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Abstract 

The regenerative potential of skeletal muscle is attributed to the presence of resident muscle stem 

cells known as satellite cells (SCs). After activation SCs have two fates, either to differentiate into 

new muscle or self-renew to replenish their population. Dysregulation in favor of one outcome 

over the other has been implicated in loss of muscular regenerative capacity. Mitochondrial 

metabolism has recently emerged as a regulator of SC fate decisions. We uncovered a non-

canonical mitochondrial role for retinoblastoma-like protein 1 (Rbl1, p107) in manipulating fate 

decisions through its effect on mitochondrial dynamics. We find that in the absence of 

mitochondrially localized p107, SCs display a higher rate of self-renewal, while also exhibiting 

higher mitochondrial connectivity. This was associated with increases in the mitochondrial fusion 

protein OPA1, as well as a loss in cellular acetylation. Taken together, these findings suggest that 

non-canonical p107 function in SCs controls their cell fate decisions. 
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1 Satellite cells 

Skeletal muscle is one of the largest metabolic organs in the body, and is required for 

physical motion (Tieland et al., 2018). Composed of thousands of multinucleated myofibers, each 

muscle works together simultaneously to achieve contraction and relaxation events, creating 

coordinated movements (Goodman et al., 2015). In addition to movement, skeletal muscle serves 

a vital role in glucose and fatty acid metabolism, due to its proportion in body mass, variable 

metabolic rate, and ability for metabolic and mitochondrial adaptation (Hickson et al., 1977; 

McFarlan et al., 2012). As a critical organ system for both movement and metabolism, skeletal 

muscle must be able to undergo regeneration to compensate for changes in muscle demand, 

everyday use, and recovering from traumatic injury. 

The regenerative potential of skeletal muscle is made possible through the presence of 

muscle resident adult myogenic stem cells termed satellite cells (SCs) (Mauro, 1961; Sousa-Victor 

et al., 2022). Residing between the basal lamina and sarcolemma, they were originally believed to 

be dormant cells involved in muscular regeneration (Mauro, 1961). This was confirmed almost 10 

years later, with research revealing that SCs are precursors to the myoblast cells that were 

responsible for skeletal muscle regeneration and maintenance (Moss and Leblond, 1970; Reznik, 

1969). SCs make up about 2% to 10% of all muscular nuclei, and their location allows for the rapid 

response to signals in the surrounding microenvironment (Dumont et al., 2015a). As with other 

stem cells, SCs can undergo self-renewal to replenish their population or differentiate to add new 

nuclei to already existing myofibers, or create new myofibers (Yin et al., 2013). The self-renewal 
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function of SCs is critical for muscle fiber regeneration, as losses in the SC population can lead to 

poor muscle regeneration. 

Under normal physiological conditions, in the absence of a stressor such as injury, SCs 

remain in a dormant state of quiescence. While not actively dividing, they are metabolically active, 

though require little energy (Sousa-Victor et al., 2022; Bhattacharya and Scimè, 2020). Upon 

receiving signals from a stressor, SCs undergo the process of activation, which draws them out of 

quiescence and starts their proliferation to generate or repair myofibers (Dumont et al., 2015a). 

During this process, some of the newly generated SCs will self-renew, rather than differentiate, 

replenishing the stem cell population. Once regeneration is complete, the SC population should be 

restored, and the muscle repaired through SC differentiation (Sousa-Victor et al., 2022). 

The delicate balance between self-renewal and differentiation is critical, as tipping the 

balance in either direction could result in muscular disorders and impaired regeneration, such as 

what is observed in muscular dystrophies (Chang et al., 2016). For example, a study by Brun et al. 

found that deletion of GLI3 causes SC preference for self-renewal (Brun et al., 2022). Although 

this is able to generate hyperplasia in the stem cell pool, upon repeated injury and regeneration 

cycles, it was found the GLI3 deleted muscles generated smaller muscle fibers (Brun et al., 2022). 

Conversely, an increase in commitment to the differentiation pathway also causes impaired 

regeneration. The Notch signaling pathway is required for maintaining quiescence and self-

renewal properties of SCs, with its downregulation being associated with activation and 

differentiation (Giofsidi et al., 2022). Upon disruption of Notch nuclear factor RBP-J, it was found 

that murine SCs proceeded to lose the ability to self-renew, effectively diminishing their 

population (Bjornson, et al., 2012). The lack of Notch signaling caused the activated SCs to 
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instantly commit to differentiating and fusing to existing myofibers, rather than self-renewing or 

proliferating to repair the muscular insult (Bjornson, et al., 2012). 

 

1.2 Satellite cell transitions 

SC fates can be tracked by the expression of various proteins (Sousa-Victor et al., 2022). 

Quiescence and self-renewal are marked by the exclusive expression of paired box transcription 

factor 7 (Pax7), while activated and proliferating SCs express both Pax7, as well as proteins 

involved in the myogenic differentiation pathway such as myoblast determination protein 1 

(MyoD), and myogenic factor 5 (Myf5) (Seale et al., 2000; Cornelison and Wold, 1997). SCs 

committed to differentiate lose Pax7 expression entirely and eventually exclusively express muscle 

differentiation markers (Zammit, 2017). Conversely, those that self-renew to become part of the 

quiescent SC pool lose MyoD and Myf5 protein expression. Therefore, using the different markers 

during the SC transitions, one can follow SCs from quiescence (Pax7+/MyoD-), activation and 

proliferation (Pax7+/MyoD+), and commitment to the differentiation pathway (Pax7-/MyoD+) 

(Fig 1.1) (Yin et al., 2013; Dumont et al., 2015a).  

 

 
Fig 1.1. Schematic of SC transitions and the markers associated with each state. SCs are 

normally found in a quiescent state on the myofiber between the basal lamina and sarcolemma. 

Upon introduction of a stimulus, they activate and begin proliferation to generate a sufficient 

population for muscular regeneration. SCs then differentiate to generate new myofibers, while a 

small portion of activated SCs return to quiescence to replenish the SC pool.  
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The activation of SCs from quiescence is a rapid process due to storage of Myf5 and MyoD 

messenger ribonucleic acids (mRNAs) in cytoplasmic granules (Crist et al., 2012). The mRNA 

found in the granules are transcribed while the cell is in quiescence, and rapidly dissociate upon 

activation, releasing MyoD and Myf5 mRNA directly into the cytosol for translation (Crist et al., 

2012; Ribeiro et al., 2019). This process skips the need to transcribe mRNAs to initiate the 

myogenic pathway, facilitating faster progress towards activation. After activation, cells will 

divide either symmetrically, or asymmetrically. In symmetric divisions two daughter cells with 

identical fates are generated. However, SCs that have not expressed Myf5 at any point during 

development can also undergo asymmetric divisions, where each daughter cell results in a different 

fate decision, which is self-renewal or differentiation (Kuang et al., 2007; Dumont et al., 2015b). 

During an asymmetric division, it was found that the division occurred in an apicobasal fashion, 

with one daughter SC facing the muscle fiber, and the other towards the basement membrane. For 

symmetric divisions, it occurs parallel along the muscle fiber (Kuang et al., 2007; Dumont et al., 

2015b). While disruptions to SC fate decisions can cause muscular disorders, imbalances in 

division type can also affect muscular health. In Duchenne muscular dystrophy (DMD), the lack 

of dystrophin causes a loss in SC polarity within the myofiber, which disrupts the ability for SCs 

to divide asymmetrically, leading to a loss in myogenic progenitors (Chang et al., 2018; Dumont 

et al., 2015b). 

  

1.3 Satellite cell heterogeneity 

Studies have shown that SCs exist as a heterogeneous population. They exist in a spectrum 

of quiescent states, which are based on the timing for initiation of activation (Rodgers et al., 2014). 

For example, upon muscular injury, SCs at the site of injury undergo normal activation and 
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differentiation, but distal SCs not involved in the injury become primed for activation, entering a 

state termed ‘G-alert’ (Rodgers et al., 2014). While not out of quiescence as they are not actively 

dividing, G-alert SCs are marked by triggering the mTORC pathway and grow larger in size 

relative to normally quiescent SCs (Rodgers et al., 2014). These G-alert SCs have enhanced entry 

into the cell cycle and display faster rates of muscular regeneration than non-alerted SCs (Rodgers 

et al., 2014). 

Also, single-cell RNA sequencing of quiescent SC populations show varying levels of 

Pax7, metabolic, and self-renewal related genes such as Notch-2 (Dong and Doles, 2017; Yartseva 

et al., 2020). Dong and Doles found that individual SCs had varying levels of gene expression for 

various metabolic pathways and processes, such as carbohydrate or lipid metabolism, which can 

influence their depth of quiescence (Dong and Doles, 2017; Rodgers et al., 2014; van Velthoven 

and Rando, 2019). Yartseva et al. demonstrated that a subpopulation of quiescent SCs display 

higher rates of Notch-2 signaling which persists through activation and causes a preference for 

self-renewal (Yartseva et al., 2020). Single-cell RNA sequencing of human SCs also describes a 

population of quiescent SCs enriched in proliferation and myogenic program genes, indicating that 

these SCs have lower depths of quiescence than their counterparts (De Micheli et al., 2020). 

Rocheteau et al., observed that quiescent SCs can be discriminated by their level of Pax7 

expression (Rocheteau et al., 2011). The Pax7 high population exists in a state of deeper 

quiescence, displaying a lower metabolic rate and taking longer to execute the first mitosis event 

after activation. However, its cycling time after the initial mitosis event remains on par with the 

rest of the SC pool. Conversely, the Pax7 low SCs exist in a shallower quiescence, displaying a 

phenotype more primed for activation and myogenic commitment (Rocheteau et al., 2011). 
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In addition to differing depths of quiescence, there exists a subpopulation of SCs 

composing roughly 10% of the total SC pool that have never expressed Myf5 in their development 

(Kuang et al., 2007). Though Myf5- SCs can divide symmetrically, they can also divide 

asymmetrically, giving rise to one daughter cell that is Pax7+/Myf5+, and one that is Pax7+/Myf5- 

(Kuang et al., 2007; Yin et al., 2013). It is thought that the Myf5- SCs serve to replenish the SC 

pool through their symmetric divisions but contribute to regeneration through asymmetric 

divisions (Kuang et al., 2007; Relaix et al., 2021). 

 

1.4 Glycolysis and oxidative phosphorylation 

Cellular metabolism can be classified into two primary categories being either oxidative, 

which generates ATP in the mitochondria, or non-oxidative, which generates ATP in the 

cytoplasm. Glycolysis, in the cytosol, creates a net of two ATP molecules, as well as producing 

nicotinamide adenine dinucleotide (NADH) and potentially substrates that can be used for 

nucleotide, lipid or amino acid production (Lunt and Heiden, 2011). The NADH generated from 

glycolysis is either shuttled into the mitochondria via the malate-aspartate shuttle to be used as a 

reducing equivalent in oxidative phosphorylation (Oxphos) or used in the lactate dehydrogenase 

(LDH) catalyzed reaction that turns pyruvate, the end product of glycolysis, into lactate 

(DeBerardinis et al., 2008; Kane, 2014). This reaction oxidizes NADH back into NAD+, which 

occurs in the absence of oxygen when the mitochondria is unable to act as a NADH recycler. 

Otherwise, in the presence of oxygen, pyruvate is turned into acetyl-CoA through pyruvate 

dehydrogenase that is fed into the mitochondrial tricarboxylic acid cycle (TCA) (DeBerardinis et 

al., 2008; Martinez-Reyes and Chandel, 2020) (Fig. 1.1). While the lactate pathway is usually 
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reserved for anaerobic metabolism, the pathway also occurs when there is a rapid demand for ATP, 

as glycolysis generates ATP at a faster rate than Oxphos (Lunt and Heiden, 2011). 

Oxphos takes place in the mitochondria, which are double membraned organelles that have 

an inner and outer membrane, with the inner membrane creating folds called cristae (Nielsen et 

al., 2017; Leduc-Gaudet et al., 2021). The space enveloped by the inner membrane is referred to 

as the mitochondrial matrix, and the space between the outer and inner membrane is the 

intermembrane space. Mitochondria are considered the bioenergetic hub of the cell, with the 

primary purpose of creating ATP. They accomplish this by oxidizing the reducing agents NADH  

 

Figure 1.2. Diagram of glycolysis and Oxphos. Glucose is converted to pyruvate through 

glycolysis, which is then converted to acetyl-CoA and enters the TCA cycle. The TCA generates 

NADH and FADH, which along with NADH from glycolysis, is oxidized by the ETC and donates 

their electrons (e-). Electrons are shuttled through complexes 1-5 (C1-C5) and transported through 

ubiquinone (UQ) and cytochrome C (CytC). Oxygen serves as the terminal electron acceptor in 

the chain, reducing into H2O. This process causes protons to be pumped out of the mitochondrial 

matrix, and eventually return through C5, which converts ADP to ATP, generating energy through 

Oxphos. When Oxphos cannot occur, such as under conditions of hypoxia, pyruvate is converted 

into lactate using LDH, regenerating NAD+ in the process. 
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and flavin adenine dinucleotide (FADH2) in the electron transport chain (ETC) (Martinez-Reyes 

and Chandel, 2020). In the mitochondria FADH2 and NADH are formed by the TCA cycle, which 

is a series of closed loop reactions that occur within the matrix (Arnold and Finley, 2022). Though 

glucose usually feeds the TCA cycle through acetyl-CoA, beta-oxidation of fatty acids and 

glutaminolysis also provide substrates for the TCA. This allows the mitochondria to use alternate 

fuel sources apart from glucose, such as fatty acids and amino acids (Martinez-Reyes and Chandel, 

2020; Arnold and Finley 2022). 

Electrons, from NADH and FADH2, pass through the ETC where ATP is eventually 

produced. The ETC is composed of five complexes I to V, with an electron transporter termed 

ubiquinone between complexes I and III, and another termed cytochrome C between complexes 

III and IV (Martinez-Reyes and Chandel, 2020) (Fig. 1.1). As electrons pass through the ETC, 

protons are pumped into the intermembrane space from the matrix, creating an electrochemical 

gradient (Martinez-Reyes and Chandel, 2020). At the end of the chain, ATP synthase uses the 

proton gradient to produce ATP from ADP and phosphate, and the electron is transferred to a 

terminal electron acceptor in oxygen to form water (Martinez-Reyes and Chandel, 2020). This 

process may also generate reactive oxygen species (ROS) through leakage of electrons from 

complex I and III that does have signaling properties, though it is considered a waste product 

(Khacho et al., 2016). 

The mitochondria is also unique in that it contains its own DNA independent of the nucleus. 

Mitochondrial DNA (mtDNA) is a small, double stranded, circular DNA molecule that is roughly 

16.6 kb long in humans. It encodes for 13 polypeptides for subunits of the ETC, in addition to 2 

rRNAs and 22 tRNAs for the translation of mtDNA mRNAs (Basu et al., 2020). mtDNA 

expression can directly affect mitochondrial ATP production, as a lack of ETC complex formation 
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can lead to lower Oxphos potential (Reinecke et al., 2009). As with nuclear DNA, the expression 

of mtDNA is regulated by various factors and pathways. Notably, the nucleus has control over 

mitochondrial gene expression as all regulatory proteins are encoded by the nucleus (Basu et al., 

2020). 

 

1.5 Satellite cell metabolism 

SCs pass through various metabolic profiles which serve distinct purposes throughout each 

stage of quiescence, activation and proliferation, and differentiation (Latil et al., 2012; Ryall et al., 

2015; Hori et al., 2019; Bhattacharya and Scimè, 2020). It has been shown that that the interplay 

between mitochondrial Oxphos and glycolysis plays an integral role in dictating stem cell fate 

decisions by influencing epigenetics or changing cellular ROS levels, which affects various 

downstream pathways (Ryall et al., 2015; Khacho et al., 2016; Lian et al., 2022; Bhattacharya and 

Scimè, 2020). 

During quiescence, SCs are marked by a very low metabolic profile, favoring fatty acid 

beta-oxidation for energy production (Ryall et al., 2015; Relaix et al., 2021; Rocheteau et al., 2012, 

Baker et al., 2022). Upon activation and subsequent proliferation, SCs switch to glycolysis as the 

primary method of energy metabolism. This provides proliferating SCs with the macromolecules 

needed to meet their anabolic demands, as glycolytic intermediates can be processed into different 

biosynthetic pathways (Ryall et al., 2015; Folmes et al., 2012). As SCs begin differentiation, there 

is another dramatic shift in metabolism, with glycolysis making way for Oxphos, which was found 

to be critical for terminal differentiation (Seyer et al., 2006, 2011). Indeed, the inhibition of 

mitochondrial Oxphos and biogenesis was found to interfere with proper terminal differentiation, 

(Rochard et al., 2000; Zhang et al., 2020). 
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1.6 Mitochondrial dynamics 

A factor that plays a crucial role in Oxphos regulation is mitochondrial network 

organization.  Mitochondria are dynamic organelles, existing in a network that can bud off or 

elongate to alter their organization (Khacho et al., 2016). These processes are referred to as fission 

and fusion, and are often intertwined with mitophagy and biogenesis, as dysfunctional 

mitochondria break off from the network for degradation, and new mitochondria fuse with the 

existing network (Tilokani et al., 2018; Rafelski, 2013). The exact mechanism of how 

mitochondrial dynamics control cellular metabolism remains debated. It was found that when 

mitochondria are more interconnected, they can generate energy more efficiently than when 

disconnected (Mitra et al., 2009; Hoitzing et al., 2015, Gomes et al., 2011). It has also been 

established that mitochondrial fusion occurs to keep levels of ATP production consistent, 

especially during nutrient depletion (Gomes et al., 2011). During glucose restriction, the cell can 

no longer freely use glycolysis to generate energy and must switch to Oxphos for its primary 

energy production.  Fusion is also believed to occur during times of cellular stress, which serves 

to protect mitochondria from degradation and autophagy (Gomes et al., 2011). Finally, it is thought 

that increasing the connectivity of mitochondria facilitates the ‘mixing’ of mitochondrial contents, 

allowing them to exchange mtDNA (Chen et al., 2010). This is believed to be useful for 

neutralizing any deleterious mutation in mtDNA affecting ETC complex formation, allowing other 

healthy networked mitochondria to compensate (Chen et al., 2010). 

Control of mitochondrial dynamics lies in the three main fusion proteins: mitofusins 1 and 

2 (Mfn1/2), and optic atrophy gene 1 (OPA1), with the main fission protein being dynamin related 

protein 1 (Drp1) (Mishra and Chan, 2016). Mitofusins 1/2 are responsible for the fusion of the 

outer mitochondrial membrane, while OPA1 mediates fusion of the inner membrane. Fusion 
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events are critical to maintaining mitochondrial and cellular health, and disruption to OPA1 causes 

cellular defects and dramatic mitochondrial fission (Chen et al., 2005). OPA1 is a GTPase and 

member of the dynamin gene family that has a role in maintenance of the ETC, cristae 

organization, and regulation of mitochondrial mediated apoptosis (Alvi and Fuhrmann, 2013; 

Cogliati et al., 2013). OPA1 is transcribed into eight different splice variants that encode for two 

general forms of OPA1, long (L-OPA1) or short (S-OPA1) (Song et al., 2007). These two forms 

complement each other, working cooperatively to perform mitochondrial fusion. It is currently 

understood that L-OPA1 is imported from the cytosol and embedded in the inner mitochondrial 

membrane, while S-OPA1 is a result of proteolytic cleavage of L-OPA1, freeing it from the 

membrane and creating a soluble protein (Ishihara et al., 2006; Tondera et al., 2009). Cleavage of 

L-OPA1 into its short form is facilitated by the two mitochondrial proteins, overlapping activities 

with the m-AAA protease 1 (OMA1) and yeast mitochondrial escape 1-like protein (YME1L). The 

former is activated under conditions of cellular stress, while the latter is continuously active to 

maintain basal levels of S-OPA1 (Anand et al., 2014). Both forms of OPA1 are essential to 

maintaining mitochondrial health, and their cooperation is critical in maintaining mitochondrial 

fusion activity. Excessive cleavage of L-OPA1 into S-OPA1 leads to mitochondrial fragmentation 

and predisposition to cell death (Anand et al., 2014; Tondera et al., 2009). Disproportionate 

cleavage is thought to be a control mechanism to attenuate fusion activity. Contrarily, Lee et al. 

showed that augmented levels of S-OPA1 can maintain mitochondrial cristae and energetics 

health, and that cells unable to create S-OPA1 are more sensitive to oxidative stress (Lee et al., 

2020). 

The mitochondrial fusion activity of OPA1 can also be controlled by post-translational 

acetylation. It was discovered that when acetylated at lysine site K926 and K931, OPA1 displayed 
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significantly reduced GTPase activity, which is necessary for its fusion function (Samant et al., 

2014; Alvi and Fuhrmann, 2013). This attenuation in activity resulted in mitochondrial fission, 

and the development of a disorganized mitochondrial network. 

Mitochondrial fission is primarily controlled by the fission protein Drp1 (Tilokani et al., 

2018). Mitochondrial fission, like fusion, is a critical cellular process that allows for normal 

cellular functioning. Waterham et al., found that a complete lack of Drp1 function led to a 

hyperfused mitochondrial network, which resulted in neonatal lethality (Waterham et al., 2007). 

 

1.7 Mitochondrial dynamics and fate decisions 

Recently, it has been demonstrated that OPA1 deficiency in SCs causes their depth of 

quiescence to be reduced to the point where they were found to be in the G-alert state (Baker et 

al., 2022). The inability to fuse mitochondria not only led to their altered quiescence but altered 

fate decisions in favour of commitment to differentiate over self-renewal. Chronic loss of OPA1 

was found to cause significant mitochondrial metabolic dysfunction, reducing rates of ATP 

production and oxygen consumption (Baker et al., 2022). Additionally, it was found that short term 

loss of OPA1 resulted in fragmentation of the mitochondrial network (Baker et al., 2022). Short 

term OPA1 loss also led to a sharp increase in SCs committed to differentiation, suggesting 

mitochondrial organization and energy output plays a key role in SC fate decisions. Conversely, it 

was also found that overexpression of OPA1 in SCs promoted a deeper quiescent state due to the 

increased mitochondrial fusion and higher Oxphos activity (Baker et al., 2022). This deeper 

quiescent state is similar to the population of SCs with a higher Pax7 expression (Baker et al., 

2022; Rocheteau et al., 2012). 
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Mitochondrial fission through Drp1 also plays an important role in SC fates. When Drp1 

activity is heightened in muscle stem cells, the cells displayed fragmented mitochondria that had 

lower ATP production and increased oxidative stress (Jheng et al., 2012). However, Drp1 is 

required for the differentiation process. In early myogenic differentiation Drp1 is upregulated to 

cause mitochondrial fragmentation (Sin et al., 2016). Moreover, if Drp1 is not repressed before 

terminal differentiation then it does not occur, but complete inhibition of Drp1 causes a total loss 

in differentiation potential. (Kim et al., 2013; Palma et al., 2010). 

  

1.8 The NAD+/NADH ratio and sirtuins   

The ratio of NAD+ and NADH can be used as markers for the cellular redox state (Lunt 

and Heiden, 2011). The NAD+/NADH ratio is indicative of the balance between Oxphos and 

glycolysis, as to re-form NAD+, NADH is reduced by the mitochondrial ETC, while glycolysis and 

the TCA generates NADH (Yang and Sauve, 2016). Imbalances in this ratio can be caused by 

dysfunctions in the ETC. Indeed, loss of mitochondrial ETC activity (specifically complex I/III) 

causes a backup of electron shuttling in the ETC, which decreases the mitochondrial NADH 

reduction rate (Yang and Sauve, 2016). This causes the NAD+/NADH ratio to decrease, which 

also lowers overall cellular Oxphos levels and results in mitochondrial fragmentation (Yang and 

Sauve, 2016). When glycolysis is the primary source of energy metabolism, which is typically 

seen in proliferating cells, the cellular NAD+/NADH ratio is low (Lunt and Heiden, 2011). 

Conversely, the NAD+/NADH ratio can be increased under certain conditions as well. Specifically, 

for reduced glucose levels, glycolysis is limited, forcing cells towards Oxphos for energy 

production, resulting in mitochondrial fusion (Song and Hwang, 2019; Rossignol et al., 2004). The 

shift in NAD+/NADH ratio affects many cellular processes related to metabolism, but most notably 
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affects the sirtuin class of deacetylases. The sirtuins belong to the class III histone deacetylases 

but are unique in that their activity is tied to the availability of NAD+. Thus, they are susceptible 

to modulation by the cellular NAD+/NADH ratio and can deacetylate proteins other than histones 

(Grabowska et al., 2017; Kupis et al., 2016; Xie et al., 2020). NAD+ is a reactant for their 

deacetylase activity, forming 2′-O-acetyl-ADP-ribose while deacetylating a target substrate 

(Grabowska et al., 2017). 

Seven sirtuins (Sirt1-7) are found in mammals, each possessing a unique function or 

localization (Kupis et al., 2016). Sirt1-2 are localized in the nucleus and cytoplasm, Sirt3-4 

exclusively in the mitochondria, Sirt5 is present in all compartments, and Sirt6-7 are exclusively 

found in the nucleus (Kupis et al., 2016). Though the sirtuins all serve critical functions, Sirt1, 

Sirt2 and Sirt3 have a role in muscle. 

Sirt1 has been well documented for its function in SC differentiation, as its attenuation is 

necessary for terminal differentiation of myofibers (Fulco et al., 2003, 2008; Ryall et al., 2015). 

Its function is linked with epigenetic regulation of the myogenic program, as its histone deacetylase 

activity suppresses genes involved with differentiation by preventing their acetylation and 

subsequent expression (Ryall et al., 2015). During muscle differentiation, Sirt1 expression and the 

NAD+/NADH ratio was found to decrease throughout the process, and cells overexpressing Sirt1 

failed to fully differentiate (Fulco et al., 2003). 

Other studies found that Sirt1 activity was necessary for proper SC functioning Myers et 

al. found that loss of Sirt1 in SCs hindered proliferation in response to injury, while loss of Sirt1 

in muscle tissue had little to no effect (Myers et al., 2019). Notably, it was also found that Sirt1 

activity is responsible for the transition from quiescence to activation (Tang and Rando 2014). 

While Ryall et al. had found that Sirt1 was responsible for maintaining quiescence and delaying 
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activation, Tang and Rando found that Sirt1 activity promoted the transition to activation in SCs, 

and its deletion delayed activation (Ryall et al., 2015; Tang and Rando, 2014). In this case, Sirt1 

was acting to promote autophagic flux, which was hypothesized to be necessary for the cell to 

produce enough metabolites for activation and proliferation (Tang and Rando, 2014). These 

contradictory results suggest a more complicated, multifaceted role for Sirt1 in maintenance of SC 

quiescence and activation, and proliferation that might be related to differences in the knockout 

model, mouse strain and criteria used to discriminate the various phases between the studies. 

Sirt2 has recently been demonstrated to target Pax7, and influence SC fate decisions 

(Sincennes et al., 2021). It was found that Pax7 contains two acetylation sites at K105 and K193, and 

acetylation of these sites causes attenuation in Pax7 activity (Sincennes et al., 2021). When 

deacetylated, Pax7 causes an increase in self-renewal at the expense of commitment to 

differentiation (Sincennes et al., 2021). Additionally, the change in self-renewal causes a decrease 

in asymmetric divisions, increasing the number of Myf5- cells through symmetric divisions. 

Conversely, the opposite effect is shown upon Sirt2 inhibition. Pax7 remains acetylated, and the 

expression of Myf5 is dramatically increased (Sincennes et al., 2021). Thus, Sirt2 is directly 

responsible for the deacetylation of Pax7, which can influence fate decisions and division types. 

Sirt3 is localized exclusively to mitochondria where it regulates the acetylation status of 

mitochondrial proteins. Sirt3 serves a vital role, as deacetylation of mitochondrial proteins serves 

to regulate their activity (Kupis et al., 2016). This function of Sirt3 was highlighted in a study done 

by Lee et al., who found that when the cellular NAD+/NADH ratio is low, Sirt3 activity is 

attenuated, leading to hyperacetylation of mitochondrial proteins and mitochondrial dysfunction 

(Lee et al., 2016). Highlighting the role metabolism has in regulation of protein acetylation, 

Karamanlidis et al., found that a reduction in ETC complex I led to the reduction in the cellular 
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NAD+/NADH ratio, sufficient to inhibit Sirt3 activity, which resulted in the hyperacetylation of 

mitochondrial proteins (Karamanlidis et al., 2013). Sirt3 genetically deleted mice, also resulted in 

hyperacetylation and lack of activity of mitochondrial proteins (Karamanlidid et al., 2013). This 

hyperacetylation effect upon Sirt3 deletion was also found in OPA1 (Samant et al., 2014). As  Sirt3 

is dependent on the mitochondrial NAD+/NADH ratio, OPA1 activity is thereby indirectly tied to 

the cellular redox state (Karamanlidis et al., 2013). To date there is no data available for the role 

of Sirt3 in SCs. 

  

1.9 p107 and SC metabolism 

Retinoblastoma like protein 1 (Rbl1, p107) is a part of the retinoblastoma family of 

transcriptional co-repressors, which include retinoblastoma protein (Rb1, Rb) and retinoblastoma 

like protein 2 (Rbl2, p130). p107, as with its family members, can influence cell cycle progression 

(Henley and Dick, 2012). Knockdown of p107 has been shown to increase transcription of G1/S 

phase and G2/M phase genes, while overexpression of p107 delays or blocks entry into the S phase 

of the cell cycle (Schade et al., 2019; Rodier et al., 2005). p107 functions by preferentially binding 

to and modulating the activity of the E2F4 transcription factor, exerting its suppressive effect when 

bound (Xiao et al., 1996; Wirt and Sage, 2010). This interaction is interrupted by the 

phosphorylation of p107 by cyclin dependent kinases, which dissociate p107 from E2F4, relieving 

its suppression of target genes (Zhu et al., 1995). A unique feature of p107 is that its expression is 

limited to only proliferating cells, as it is not expressed during quiescence or in terminally 

differentiated cells (Henley and Dick, 2012; Wirt and Sage, 2010). 

The Rb protein family also has a non-canonical role with their ability to influence the 

energy status of cells (Fajas, 2013). p107 has been shown to affect the fate of adipocyte progenitors 
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(Porras et al., 2017; De Sousa et al., 2014; Scimè et al., 2005). When adipose tissue from p107 

genetically deleted (p107KO) mice was analyzed, it was shown to develop the oxidative 

thermogenic brown and beige adipocytes, rather than white (De Sousa et al., 2014; Scimè et al., 

2005). Adipogenic progenitors from the stromal vascular fraction of p107KO adipose tissue and 

p107KO murine embryonic fibroblasts (MEFs) differentiated preferentially into oxidative 

thermogenic type adipocytes (De Sousa et al., 2014). Moreover, p107 exerts its effects on 

adipocyte lineage fates through its control over the cellular metabolic profile. p107 depleted 

growth arrested adipogenic progenitors displayed an aerobic glycolytic profile where despite the 

presence of oxygen, pyruvate was converted to lactate, rather than being shuttled to the TCA cycle. 

This was required to drive commitment to the thermogenic adipocyte lineage (Porras et al., 2017). 

These studies highlight a function that p107 has in controlling progenitor fate decisions through 

its influence of metabolism. 

In skeletal muscle, p107 has been shown to influence muscle fiber type composition. 

p107KO mice displayed higher levels of the oxidative type I and IIA muscle fibers in mice of the 

Balb/c strain (Scimè et al., 2010). Indeed, primary muscle progenitors (MPCs) of p107KO mice 

differentiated into more highly oxidative myotubes compared to controls (Scimè et al., 2010). 

Recently, our lab discovered that p107 has a mitochondrial role in reducing Oxphos 

capacity in the C2C12 MPC line (Bhattacharya et al., 2021). It was determined that p107 interacted 

at the mtDNA to repress transcription of mitochondrial genes, and reduce Oxphos capacity 

(Bhattacharya et al., 2021). Conversely, p107KO C2C12 cells displayed higher levels of Oxphos, 

a more interconnected mitochondrial network, and enhanced mitochondrial gene expression 

compared to controls (Bhattacharya et al., 2021). Additionally, it was found that the mitochondrial 

function of p107 acted in a Sirt1 dependent manner, with its mitochondrial localization inhibited 
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by Sirt1 activation. This was confirmed through analysis of the NAD+/NADH ratio, which found 

that when the ratio was high and Sirt1 was active, p107 was sequestered in the cytoplasm, and 

when low, lack of Sirt1 activity allowed for p107 to enter the mitochondria (Bhattacharya et al., 

2021). Moreover, it was found that p107 and Sirt1 directly interacted with each other, 

demonstrating that p107 is a binding partner for Sirt1 (Bhattacharya et al., 2021). A notable feature 

of p107KO C2C12 cells is the presence of a hyperfused mitochondrial network, compared to 

controls. This increase in mitochondrial fusion is associated with an increase in mitochondrial 

respiration, with p107KO C2C12 cells displaying a higher oxygen consumption rate than their 

wildtype counterparts (Bhattacharya et al., 2022). Thus, not only does a lack of p107 increase 

mitochondrial fusion, but it also results in a functional increase in mitochondrial Oxphos, 

highlighting a non-canonical non-nuclear function.  
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CHAPTER 2 

RATIONALE, HYPOTHESIS, AND OBJECTIVES 

 

Rationale 

Though p107 has been demonstrated to influence the metabolism and fate decisions of 

adipogenic progenitors, this control has yet to be fully elucidated in muscle SCs (De Sousa et al., 

2014; Porras et al., 2017; Scimè et al., 2005). Also, our lab has published a non-canonical non-

nuclear mitochondrial role for p107 in the control of muscle progenitor cell metabolism 

(Bhattacharya et al., 2021). Further, unpublished work from our lab shows that SCs isolated from 

p107KO mice display a preference for self-renewal upon activation, without attenuating 

differentiation and regenerative capacity (Shah, 2023). Upon further investigation, it was found 

that this effect was attributed to the lack of p107 localized to the mitochondria. However, the exact 

mechanism in which p107 exerts its control over fate decision making remains unknown. This 

investigation into the role and mechanism of mitochondrial p107 in SCs may provide novel insight 

into the pathways that affect SC fate decisions. 

 

Hypothesis 

We hypothesize that p107 mitochondrial localization regulates mitochondrial dynamics to 

influence SC fate decisions. 
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Objectives 

The primary objective of this research project is to determine if mitochondrial p107 influences 

SC fate decisions by three specific objectives. 

Aim 1: To determine if p107 is regulated by the NAD/NADH ratio and sirtuin activity in SCs. 

Aim 2: To determine how p107 mitochondrial localization affects SC fate decisions. 

Aim 3: To assess the potential role of p107 in SC mitochondrial dynamics. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

Mice 

Animal experiments were performed according to guidelines approved by the York 

University Animal Care Committee, based on the guidelines of the Canadian Council on Animal 

Care. Wild type (WT) and p107 genetically deleted (p107KO) mice (LeCouter et al., 1998) used 

in animal experiments and tissue extraction were of mixed strain (NMRI, C57/Bl6, FVB/N) 

background (Chen et al., 2004). All mice used were 6 to 8 weeks of age, with male and female 

mice being used indiscriminately. 

  

Cell culture 

The C2C12 myogenic progenitor cell line was purchased from the American Tissue Type 

Culture. Cells were grown in 25mM glucose Dulbecco’s Modified Eagle Medium (DMEM) 

(Wisent Bioproducts) supplemented with 10% fetal bovine serum (FBS) (Wisent Bioproducts), 

and 1% penicillin streptomycin (P/S) (Wisent Bioproducts) and incubated at 37°C with 5% CO2. 

  

Glucose availability experiments 

For in vitro cell culture experiments comparing effects of glucose availability, stripped 

DMEM lacking glucose, sodium pyruvate, HEPES, L-glutamine, and phenol red (Gibco, 

ThermoFisher) supplemented with 10% FBS and 1% P/S was used. For primary myofiber culture, 

stripped DMEM was supplemented instead with 20% FBS, 1% P/S, 1% chicken embryo extract 

(CEE) (MP Biomedicals), and 7.5ng/mL basic fibroblast growth factor (bFGF) (PeproTech). To 
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achieve desired glucose concentrations, D-glucose (Sigma Aldrich) was added to attain 25mM and 

5.5mM glucose concentrations. 

For nicotinamide (NAM) experiments, 10mM of nicotinamide (Alfa Aesar) was added to 

the 5.5mM glucose stripped DMEM fiber culture medium. NAM supplemented medium was 

added to culture 24h post-isolation, to avoid interference of SC activation. 

  

Primary myofiber isolation 

Extensor digitorum longus (EDL) myofibers were isolated from WT and p107KO mice. Mice were 

sacrificed and EDL muscles were dissected with tendons intact and digested in filter sterilized 

0.2% type 1 collagenase (Sigma Aldrich) in FBS free DMEM for 45 minutes in a 37°C water bath. 

Once the EDL was sufficiently digested, muscles were transferred to warmed cell culture dishes 

containing DMEM and 1% P/S. Muscles were then flushed with a Pasteur pipette to release the 

individual myofibers. Myofibers were then picked up using a Pasteur pipette and transferred to a 

12 or 24 well plate containing warm 25mM glucose DMEM supplemented with 20% FBS, 1% 

P/S, 1% CEE, and 7.5ng/mL bFGF and cultured at 37°C with 5% CO2 for 72 hours. 

A minimum of 15 myofibers from each unique condition were analyzed for all myofiber 

experiments. Activated, self-renewing, and differentiating SCs were counted and expressed as a 

fraction of the total SC population in the group. Data was expressed as a fold change of the fraction 

of activated, self-renewing, or committed SCs compared to the total SC population. 

          

Western blot analysis 

         Cells were lysed in RIPA buffer (0.5% NP-40, 0.1% sodium deoxycholate, 150mM NaCl, 
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50mM Tris-Cl pH 7.5, 5mM EDTA), supplemented with a protein inhibitor cocktail containing 

1mg/mL pepstatin, aprotinin, and leupeptin. The mixture was incubated on ice for 10 minutes 

before being centrifuged at 21000g for 15 minutes at 4°C to remove cellular debris. 

Protein lysates were boiled in a buffer containing 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 

0.004% bromophenol blue, 0.125M Tris HCl and 1mM DTT for 3 minutes. After loading onto 

either gradient (6-12%) or 8% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) gels, samples were run in buffer composed of 25mM Tris base, 192mM glycine and 0.1% 

SDS and proteins were separated by electrophoresis for approximately 1 hour and 30 minutes at 

30 milliamps. Proteins from the gel were transferred onto 0.22μM pore size nitrocellulose 

membrane (Santa Cruz Biotechnology) in a buffer containing 50mM Tris base, 384mM glycine, 

and 20% methanol for 1 hour and 20 minutes. Membranes were then blocked for 1 hour at room 

temperature in 5% non-fat milk in Tris-buffered saline (TBS) (50mM Tris-base and 150mM NaCl) 

with 0.1% Triton X-100 (TBST) and then washed for 3 minutes in TBST. The membranes were 

probed overnight at 4°C with primary antibodies diluted in 1% bovine serum albumin (BSA) in 

TBST with gentle rocking. The next day, membranes were washed with TBST and incubated for 

1 hour at room temperature with secondary antibodies, either goat anti-rabbit or goat anti-mouse 

(Bio-Rad) conjugated with horseradish peroxidase, diluted in 5% non-fat milk in TBST with gentle 

rocking. After secondary antibody incubation, membranes were washed in TBST 3 times for 5 

minutes and finally washed in TBS for 10 minutes. Membrane visualization was done using 

chemiluminescence Clarity Western ECL Substrate (Bio-Rad) on photographic UltraCruz 

Autoradiography Film (Santa Cruz Biotechnology). Protein levels were evaluated through 

densitometry using Image J software. The densitometric values were presented as fold changes of 

the ratio of the protein of interest compared to the loading control α-tubulin. For Fig. 4.14B, 
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densitometric values were taken from the red hashed box from Fig. 4.14A. All Western blotting 

consisted of at least three clonal cell lines. 

  

Real-time quantitative polymerase (RT-qPCR) 

For RNA isolation, cells were lysed using QIAzol Lysis Reagent (Qiagen). Lysed samples 

were incubated at room temperature for 5 minutes, and 200µL of chloroform (Sigma Aldrich) was 

added per milliliter of QIAzol used. Samples were mixed and incubated at room temperature for 

5 minutes before centrifugation at 12000g for 15 minutes at 4°C. The uppermost phase was 

retained, with the other layers being discarded. For each milliliter of QIAzol used, 500µL of 

isopropyl alcohol (Sigma Aldrich) was added to the retained phase and incubated at room 

temperature for 10 minutes. Samples were then centrifuged at 12000g for 10 minutes at 4°C. The 

supernatant was discarded, and the pellet retained. The pellet was washed twice by adding 1mL of 

75% ethanol (Sigma Aldrich) per 1mL of QIAzol used, shaking, then centrifuging at 7500g for 5 

minutes at 4°C. The pellet was once again retained, and the tube containing the pellet was opened 

and placed upside down and let to air dry for 10 minutes. RNA pellet was resuspended in RNAse 

free water, and its concentration was measured using the NanoDrop ND-1000 UV-Vis 

Spectrophotometer (ThermoFisher). To convert RNA into cDNA, the Advanced cDNA (Wisent 

Bioproducts) kit was used according to the manufacturer’s instructions. 

For RT-qPCR, samples were loaded in duplicate into a 96-well PCR plate. Each well 

contained 1x SYBR Green dye (BiMake), 1µM OPA1 forward primer 

(TGGAAAATGGTTCGAGAGTCAG), 1µM OPA1 reverse primer 

(CATTCCGTCTCTAGGTTAAAGCG), 25ng of cDNA template, and water to make 20µL 

reaction volume. Plates were briefly centrifuged at 425g for 5 minutes to ensure all reagents were 
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mixed at the bottom of each well. PCR was carried out on the LightCycler 96 system (Roche), 

with 40 amplification cycles. Results were then analyzed for changes in gene expression using the 

2(-Delta Delta C(T)) method (Livak and Schmittgen, 2001). Gene expression data was presented 

as the fold change between the 2(-Delta Delta C(T)) values. Three clonal cell lines were used. 

  

p107KO cell line derivation 

Crispr/Cas9 was used to generate the p107 genetically deleted (p107KO) C2C12 cell lines 

used. C2C12 cells were transfected with 3 LentiU6-sgRNA-SFFV-Cas9-2A-Puro plasmids each 

containing a different sgRNA to target p107 sequences 110 CGTGAAGTCATCCAGGGCTT, 56 

GGGAGAAGTTATACACTGGC, and 350 AGTTTCGTGAGCGGATAGAA (Applied 

Biological Materials). For transfection, 10µg of each plasmid, 2.5mM CaCl2, and distilled water 

to 500µL was added dropwise into HEBS buffer (274mM NaCl, 10mM KCl, 1.4mM Na2HPO4, 

15mM D-glucose and 42mM HEPES), incubated at room temperature for 1 hour, then added to 

20% confluent C2C12 cells. 

To select clones, 18 hours post-transfection, the cells were passaged into 96 well tissue 

culture plates and 2mg/mL puromycin in DMEM supplemented with 5% FBS and 1% P/S was 

added 24 hours after passaging that was refreshed after 2 days 3 times. Surviving clones were 

cultured and tested for p107 knockout through Western blotting. For control cells, C2C12 cells 

were transfected with an empty vector pLentiU6-sgRNA-SFFV-Cas9-2A-Puro and puromycin 

selected as above. 

 Immunocytochemistry and confocal imaging 

         To visualize myofiber associated SCs, WT and p107KO myofibers were fixed for 10 

minutes in prewarmed 2% PFA in phosphate buffered saline (PBS) with gentle rocking at room 
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temperature. Myofibers were washed 3 times with PBST (0.1% Triton X-100 in PBS) and 

incubated with permeabilization buffer (0.3% Triton X-100 and 0.1M glycine in PBS) for 10 

minutes at room temperature with gentle rocking. Myofibers were then incubated for 1 hour at 

room temperature with gentle rocking in blocking buffer (2% BSA, 5% donkey serum, 5% goat 

serum and 0.1% Triton X-100 in PBS). After blocking, myofibers were incubated in blocking 

buffer containing primary p107 (p107-SD9 Santa Cruz Biotechnology) or Pax7 (AB_528428 

DSHB) antibody at a 1:100 dilution overnight at 4°C. The next day myofibers were washed 3 times 

with PBST, then incubated with anti-mouse secondary antibodies NL 493 conjugated (NL009 

Novus Biologicals) or NL 557 conjugated (NL007 Novus Biologicals) at a 1:1000 dilution for 1 

hour at room temperature with gentle rocking. The myofibers were then washed 3 times with 

PBST, before being incubated at 4°C overnight with blocking buffer containing a 1:100 dilution 

of primary antibody MyoD (NBP1-54153 Novus Biologicals) or Tom20 (11802-1-AP 

Proteintech), with gentle rocking. The next day, myofibers were once again washed 3 times with 

PBST, then incubated for 1 hour at room temperature with gentle rocking in blocking buffer with 

anti-rabbit secondary antibody NL 637 conjugated (NL005 NovusBiologicals) at a 1:1000 dilution. 

After incubation, myofibers were washed 3 times with PBST and incubated with 10μg/mL DAPI 

(Sigma Aldrich) for 10 minutes with gentle rocking at room temperature, then washed 3 times with 

PBST. Myofibers were then mounted onto positively charged microscope slides (FroggaBio) and 

Vectashield mounting media (Vector) was added before placing a coverslip and sealing the slide. 

Confocal imaging of individual SCs and SC clusters was done using the LSM 700 microscope 

with Plan-Apochromat 63x/1.4 III HR (Zeiss) optical equipment. A line was drawn through 

representative cells to indicate relative intensity of RGB signals for colocalization analysis with 

Zen Blue software (Zeiss). The values were then plotted and congruent peaks were manually 
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evaluated with the criteria that both intensity lines must peak at the same point on the X axis. This 

was repeated three times with different biological replicates for each treatment group, and the 

number of congruent peaks were compared as a fold change to each other across treatment groups. 

 

Antibodies used 

         α-tubulin (66031-1-Ig Proteintech); Acetyl-Lysine (9441 Cell Signaling); MyoD 

(NBP1-54153 Novus Biologicals); Pax7 (AB_528428 DSHB); Pax7 (20570-1-AP Proteintech); 

p107 (13354-1-AP Proteintech); p107 (p107-SD9 Santa Cruz Biotech); Tom20 (11802-1-AP 

Proteintech); Goat anti-rabbit IgG (H+L) HRP Conjugate (170-6515 BioRad); Goat Anti-Mouse 

IgG (H+L) HRP Conjugate (170-6516 BioRad); Donkey Anti-Mouse IgG Secondary Antibody 

NL 493 conjugated (NL009 Novus Biologicals); Donkey Anti-Mouse IgG Secondary Antibody 

NL 557 conjugated (NL007 Novus Biologicals); Donkey Anti-Rabbit IgG Secondary Antibody 

NL 637 conjugated (NL005 NovusBiologicals). 

  

Live cell imaging 

         For live cell imaging of mitochondria, control and p107KO C2C12 cells were first cultured 

to 50% confluency in Nunc Lab-Tek II chamber slides (ThermoFisher) before they were grown in 

5.5mM or 25mM glucose stripped medium for 24h prior to imaging. 40mM MitoView Green 

(ThermoFisher) was added to each of the cell cultures and incubated for 10 minutes at 37°C. Cells 

were then live imaged with the Axio Observer.Z1 microscope with Plan-Apochromat 63x/1.4 III 

HR (Zeiss) optical equipment. 

 

Mitochondrial measurements 



28 

 

         Using confocal microscopy images, mitochondrial length was measured by tracing over 

the mitochondria from one end to the other with a line that was calibrated to the scale bar using 

Image J software.  When measuring mitochondria, at least 200 mitochondria were counted in 

C2C12 culture models, while at least 50 mitochondria were counted for ex vivo myofiber models. 

For C2C12 live cell imaging, at least three clonal cell lines were used, and for SCs from myofibers, 

3 independent mice were used. 

 

Statistics and Reproducibility 

         All experiments were performed with at least three biological replicates, as indicated in 

figure legends. Results were presented as the mean ± standard deviation. Statistical analysis was 

performed using two tailed Student’s T-tests in Microsoft Excel and were considered statistically 

significant when p<0.05. Some data were analyzed using an appropriate two-way analysis of 

variance (ANOVA) with the criteria of p<0.05. All significant differences were subsequently 

evaluated using a Tukey post hoc test. 
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CHAPTER 4 

RESULTS 

 

Localization of p107 in SCs is controlled by glucose availability 

In the C2C12 MPC cell line, p107 was recently demonstrated to be localized in the 

mitochondria in cells grown in 25mM glucose, and conversely in the cytoplasm when grown with 

5.5mM (Bhattacharya et al., 2021). As this relationship was never demonstrated in SCs, the adult 

muscle stem cells, we assessed p107 localization by using ex vivo myofibers isolated from mouse 

EDL cultured in medium containing either 25mM or 5.5mM glucose, without pyruvate and 

glutamine. First, we evaluated localization in SCs grown in 25 mM glucose when p107 is in the 

mitochondria of C2C12 cells. p107 in SCs was visualized after three days in culture by 

immunofluorescent staining for p107 and mitochondria marker Tom20 (mitochondrial translocase 

of the outer membrane complex), and subsequent confocal microscopy. Analysis of confocal Z-

stack images revealed that p107 and Tom20 colocalized with many regions of immunofluorescent 

overlap of intense bright yellow signal (highlighted with white arrows) (Fig. 4.1). Colocalization 

was confirmed through analysis of fluorescence intensity peaks of a line scanned for the red, green, 

blue (RGB) profile of a representative image. Through the analysis of peak congruence between 

the Tom20 and p107 channels, it was observed that many intensity peaks between p107 and Tom20 

were aligned, indicating large amounts of overlap, suggesting co-localization (Fig. 4.1). 

We determined if growth in 5.5mM glucose would have the opposite effect of shifting p107 

from the mitochondria of SCs to the cytoplasm, as in C2C12 cells (Bhattacharya et al., 2021). 

Confocal microscopy for p107 and Tom20 immunofluorescence revealed a substantial reduction 

of p107 located in the mitochondria compared to cells grown in 25mM glucose (compare Fig. 4.1 
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with Fig. 4.2). Staining revealed disparate areas of p107 and Tom20 staining, that was confirmed 

through the analysis of fluorescence intensity peaks of a line scanned for the RGB profile of the 

representative image (Fig. 4.2). The number of congruent peaks is noticeably lower than what is 

found in the 25mM glucose culture (compare Fig. 4.1 with Fig. 4.2), indicating areas without 

significant p107 and Tom20 overlap. Thus, these results suggest that p107 mitochondrial 

localization in SCs is controlled by glucose levels that regulate the NAD+/NADH ratio 

(Bhattacharya et al., 2021). 

  

Inhibition of Sirt activity results in p107 mitochondrial localization 

As the NAD+/NADH ratio is affected by glucose concentration alters p107 localization, 

we explored the possibility of manipulating p107 localization in SCs by influencing Sirt activity. 

In C2C12 cells, Sirt1 activity is known to prevent p107 mitochondrial localization whereas the Sirt 

inhibitor nicotinamide (NAM) has the opposite effect (Bhattacharya et al., 2021). Thus, we 

blocked Sirt activity in SCs using NAM to determine if it would increase p107 localization to the 

mitochondria. NAM was added to wildtype (WT) EDL myofiber cultures grown in 5.5mM 

glucose, which is a growth condition that induces significant p107 cytoplasmic localization. 

Confocal microscopy after immunostaining with p107 and Tom20 revealed an almost complete 

overlap between regions of p107 and mitochondrial marker Tom20 in SCs, suggesting that p107 

localized preferentially to the mitochondria (Fig. 4.3). This was verified by analyzing the 

fluorescence intensity peaks of a line scanned for the RGB profile of the representative image (Fig. 

4.3). A considerable number of congruent peaks are present between p107 and Tom20, indicating 

p107 was preferentially localized to the mitochondria. 
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We next evaluated the extent of p107 localization in the mitochondria by comparing the 

number of congruent immunofluorescent intensity peaks between p107 and mitochondria marker 

Tom20 that were present between SCs grown in 5.5mM glucose with and without NAM and in 

25mM glucose. We find that NAM treatment and SCs grown in 25mM glucose have similar 

number of congruence peaks that are significantly different than SCs grown in 5.5mM glucose 

(Fig. 4.4). This indicates that Sirt inhibition appears to increase the number of p107 proteins 

localized in the mitochondria when the SCs are grown in 5.5mM glucose to levels of SCs grown 

in 25mM glucose. Our results therefore suggest that p107 mitochondrial function is controlled by 

Sirt activity and potentially Sirt1 as in C2C12 cells. 

  

Mitochondrial p107 favors SC fate decisions for commitment to differentiation over self-

renewal 

We next determined if the mitochondrial function of p107 affects SC fate decisions. 

Previous unpublished data from our lab showed that p107KO SCs and p107 cytoplasmic 

localization in WT SCs showed a preference for self-renewal (Shah, 2023). This suggests that 

mitochondrial localized p107 would have the opposite effect to promote commitment to 

differentiate over self-renewal. To test this possibility, we sought to localize p107 into the 

mitochondria by influencing Sirt activity and analyze SC fate decisions. SCs preferentially self-

renew when grown in 5.5mM glucose conditions (Shah, 2023), which is when p107 is 

preferentially in the cytoplasm (Fig. 4.2). Thus, we treated SCs with 5.5mM glucose supplemented 

with NAM to localize p107 to the mitochondria (Fig. 4.3), in this way we can determine if SC 

fates change due to glucose availability or to p107 mitochondrial function. 
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SC fate decisions on myofibers can be observed through microscopy after immunostaining 

for the markers Pax7 and MyoD from two days post isolation (Brun et al., 2018). Self-renewing 

SCs are classified by the exclusive presence of Pax7 (Pax7+/MyoD-), activated or proliferating 

SCs express both Pax7 and MyoD (Pax7+/MyoD+), whereas SCs committed to differentiation 

solely express MyoD (Pax7-/MyoD+). Using this approach (Fig. 4.5A), we found that there were 

no differences in activated/proliferating SCs between untreated and NAM treated SCs (Fig. 4.5B). 

However, we found significantly less self-renewal in NAM treated SCs compared to untreated 

controls (Fig. 4.5B). This occurred despite the SCs growth in 5.5mM glucose, which normally 

stimulates preference for self-renewal (Shah, 2023). The analysis of SCs committed to 

differentiation showed that their numbers increased significantly to nearly seven times that of 

controls (Fig. 4.5B). This data highlights that the mitochondrial function of p107 might affect fate 

decisions by promoting SCs to differentiation rather than self-renewal. It also demonstrates that 

p107 regulation of SC fate choices might be dependent on Sirt activity. 

 

p107 regulates SC fate decisions through Sirt activity 

As Sirt inhibition led to a decrease of SC self-renewal and a concomitant increase in 

commitment to differentiate, we next assessed if this was dependent on p107. For this, SCs on 

myofibers from p107KO mice were grown in 5.5mM glucose with and without NAM. Under this 

condition, if Sirt activity for SC fate choices was dependent on p107 then there should be no 

changes to the self-renewal phenotype. SC fate choices revealed by immunofluorescence for Pax7 

and MyoD with confocal microscopy show no significant difference for proliferation/activation, 

self-renewal, and commitment to differentiate with the addition of Sirt inhibitor NAM (Fig. 4.6A 
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and Fig. 4.6B) Together, this data suggests that Sirt activity for regulation of SC fate choices is 

dependent on p107. 

 

p107 subcellular localization affects SC mitochondrial remodeling 

As mitochondrial dynamics can regulate stem cell fate decisions (Baker et al., 2022; 

Bhattacharya and Scimè, 2020). We next determined if p107 might influence the mitochondrial 

network. Thus, we explored the mitochondrial interconnectivity when p107 was localized to either 

the mitochondria or cytoplasm. This was first assessed in vitro, using the C2C12 cells that were 

cultured in either 25mM or 5.5mM glucose without pyruvate and glutamine. We measured 

mitochondria length by visualizing mitochondria with MitoView Green (Biotium), which 

incorporates into the mitochondrial membrane of live cells so that they could be imaged using live 

cell confocal microscopy (Bhattacharya et al., 2021). Comparing 25mM to 5.5mM glucose 

conditions we found stark differences in mitochondrial morphology (Fig. 4.7A). Under the 25mM 

glucose condition, mitochondria are heavily fragmented, whereas those grown in 5.5mM displayed 

longer branching mitochondria. By measuring the length of individual mitochondria using Image 

J software, we found that SCs treated with 5.5mM glucose display a significantly higher average 

length compared to mitochondria grown in 25mM glucose (Fig. 4.7B). When the mitochondrial 

lengths were grouped according to size, we found a larger proportion of smaller mitochondria in 

cells grown in 25mM glucose, while those grown in 5.5mM had primarily elongated mitochondria 

(Fig. 4.7C). Thus, this suggests that p107 mitochondrial localization influenced by NAD+/NADH 

might also influence mitochondrial networking of SCs. 

We next determined if p107 mitochondrial function is potentially affecting mitochondrial 

networking of SCs. Murine EDL myofibers were extracted and cultured for 24 hours in 25mM 
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glucose fully supplemented medium, then switched to either 25mM or 5.5mM glucose in medium 

lacking pyruvate and glutamine for 48h. SCs present on fibers were immunostained for Pax7 and 

Tom20 and immunofluorescence visualized by confocal microscopy. In 25mM glucose, SCs 

display significantly fragmented mitochondria compared to 5.5mM glucose (Fig. 4.8A). 

Evaluation of the average mitochondrial length between the two groups reveal that SCs grown in 

5.5mM glucose have a significantly longer (almost double) average mitochondria length compared 

to growth with 25mM glucose (Fig. 4.8B). Grouping mitochondrial lengths by size revealed that 

majority of mitochondria in 25mM SCs were smaller, while the mitochondria of 5.5mM SCs had 

significantly greater lengths (Fig. 4.8C). Thus, by altering the NAD+/NADH ratio with varying 

glucose concentrations, p107 localization might affect mitochondrial size and remodeling of SCs. 

 

Glucose availability that affects mitochondrial dynamics in SCs is dependent on p107 

To test if the NAD+/NADH ratio controlled by varying the glucose concentration, might 

affect mitochondrial remodeling of SCs through a p107 dependent function, we evaluated p107KO 

C2C12 cells and SCs grown in 5.5mM or 25mM glucose. First, MitoView was added to p107KO 

C2C12 cells for imaging mitochondria by live cell confocal microscopy. Upon comparison 

between the two growth conditions, we found that p107KO C2C12 cells did not display any 

noticeable change in their mitochondrial length (Fig. 4.9A). This was confirmed through 

measurement of mitochondrial lengths, that showed that the average length did not change between 

the two groups (Fig. 4.9B). Furthermore, grouping according to length showed that the number of 

mitochondria for each of the grouped lengths varied little between the two glucose conditions (Fig. 

4.9C). Thus, glucose conditions that vary the NAD+/NADH ratio show no change in mitochondrial 
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morphology of p107KO C2C12 cells suggesting that mitochondrial network changes occur 

through a p107 dependent mechanism. 

We then assessed SCs from p107KO mice for mitochondria networking when grown with 

5.5mM or 25mM glucose as was done for p107KO C2C12 cells (Fig. 4.9). Analysis used Pax7 

and Tom20 immunofluorescence to identify SC mitochondria that showed no immediate 

mitochondria morphological differences between the SCs grown in 5.5mM and 25mM glucose, as 

they both appeared to be highly interconnected (Fig. 4.10A). Evaluation of average mitochondrial 

length with Image J, revealed that p107KO SCs did not display any significant change in length 

(Fig. 4.10B). Also, grouping according to length size showed that the number of mitochondria of 

each grouped length did not significantly vary between the two glucose conditions (Fig. 4.10C). 

As varying the glucose concentration, which alters the NAD+/NADH ratio, had no effect on 

p107KO SCs, it suggests that regulation of mitochondria organization by NAD+/NADH is 

dependent on p107 and might be based on Sirt activity. 

  

Sirt mitochondrial organization of SCs is dependent on p107 

We explored if p107 regulation of mitochondria network organization in SCs is potentially 

based on Sirt activity. We assessed if Sirt activity was affecting mitochondrial network 

organization by growing extracted EDL myofibers containing SCs with 5.5mM glucose with and 

without Sirt inhibitor NAM (Fig. 4.11). The SCs present on the myofibers were immunostained 

with Tom20 and Pax7. Subsequent confocal microscopy Z-stacks of SCs showed that the 

mitochondria in NAM treated SCs display less definition, appearing in clumps rather than outlined 

in more defined structures as in the untreated control (Fig. 4.11A). The middle slice of the Z-stack 

was used for mitochondria length measurement using Image J software. Analysis of the average 
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mitochondrial length revealed that the NAM treated SCs displayed significantly lower average 

mitochondrial length than untreated (Fig. 4.11B). Analysis of mitochondrial length distribution 

shows that the non-NAM treated SCs displayed a higher number of longer mitochondria, whereas 

NAM treatment increased the number of shorter mitochondria (Fig. 4.11C). 

Next, we tested if the effect of inhibiting Sirt on mitochondrial network organization was 

dependent on p107. For this, p107KO SCs were grown in 5.5mM glucose in the presence or 

absence of NAM. Confocal microscopy and immunofluorescence for Pax7 and TOM20 showed 

no differences in mitochondrial morphology (Fig. 4.12A). Analysis of average mitochondrial 

length between the NAM treated and non-NAM treated p107KO SCs revealed that there was no 

statistically significant difference in size (Fig. 4.12B). Also, there were no differences observed 

when grouping mitochondria by their size, with each treatment displaying a similar number of 

mitochondria of each size (Fig. 4.12C). Together, these results suggest that Sirt activity, 

potentially Sirt1, which is responsible for the change in mitochondrial morphology, is dependent 

on p107. 

  

p107KO C2C12 cells express elevated OPA1 protein levels 

To explore a possible mechanism for the increased mitochondrial fusion in p107KO cells 

compared to WT controls, we gauged the protein expression levels of mitochondrial fusion protein 

OPA1. Protein lysate was collected from control and p107KO C2C12 cells, and Western blotted 

for OPA1 (Fig. 4.13A). Densitometric analysis of the Western blot showed that OPA1 protein 

levels were significantly higher in p107KO cells compared to controls (Fig. 4.13A). We evaluated 

if the elevated OPA1 protein levels in p107KO cells was related to an increase in OPA1 gene 

expression. Real-time quantitative PCR (RT-qPCR) analysis of OPA1 in control and p107KO 
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C2C12 cells showed no differences in gene expression (Fig. 4.13B). This suggests a possible 

explanation for the increased mitochondrial fusion in the absence of mitochondrial p107 is 

potentially due to increased OPA1 protein levels. 

  

p107 levels are associated with global cellular protein acetylation 

As increases in OPA1 activity is due to its deacetylation, which is linked with lower global 

cellular acetylation levels (Parodi-Rullán et al., 2018), we assessed if p107 is associated with this 

process.  For this, protein lysates from control and p107KO C2C12 cells were Western blotted for 

general global lysine acetylation. Our results showed an overall acetylation pattern of heavier 

(>75kda) proteins, and a general trend of higher levels of cellular acetylation in control compared 

to p107KO cells (Fig. 4.14A). This was confirmed with densitometric analysis of the darkest, 

bottom most bands (shown between hatched lines) that demonstrated p107KO cells with 

significantly lower levels of global cellular acetylation compared to controls (Fig. 4.14B). These 

results demonstrate the potential that p107 mitochondrial function might influence cellular 

acetylation status that impacts OPA1 activity and mitochondrial dynamics. 
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Figure 4.1 

 

 
Figure 4.1. p107 is mitochondrially localized in SCs when cultured in 25mM glucose. 

Representative confocal microscopy images for DAPI, p107, Tom20 and merge for SCs on EDL 

myofiber cultured in 25mM glucose. Hashed box on merge represents a magnified image region. 

White arrowheads point to areas of p107 and Tom20 overlap. A line was drawn through a 

representative cell from the merged confocal image to indicate relative intensity of RGB signals. 

The black arrowheads point to areas of concurrent intensities in the images. Scale bar is 10μm, and 

5µmin the magnified image. 
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Figure 4.2 

 

 
Figure 4.2. Reduced p107 mitochondrial localization in SCs cultured in 5.5mM glucose. 

Representative confocal microscopy images for DAPI, p107, Tom20 and merge for SCs on EDL 

myofiber cultured in 5.5mM glucose medium. Hashed box on merge represents a magnified image 

region. White arrowheads point towards areas of p107 without Tom20 overlap A line was drawn 

through a representative cell from the merged confocal image to indicate relative intensity of RGB 

signals. The black arrowheads point to areas of concurrent intensities in the images. Scale bar = 

10μm, and 5µm in the magnified image. 
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Figure 4.3 

 

 
Figure 4.3. p107 preferentially localizes to the mitochondria in SCs grown with 5.5mM 

glucose and treated with Sirt inhibitor NAM. Representative confocal microscopy images for 

DAPI, p107, Tom20 and merge for SC on EDL myofiber cultured in 5.5mM glucose medium 

treated with NAM. Hashed box on merge represents magnified image region. White arrowheads 

point towards areas of p107 with strong Tom20 overlap. A line was drawn through a representative 

cell from the merged confocal image to indicate relative intensity of RGB signals. The black 

arrowheads point to areas of concurrent intensities in the images. MF denotes the area occupied 

by the myofiber. Scale bar = 5μm, and 2µm in the magnified image. 
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Figure 4.4 

 

 
Figure 4.4. NAM inhibition of Sirt activity increases p107 and mitochondria 

immunofluorescent intensity overlap. Graphical representation of the fold change in the number 

of immunofluorescent congruent intensity peaks (I-CIP) for p107 and Tom20 of SCs on EDL 

myofibers grown with 25mM or 5.5mM glucose with and without NAM. n=3 mice. One way 

ANOVA and Tukey post hoc test was performed. **p < 0.01. 
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Figure 4.5 

 

 
Figure 4.5. Mitochondrial localization of p107 reduces the self-renewal capacity of SCs. (A) 

Representative immunohistochemistry for DAPI, Pax7, MyoD and merge of SCs on EDL 

myofibers grown in 5.5mM glucose with or without NAM. Scale bar = 10µm. MF denotes the area 

occupied by the myofiber. (B) Graphical representation of fold change for activated or 

proliferating (Act/Pro), self-renewing, and committing to differentiate SCs with or without NAM. 

White arrows denote self-renewing SCs and red arrows denote committed SCs. Hashed lines are 

an outline of myofiber. Data is presented as mean values ± standard deviation. n = 4 mice. Two-

tailed unpaired Student T-test, *p<0.05, ***p <0.001. 
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Figure 4.6 

 

 
Figure 4.6. Sirt inhibition does not affect p107KO SC fate choices. (A) Representative 

immunohistochemistry for DAPI, Pax7, MyoD and merge of p107KO SCs on EDL myofibers 

grown in 5.5mM glucose with or without NAM. Scale bar = 10µm. MF denotes the area occupied 

by the myofiber. (B) Graphical representation of fold change for activated or proliferating 

(Act/Pro), self-renewing, and committing to differentiate SCs with or without NAM. White arrows 

denote self-renewing SCs, and red arrows denote committed SCs. Hashed lines are an outline of 

myofiber. Data is presented as mean values ± standard deviation. n = 4 mice. 
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Figure 4.7 

 

 
Figure 4.7. NAD+/NADH ratio is associated with regulation of C2C12 mitochondrial 

morphology. (A) Representative confocal microscopy live cell images C2C12 mitochondria 

stained with MitoView Green cultured in 25mM or 5.5mM glucose. Magnified area presented is 

outlined with the dashed box on non-magnified picture. Scale bar = 20µm and 5µm, respectively. 

(B) Graphical representation of fold change in average mitochondrial length of C2C12 cells grown 

in 25mM or 5.5mM glucose using Image J quantification. n=3 clonal cell lines. Two-tailed 

unpaired Student T-test, **p<0.01. (C) Graphical representation for number of mitochondria per 

grouped lengths using Image J quantification. Two-tailed unpaired Student T-test, π=*p<0.05, 

δ=**p<0.01, Ψ=***p<0.001, Φ=****p<0.0001. 
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Figure 4.8 

 

 
Figure 4.8. NAD+/NADH ratio is associated with regulation of SC mitochondrial 

morphology. (A) Representative confocal immunohistochemistry for Tom20 of SCs cultured in 

25mM or 5.5mM glucose. Magnified area presented is outlined with the dashed box on non-

magnified picture. Scale bar = 10µm and 2µm, respectively. MF denotes the area occupied by the 

myofiber. (B) Graphical representation of fold change in average mitochondrial length of SCs 

grown in 25mM or 5.5mM glucose using Image J quantification. n=4 mice. Two-tailed unpaired 

Student T-test, **p <0.01. (C) Graphical representation for number of mitochondria per grouped 

lengths using Image J quantification. Two-tailed unpaired Student T-test, π=*p<0.05, δ=**p<0.01. 
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Figure 4.9 

 

 
Figure 4.9. p107KO C2C12 cells display no changes in mitochondrial morphology when 

grown in disparate glucose concentrations. (A) Representative confocal microscopy live cell 

images of stained mitochondria (MitoView Green) for C2C12 cells cultured in 25mM or 5.5mM 

glucose. Magnified area presented is outlined with the dashed box on non-magnified picture. Scale 

bar = 20µm and 5µm, respectively. MF denotes the area occupied by the myofiber. (B) Graphical 

representation of fold change in average mitochondrial length of cells grown in 25mM or 5.5mM 

glucose using Image J quantification. n=3 clonal cell lines. (C) Graphical representation of number 

of mitochondria per grouped lengths using Image J quantification. 
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Figure 4.10 

 

 
Figure 4.10. p107KO SCs display no changes in mitochondrial morphology when grown in 

disparate glucose concentrations. (A) Representative confocal immunohistochemistry for 

Tom20 p107KO SCs cultured in 25mM or 5.5mM glucose. Magnified area presented is outlined 

with the dashed box on non-magnified picture. Scale bar = 10µm and 5µm, respectively. (B) 

Graphical representation of fold change in average mitochondrial length of cells grown in 25mM 

or 5.5mM glucose using Image J quantification. n=4 mice. (C) Graphical representation of 

mitochondria number per grouped lengths using Image J quantification. 



48 

 

Figure 4.11 

 

 
Figure 4.11. Sirt activity affects mitochondrial network organization of SCs. (A) 

Representative confocal immunohistochemistry for Tom20 SCs cultured in 5.5mM glucose 

supplemented with and without NAM. Magnified area presented is outlined with the dashed box 

on non-magnified picture. Scale bar = 10µm and 2µm, respectively. MF denotes the area occupied 

by the myofiber. (B) Graphical representation of fold change in average mitochondrial length 

under varying glucose conditions, using Image J quantification. n=4 mice. Two-tailed unpaired 

Student T-test, **p <0.01. (C) Graphical representation of mitochondria number per grouped 

lengths using Image J quantification. Two-tailed unpaired Student T-test, π=*p<0.05, 

Ψ=***p<0.001. 
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Figure 4.12 

 

 
Figure 4.12. p107KO SC mitochondria network organization is not affected by NAM 

mediated Sirt inhibition. (A) Representative confocal immunohistochemistry for Tom20 

p107KO SCs cultured in 5.5mM glucose in the absence or presence of NAM. Magnified area 

presented is outlined with the dashed box on non-magnified picture. Scale bar = 10µm and 5µm, 

respectively. (B) Graphical representation of fold change in average mitochondrial length of cells 

grown in 25mM or 5.5mM glucose, using Image J quantification. n=4 mice. (C) Graphical 

representation of mitochondria number per grouped lengths and areas using Image J quantification. 

Two-tailed unpaired Student T-test concludes no statistical significance between any groups. 
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Figure 4.13 

 

 
Figure 4.13. p107KO C2C12 cells have higher protein levels of OPA1. (A) Representative 

Western blot of OPA1 and α-tubulin (α-tub) for control (CTL) and p107KO C2C12 cells and 

graphical representation of OPA1 protein expression. n=3 clonal cell lines. Two tailed unpaired t-

test, *p < 0.05. (B) RT-qPCR analysis of OPA1 gene expression for CTL and p107KO C2C12 

cells. n=3 clonal cell lines.  
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Figure 4.14 

 

 
Figure 4.14. p107KO C2C12 cells have lower levels of protein acetylation. (A) Representative 

Western blot of acetylated protein lysine residues (K-Ac) above 75kDa in weight and α-tubulin 

for control C2C12 and p107KO cells. (B) Densitometric analysis of area outlined by hashed lines 

in (A). n=3 clonal cell lines. Two tailed unpaired t-test, *p < 0.05. 
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CHAPTER 5 

DISCUSSION 

 

Adult skeletal muscle stem cell (SC) dysfunction is known to be associated with muscle 

wasting diseases and other impairments in regenerative function, such as in muscular dystrophies 

and age-related sarcopenia (Chang et al., 2016; Dumon et al., 2015; Tieland et al., 2018). Thus, a 

deeper understanding of the mechanisms that control SC fate decisions could provide insight and 

possible therapeutic targets to correct the imbalance. While we had previously published a 

mitochondrial role for p107 in the myogenic cell line C2C12 (Bhattacharya et al., 2021), we had 

not fully explored this role in SCs. Now we find, through a well-established myofiber explant 

approach, that p107 also has a mitochondrial role in SC fate decisions. Similar to the in vitro 

studies with C2C12 cells, we find that p107 localization in SCs is manipulated by glucose 

availability that regulates the NAD+/NADH ratio. We show that p107 is localized to the 

mitochondria in growth with 25mM glucose (Fig. 4.1) and conversely, when grown in 5.5mM 

glucose conditions, p107 is mostly localized outside of the mitochondria (Fig. 4.2). Moreover, our 

findings indicate that p107 subcellular localization is controlled by Sirt activity in SCs (Fig. 4.3 

and Fig. 4.4). Indeed, inhibition of Sirt activity with NAM causes p107 to localize to the 

mitochondria when grown in 5.5mM glucose to a similar extent as when grown in 25mM glucose 

(Fig. 4.3 and Fig. 4.4). Importantly, our results show that mitochondrial localization of p107 

potentially forces SC fates in favor of commitment to differentiation rather than self-renewal (Fig. 

4.4). The role of p107 regulation of SC fate decisions was confirmed by showing that p107KO 

SCs displayed no differences in their fate decisions when altering glucose concentration or in the 
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presence of NAM (Fig. 4.5). These findings highlight how glucose control of the NAD+/NADH 

ratio can affect Sirt activity, which controls p107 localization (Fig 5.1). 

 

 

Figure 5.1. Various treatments and their effects on p107 mitochondrial localization. The 

localization of p107 can be influenced by changes to sirtuin activity, which itself is regulated by 

the NAD+/NADH ratio of the cell. By influencing the NAD+/NADH ratio, p107 localization can 

be changed, however this effect is dependent on sirtuin activity. 

 

Interestingly, confocal immunofluorescence for p107 shows that it was never found 

localized to the nucleus of SCs, in any glucose growth condition (Fig. 4.1). This result contradicts 

the common belief that p107 functions in the nucleus in all cell types, as previous assessments are 

almost exclusively based on cancer cell lines (Wirt and Sage, 2010). It might describe a non-

nuclear mitochondrial functional role for p107 that is strictly applicable to SCs, as p107 is found 

in the nucleus of the myoblast cell line C2C12 (Bhattacharya et al., 2021). This highlights the 

deficiency of using cell lines, such as C2C12 cells, to model for SC behaviour. Notably, it 

emphasizes a potential drawback in using cell lines to accurately understand p107 function. The 

difference between SCs and cell lines might reflect the absence of a micro niche in the latter that 
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the primary SCs are privy to on the myofiber (Yin et al., 2013). As the niche provides support and 

signaling to SCs, the lack of the myofiber environment in C2C12 cells could contribute to 

differential phenotypic character and gene functioning (Yin et al., 2013). By describing a function 

in the mitochondria, these new findings for p107 underscore its non-canonical non-nuclear role in 

SCs. 

 We believe that the sirtuin that regulates p107 mitochondrial localization is Sirt1, as it was 

shown in C2C12 cells that p107 interacted directly with Sirt1, and that inhibition of Sirt activity 

specifically prevented p107 from entering the mitochondria (Bhattacharya et al., 2021). We also 

inhibited SC Sirt activity with NAM, to test if it influenced p107 localization (Fig. 4.3). However, 

as NAM is an indiscriminate sirtuin inhibitor (Rymarchyk et al., 2021), to properly establish the 

role of Sirt1 in the p107 mitochondrial pathway, we would have to specifically inhibit and activate 

Sirt1 without affecting the other sirtuins. This can be accomplished in a variety of approaches. For 

example, Selisistat, the only selective Sirt1 inhibitor to enter human drug trials, offers a chemical 

method to selectively inhibit Sirt1 in SCs (Westerberg et al., 2015). Alternatively, SCs in myofiber 

culture can be transfected with Crispr/Cas9 to genetically delete Sirt1, or with Sirt1 interfering 

RNA (RNAi) to attenuate Sirt1 translation. To specifically activate Sirt1 SCs on myofibers in 

culture can be treated with Sirt1 specific activators, such as srt1720 (Minor et al., 2011). 

It was recently found that another sirtuin, Sirt2, has been implicated in increasing SC self-

renewal, in this case through the deacetylation of Pax7 (Sincennes et al., 2021). This might suggest 

that Sirt2 is the actual target in SCs when treated with NAM to force commitment to differentiation 

(Fig. 4.5). Nonetheless, as p107KO SCs displayed no changes in fate decisions when treated with 

NAM, it indicated that Sirt1 or Sirt2 is dependent on p107. Evaluating SC fate decisions by 

specifically activating Sirt1 or Sirt2 in p107KO SCs should discriminate which Sirt requires p107’s 
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function. To definitively test if p107 mitochondrial function causes SC fate decision to commit to 

differentiate instead of self-renewal, p107 could be re-introduced by a plasmid encoding for 

mitochondrially targeted p107 specifically into the mitochondria p107KO SCs (Bhattacharya et 

al., 2021). The specific mitochondrial expression of p107 in the p107KO cells should rescue the 

self-renewal phenotype. Furthermore, to effectively establish a downstream of Sirt function, 

transfection combined with the NAM treatment will corroborate if Sirt function is dependent on 

the presence of p107 if the rescue effects are eliminated.  

p107 potentially influences SC fate decisions by regulating mitochondrial dynamics, which 

is associated with directing SC fate decisions (Baker et al., 2022). Results in C2C12 and SCs cells 

showed that p107 mitochondrial localization is associated with mitochondrial fragmentation (Fig. 

4.6 and Fig. 4.7). Importantly, p107KO C2C12 cells and p107KO SCs exhibit highly connected 

mitochondrial network despite varying the NAD+/NADH ratio with glucose (Fig. 4.9 and Fig. 

4.10), suggesting a p107 role in mitochondrial dynamics. This is further strengthened by inhibition 

of Sirt activity using NAM in SCs, which causes p107 to localize to the mitochondria and resulted 

in higher rates of mitochondrial fragmentation (Fig. 4.8), whereas p107KO SCs maintained a 

highly interconnected network in the presence of NAM (Fig. 4.11). 

As p107KO SCs displayed significant higher levels of mitochondrial interconnectivity, it 

suggested that OPA1 activity, a protein facilitating mitochondrial fusion, might be augmented 

(Tilokani et al., 2018). Western blotting analysis of OPA1 protein levels between control and 

p107KO C2C12 cells showed that p107KO cells had significantly higher levels than controls (Fig. 

4.12A). The high protein levels did not correlate with OPA1 gene expression levels, which were 

not different (Fig. 4.12B), suggesting a potential post-translational regulatory effect of OPA1 in 

p107KO cells to maintain the higher levels. As OPA1 deacetylation is known to enhance its 
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activity (Samant et al., 2014), OPA1 activity might be linked to cellular protein acetylation levels 

in p107KO SCs (Samant et al., 2014). Indeed, compared to controls, p107KO cells displayed a 

notable decrease in global cellular acetylation rates (Fig. 4.13), signifying that p107 mitochondrial 

function might impact OPA1 acetylation status and hence its activity. Together, these results 

suggest that p107 mitochondrial function might affect mitochondrial structure, possibly through 

OPA1, which affects SC fate decision making (Baker et al., 2022). 

The importance of the phenotypic change in the mitochondrial network is that 

mitochondrial activity has been identified as a key mediator in the maintenance of SC quiescence 

and self-renewal (Baker et al., 2022; Hong et al., 2022; Ito and Ito, 2016). Mitochondrial dynamics 

are important in cellular metabolism, as the structure of the mitochondria determines in part their 

efficiency and oxidative potential, with higher interconnectivity generally being associated with 

higher Oxphos levels (Mitra et al., 2009; Hoitzing et al., 2015, Gomes et al., 2011). Previous work 

in C2C12 cells established that p107KO cells had a pro-oxidative phenotype associated with 

increased mitochondrial interconnectivity (Bhattacharya et al., 2021). Crucially, increases in 

mitochondrial interconnectivity has recently been shown to increase self-renewal rates in SCs 

(Baker et al., 2022). This suggests that p107 mitochondrial function might regulate SC fate 

decisions through its control of mitochondrial dynamics affecting metabolism. However, SC 

metabolism has yet to be assessed. An indirect approach to address the metabolic profile in SCs 

when p107 is present or removed from the mitochondria would be to determine the global 

transcriptome to find if genes associated with Oxphos are downregulated when p107 is present in 

the mitochondria (Hong et al., 2022). Alternatively, the metabolome could be assessed to observe 

changes in cellular nutrient shuttling between p107KO and WT cells (Weckmann et al., 2018; 

Kumar et al., 2020). 



57 

 

Though we observe a correlation between the absence of p107 and increased OPA1 levels 

and mitochondrial fusion, the causation for this correlation is unknown, suggestive that novel p107 

interacting proteins might facilitate the differences OPA1 levels. We can use a proteome analysis 

to find potential p107 interacting proteins. For this, we can immunoprecipitate WT and p107KO 

primary myoblast lysates for p107, wash the immune complex to remove nonspecific binding, and 

then disrupt the p107 immune complexes. Using mass spectrometry analysis, we can then analyze 

the proteins present in the immune complexes. The identity of the interacting proteins are 

determined by eliminating any found in the negative control p107KO lysates from those that are 

present in WT lysates. In turn, we could then study these interacting proteins by their over 

expression or inhibition to determine their effect on SC fate transitions, OPA1 levels, and 

mitochondrial dynamics in WT and p107KO SCs. This might allow us to potentially establish 

which proteins are upstream or downstream effectors of p107 function. 

We propose that p107 might be acting in a multifaceted mechanism that contributes to the 

cellular acetylome to activate genes related to self-renewal. In SCs, there is evidence to suggest 

that lower levels of protein acetylation, and enhanced deacetylation promotes self-renewal (Ryall 

et al., 2015). We found that p107KO cells possess lower levels of cellular acetylation, suggesting 

that this mechanism may be in effect (Fig. 4.14). Though p107 is kept from the mitochondria by 

the high NAD+/NADH ratio, the absence of p107 in the mitochondria of SCs would also increase 

the NAD+/NADH ratio by increasing Oxphos efficiency in a feed forward mechanism. The result 

is an enhanced Sirt activity, which would affect cellular acetylation levels (Ryall et al., 2014; Kupis 

et al., 2016). Indeed, stem cells tend to generally down-regulate acetylation related activity as they 

return to quiescence (Moussaieff et al., 2015; Lee et al., 2014). Also, while Pax7 activity affects 

SC fate choices, new evidence shows that it can also be regulated through protein acetylation. Pax7 



58 

 

activity was found to increase when deacetylated, which was performed by Sirt2, and can be 

stimulated by a high NAD+/NADH ratio (Sincennes et al., 2021). Thus, p107 may be implicated 

in the epigenetic regulation of SC fate decisions through its control over cellular NAD+/NADH 

ratios, which affect Sirt activity. 

The reduction in global acetylation may indicate a role for p107 in epigenetic regulation 

that would impact SC fate decisions. Ryall et al. demonstrated that Sirt1 function is important in 

preventing SC commitment genes from being expressed, by suppressing their acetylation status 

(Ryall et al., 2015). Indeed, epigenetic regulation by histone deacetylase activity at the Myod1 

promotor is known to affect fate decisions, causing preference for self-renewal as MyoD is 

repressed (Puri et al., 2001; Massenet et al., 2021). Conversely, the association of histone 

acetyltransferases (HATs), in particular p300, at the Myod1 promotor increases MyoD expression 

and subsequent differentiation (Hamed et al., 2013). Hence, the reduction in acetylation in p107KO 

cells (Fig. 4.14), suggests that the removal of p107 causes an increase in histone deacetylase 

activity as well as a decrease in acetyltransferase activity. This would affect SC fate decisions 

through the modulation of the Myod1 gene, which encodes for MyoD, one of the master myogenic 

differentiation factors. 

Though Sirt deacetylase activity was established through the analysis of the NAD+/NADH 

ratio (Bhattacharya et al., 2021), HAT activity has not yet been analyzed in in the absence or 

presence of p107. We propose that the metabolic influence of p107 not only contributes to the 

NAD+/NADH ratio, but might influence the availability of acetyl-CoA, in turn regulating HAT 

activity. The activity of histone acetyltransferases is controlled by many factors, though one such 

mechanism of control is the availability of necessary metabolites, in this case, acetyl-CoA (Legube 

and Trouche, 2003). Determining acetyl-CoA availability can be done through commercially 
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available acetyl-CoA assay kits, or through mass spectrometry analysis of acetyl-CoA in tandem 

with previously mentioned metabolomics. To assay for larger epigenetic modifications of SCs and 

determine which genes differ in epigenetic regulation between the p107KO and WT cells, we could 

sequence the genes that are actively expressed in the cells using transposase-accessible chromatin 

using sequencing (ATAC-seq), an approach that has been recently refined for SCs (Dong et al., 

2023). 

In summary, our findings establish that p107 might regulate SC fate decisions that is 

associated with changes in mitochondrial remodeling and possibly acts through the mitochondrial 

fusion protein OPA1. We reveal that this effect on SCs acts in a Sirt dependent manner, with the 

localization of p107 being dictated by the activity of Sirts and suggest Sirt1 as a likely candidate. 

When sequestered in the mitochondria, p107 acts to shift SCs towards commitment, while its 

localization outside of the mitochondria causes a preference for self-renewal. We propose a that 

the possible mechanism of action for SC fate decisions is through control over cellular acetylation 

levels, which may in turn epigenetically regulate quiescence and self-renewal genes. While this 

avenue remains to be explored, it nevertheless establishes p107 as a novel regulator of SC self-

renewal, possibly implicating it as a target to combat SC related muscle degenerative diseases. 
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CHAPTER 6 

FUTURE DIRECTION 

 

To further our understanding of p107 and characterize its function in SCs, it would be 

important to determine a specific inhibitor of p107, as none exist currently. This can be potentially 

accomplished by first ascertaining the modifications or domains that are responsible for p107 

mitochondrial localization, and hence its mitochondrial role to promote commitment over self-

renewal. Furthermore, the binding partner for p107 in the mitochondria has never been identified, 

though it has previously been suggested to be E2F4 (Bhattacharya et al., 2021). Elucidating these 

interactions can help with the creation of a p107 specific inhibitor, which could potentially serve 

to influence SC fate decisions in vivo and allow for further experimentation on pathways involved 

in SC fates. 

Additionally, it would be of great interest to explore the transcriptome of p107KO 

compared to control SCs. Analysis of the cellular transcriptome would provide insight into 

molecular pathways affected by p107 in SCs, potentially reinforcing our current findings and 

shedding light on new directions for p107 research. Finally, a shortcoming of our p107KO mouse 

model is that it is a whole-body knockout, where p107 is absent in all body tissues and during 

growth and development. While these mice display no developmental defects or differences 

compared to their age matched control litter mates, it would nevertheless be prudent to use p107 

loxp mice to specifically remove p107 in SCs. This would eliminate any potential developmental 

input of p107 in SCs and also exclude the potential of p107 deleted cells affecting SC behaviour.  
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