Cdk2 binding sites and point
mutations for post translational modification sites could be produced. By transient transfection of
these deletion mutant plasmids, mitochondrial localization of p107 can be assessed. Furthermore,
the functional consequences of transfecting these mutant plasmids for mtDNA encoded gene
expression, ATP generation capacity, cell cycle dynamics, ROS generation and Sirtl interaction
can be investigated. Similarly, truncated HA-tagged Sirtl plasmids, such as N-terminal deletion
mutant that normally binds acetylated protein substrates and catalytic domain deletion that binds

acetyl-lysine targeted substrates can be assessed for binding to p107. The functional consequences
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of the Sirtl interacting domains can be investigated for mitochondrial encoded gene expression,
ATP generation capacity and cell proliferation analysis.

Despite the importance of Sirtl regulation, the acetylation target(s) of p107 is unknown. It
is possible that Sirtl deacetylates similar amino acid residues found in p130 (Schwarze et al.,
2010), its homologous family member (Fig. 1.9A). p130 has been shown to be acetylated in-vitro
at a major site K1079, and minor sites at K1068 and K1111 in the C-terminus and K128 and K130
at the N-terminus (Schwarze et al., 2010). A BLAST search between p107 and p130 to evaluate
the sequence homology at these acetylation sites was compared to potential p107 acetylated lysine
residues obtained using the prediction software, Prediction of Acetylation on Internal Lysines
(PAIL). We found K104 and K106 at the N terminus of p107 is highly homologous with K128

and K130 of p130 and at the C terminus, K1007 and K1039 of p107 corresponds to K1079 and

L2 4

pl30 105 EGHNYVSLTRILRCSEQSLIEFFNEMEFWEDMANLEPHFRERTERLERNFTVSAVIFEEYE 164

Ef VSLTRILE ++ SLI+FF+EMEFW DM+ILE FRER ERLERNE V3 VIFEE+E
pl07 81 EGHNCVSLTRILRSARLSLIQFFSEMEEWMDMSNLEQEFRERIERLERNFEVSTVIFERFE 140
pl30 1047 SQOSHPIYISPHNNEAMPSPREEIFYYFSNSPSFRLEEINSMIRTGETPTFFRGILLDDES 1106
SQ H +¥+SPH N A +PR + ¥ F+ S5PSK L++IN+MIE GE TEEKR I + +
pl07 975 SQQHSLYVSPHENGAGLTPRSALLYRFNGSPSESLEDINNMIROQGEQETERRVIATISEDA 1034
pl30 1107 ESPAFRICPENHSALLERLODVANDRESZ2 1135
+5SPAFR+C EN LIARLODV ++E +
pl07 1035 DSPAFRRLCQENDDVLLFRLODVVSERANH 1063

Figure 8.2: Sequence Homology of p107 and p130. BLAST software describes sequence
homology of lysine (K) residues, K104 and K106 at N terminus of p107 with K128 and K130
of p130 and at the C terminus K1007 and K1039 of p107 with K1079 and K1111 of p130.
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K1111 of p130 (Fig. 8.2). Site directed mutagenesis of p107 for the above-mentioned lysine
residues, singly and in combination could be performed. Their cDNA over expressed in cells as a
means to evaluate their mitochondrial localization with and without Sirt1 activation. If acetylation
in the aforementioned sites is not found, other structural/functional domains of p107 might be
taken in consideration to find possible acetylation sites.

Apart from acetylation, other post translational modifications, such as phosphorylation
might also influence p107 mitochondrial translocation and function in the mitochondria. p107 has
seventeen phosphorylation sites that have been mapped (lwahori & Kalejta, 2017) (Fig 1.9B) and
cyclin E/Cdk2 activity is important for p107 translocation into the nucleus at G1/S phase,
signifying the importance of phosphorylation in p107 sub-cellular translocation. Therefore, it can
be presumed that mutation of cyclin E/Cdk2 binding domain would prevent p107 phosphorylation,
impeding its migration into the nucleus, thereby localizing it in the cytoplasm and perhaps in the
mitochondria. This can be assessed by Western blot analysis for p107 mitochondrial localization,
mitochondrial encoded gene expression and ATP generation capacity.

Another important regulator that phosphorylates p107 in early G1 is cyclin D/Cdk4 (Leng
et al., 2002). Cyclin D/Cdk4 has been shown to abrogate the binding between p107 and E2f. This
is thought to promote cell cycle progression, although there is no direct link of p107 and E2f4
dissociation in early G1 when cyclin D/Cdk4 is active (Beijersbeigen et al., 1995; Hitomi & Stacey,
1999), a time point when p107 is not found in the nucleus (Lindeman et al., 1997; Rodier et al.,
2005; Verona et al., 1997; Wirt & Sage, 2010; Zini et al., 2001). Therefore, suggesting that the
role of cyclin D/Cdk4 phosphorylation of p107 might have some other role that could be related

to mitochondrial metabolic functions rather than nuclear de-repression. On the other hand, Cdk4
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might simply be preparing p107 for nuclear translocation in G1/S phase by promoting subsequent
phosphorylation by Cdk2 (Cobrinik, 2005).

Recently, cyclin D/Cdk4 has also been shown to phosphorylate and inactivate different
metabolic factors. It was shown that in mice, while fasting decreased cyclin D/Cdk4 activity,
feeding increased its activity (Lee et al., 2014). This increase in cyclin D/Cdk4 activity with
feeding was shown to phosphorylate and promote GCN5 acetyltransferase function. GCN5
acetylated Pgcla, which downregulated its mitochondrial function to enhance Oxphos (Lee et al.,
2014). Moreover, cyclin D/Cdk4 was also shown to phosphorylate and inactivate Pgcla directly
(Bhalla et al., 2014). This scenario might mirror high glucose conditions (low NAD*/NADH ratio)
when p107 is in the mitochondria (Fig. 5.1A) repressing mitochondrial encoded gene expression
(Fig. 5.2) and ATP generation capacity (Fig. 5.12A and 5.12B). Thus, suggesting that Cdk4
mediated phosphorylation of p107 might promote its mitochondrial localization.

Another possible role for p107 mitochondrial localization might be its ability to control
ROS production. Importantly, accumulation of NADH at complex I, caused by low NAD*/NADH,
is known to trigger ROS production by reductive stress (Pryde & Hirst, 2011; Xiao & Loscalzo,
2020; Yan, 2014). In line with this, we believe that the increased p107 mitochondrial function due
to oxamate treatment led to ROS generation (Fig. 5.14A and 5.14B). This is also exemplified by
overexpressing p107 in the mitochondria that led to elevated level of ROS (Fig. 5.15A and 5.15B)
which might be due to significant repression of mitochondrial gene expression and ATP generation
capacity. ROS generation might be due to reductive stress at complex | (Xiao & Loscalzo, 2020).
It might also be due to a drastic reduction of available ETC complexes (Fig. 5.8) by an increase in
p107 mitochondrial function leading to RET triggering reductive stress. Contrarily, in p107KO

cells, the increase of ETC complexes (Fig. 5.8) would perhaps allow electrons to move more
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efficiently reducing the potential for RET. Using mitochondrial targeted fluorophores that
specifically measure superoxides will help to confirm if p107 causes mitochondrial specific ROS
generation. Furthermore, to determine if ROS is produced by complex | due to reductive stress, a
complex | inhibitor, rotenone can be used. Rotenone stimulates forward electron transfer and
inhibits reverse electron transfer that forms superoxide by complex | (Lopez-Fabuel et al., 2016).
Thus, if reductive stress has caused ROS in c2c12 cells treated with oxamate or with overexpressed
p107mls, rotenone would decrease its production.

At this point it is not known if p107 might function in SCs at physiological level without
the need for induced muscle regeneration. As a first step, we used exercise to promote potential
impacts on skeletal muscle SCs and MPs. Interestingly, we found that p107 protein levels
decreased after 9 days of high intensity interval training in human skeletal muscle (Chapter 7).
Additionally, p107 levels were inversely correlated with exercise induced improvements in
mitochondrial Oxphos and ETC complex protein levels (Chapter 7). Importantly, some of these
alterations within skeletal muscle with exercise, might also include their SCs and MPs.
Interestingly, following acute exercise one report described an increased Pgcla interaction at the
mtDNA in complex with Tfam (Safdar et al., 2011). This interaction was shown to enhance
mitochondrial encoded gene expression that was thought to play a part in Pgcla pro-oxidative
metabolic function (Safdar et al., 2011). As p107 has been shown to negatively regulate Pgcla
gene expression (Scime et al., 2005, 2010), it might be possible that a decrease in p107 with
exercise might increase Pgcla levels. It also suggests that the mitochondrial role of p107 and
Pgcla in the mitochondria might be mutually exclusive with opposite metabolic outcomes. When
p107 is in the mitochondria it functions as a co-repressor for mitochondrial encoded gene

expression, whereas Pgcla has the opposite effect as a co-activator.
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Both in humans and mice, there is evidence that SCs obtained from skeletal muscle and
cultured in vitro, become activated, proliferating as MPs that eventually differentiate into
myotubes retaining the same metabolic phenotype from where they were derived (Al-Khalili et al.,
2003; Al-Khalili et al., 2014; Bell et al., 2010; Bollinger et al., 2015; Bourlier et al., 2013; Boyle
etal., 2012; Consitt et al., 2010; Lund et al., 2017). Indeed, exercise that causes metabolic changes
also affect activation and regeneration potential of quiescent SC pools (Abreu & Kowaltowski,
2020). This was also reflected in ageing where endurance exercise in humans was shown to
improve SC regeneration ability that might be due to improved mitochondrial function (Joanisse
et al., 2016). In agreement with these findings, our data suggests that the p107 metabolic function
might have a role in affecting SC fate decisions related with activation and self-renewal, as well
as in proliferating MPs. In p107KO mice, we detected significantly increased SC activation after
2 days post muscle injury (Fig. 6.2B), which was demonstrated by significantly increased MyoD
positive cells compared to control injured mice. Furthermore, by enumerating Pax7 positive cells
in tissue sections, we found that that p107KO mice had significantly more quiescent SCs per
myofiber compared to the controls (Fig. 6.1). This is indicative of an increased rate of self-renewal
in p107KO mice. Thus, suggesting that p107 might be one of the targets for intrinsic changes in
SC fate decisions that not only influence the proliferation dynamics of their progenitors, but also
activation and self-renewal. These changes at the level of SCs and MPs caused by p107 function
might occur with exercise adaptation, which is reflected in our findings in skeletal muscle that
show inverse association of p107 with enhanced Oxphos capacity (Chapter 7). Physiological
adaptations targeting pl107 might also benefit ageing and muscular dystrophy which are
characterized by a limited number of SCs and impaired regeneration potential (Bernet et al., 2014;

Chen et al., 2020).
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A shortcoming to this study is the use of p107 whole body genetic deletion to assess SCs
and MPs in vivo. Thus, to better elucidate the p107 contribution to SC fate decisions, it would be
paramount to eliminate any potential developmental contributions caused by the whole body p107
“knockout”. To accomplish this Cre-Lox recombination system can be used for SC specific genetic
deletion of p107. Here Cre-recombinase induced excision at LoxP sites flanking p107, in Pax7
CreER expressing cells with tamoxifen administration would result in pl07 deletion.
Unfortunately, p107LoxP mice do not exist. If they did exist, the mice could be treated with
tamoxifen before 5 days to delete p107, prior to Ctx injection into the muscle, as we had done (Fig.
6.2A). Similar to the p107 whole body knockout mice, p107 floxed mice would be expected to
have more proliferating MyoD™* expressing cells 2 days post Ctx injury.

In summary, our findings establish that a cell cycle regulator, p107, can be an important
regulator of SC and its progenitor fate decision. Our study has unveiled a new paradigm in the
context of metabolic control of cellular proliferation. Crucially, p107 functions as a key and
fundamental component of the cellular metabolism network during cell division of myogenic
progenitors. Indeed, it directly manipulates the energy generation capacity of mitochondria by
indirectly sensing the glycolytic energy production through Sirtl. These results provide a
conceptual advance for how proliferating cells regulate energy generation through the interplay
between glycolysis and Oxphos. Importantly because of the ubiquitous p107 protein expression in
most dividing cells, the findings identify a potential universal cellular mechanism with immense

implications for studies in other dividing cell types including cancer cell proliferation.
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