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Abstract

Balanced stem cell fate decisions are essential for the maintenance and regeneration of tissues
across the lifespan. The mitochondrial fusion protein OPA1 and mitochondrial shape changes are
essential contributors to balanced fate decisions, however the full mechanistic scope of their
signalling abilities are not fully known. Here, using OPA1-deficient and OPA1-overexpressing
muscle stem cells (MuSCs), we show that mitochondrial shape changes alter the metabolome of
MuSCs. These OPA1-regulated metabolites possess distinct abilities to alter MuSC progression
and fate. Furthermore, OPA1 expression and mitochondrial shape alters the ratio of ai-ketoglutarate
(aKG) to succinate, and this ratio dictates the decisions to self-renew or commit. Manipulation of
this ratio in vitro is sufficient to alter the fate of MuSCs by modifying mitochondrial shape and
altering the expression of key stemness and myogenic genes. In addition, we find that committed
and self-renewed MuSCs have opposing gene expression profiles indicative of differential
[aKG]:[succinate] ratios. Lastly, in OPA1-deficient mice, in vivo restoration of this ratio prevents
MuSC depletion and preserves the stem cell pool after injury and decreases precocious
commitment and differentiation. Our studies present a novel role for mitochondrial shape as a

signalling mechanism to guide MuSC progression and fate.

Key words: MuSCs, Mitochondria, Mitochondrial dynamics, Optic Atrophy Protein 1,
Metabolites, Fate decisions, Metabolome
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Chapter 1: Introduction

1.1 Overview of MuSCs

Muscle stem cells (MuSCs), also known as satellite cells, are the resident stem cell population
and primary source of regeneration in skeletal muscle!. The regenerative capacity of MuSCs
ensures for the efficient maintenance of skeletal muscle across the lifespan®>*. MuSCs are
anatomically located between the sarcolemma and the basal lamina of muscle cells>S. The micro-
environment surrounding MuSCs, also called the niche, is an essential contributor in the
maintenance and regenerative capacity of MuSCs®. The MuSC niche provides regulatory signals
that maintain MuSCs during homeostasis and promote regeneration in periods of insult. The niche
is composed of various cell-types, a multitude of extracellular matrix (ECM) proteins, cell-cell

contacts and interactions® 13

. Thus, MuSCs reside in an environment upon which they may rapidly
respond to the regenerative demands of muscle and execute efficient and timely regeneration. In
homeostatic conditions, MuSCs reside in a state of reversible cell cycle arrest known as quiescence
(Go). Following a stimulus such as an injury, MuSCs will exit their quiescent state, activate, and

re-enter the cell cycle to begin proliferating!+!’

. An important characteristic of MuSCs is their
ability to undergo fate decisions whereby they may commit and differentiate towards the myogenic
lineage to repair damaged muscle, or undergo self-renewal to re-populate the stem cell pool for

future response’.

1.2 Myogenesis

The process of myogenesis describes the trajectory from MuSCs towards the formation of new
skeletal muscle fibers!8. MuSCs transition from their state of stemness towards differentiation into
myotubes, which fuse with other myotubes and existing muscle fibers'. This process is highly
regulated at multiple levels and perturbations or malfunctions in any step of this process may lead

to catastrophic regenerative failure.

1.2.1 Quiescence
As previously mentioned, MuSCs, under physiological conditions, reside in a state of reversible

15,20,21

cell cycle arrest known as quiescence Maintenance of quiescence is
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Figure 1. Overview of myogenesis and myogenic regulatory factors. In their quiescent state,

MuSCs express high levels of the transcription factor Pax7. Quiescent MuSCs also uniquely
express Spryl and CalcR, which are rapidly downregulated upon activation. Following activation,
expression of MyoD is rapidly increased concomitantly with Myf5. As MuSCs self-renew, Pax7
expression is reinstated. During commitment, Pax7 levels are further decreased and expression of
MyoG increases until terminal differentiation. Figure adapted from Dumont et al (2015)

Comprehensive Physiology.

essential for maintaining the stemness of MuSCs and preserving their regenerative capacity.
Quiescent MuSCs can be identified by multiple cell surface markers and transcription factors.
Notably, the paired box protein Pax7, is expressed in quiescent MuSCs, however its expression is
not limited to quiescence.??. Pax7 is a transcription factor indispensable for MuSC function and
the myogenic progression?>?*, The protein Sproutyl, a reversible inhibitor of tyrosine kinase
signalling, has also been demonstrated to be robustly expressed in quiescent MuSCs, and rapidly
downregulated upon their activation®>. Additionally, other markers of quiescent MuSCs include
the cell surface markers CD34, Calcitonin receptor (CalcR), Integrin a-7 and VCAM, although

VCAM expression is not exclusive to quiescent MuSCs.?¢-33, The extracellular matrix and adjacent



muscle fibers both play critical roles in regulating MuSC quiescence, particularly through Notch
signalling®*%. Quiescent MuSCs express the Notch receptors Notch1-3, with its ligand Delta-like
1 (DIk1) located on the muscle fiber3®-*¢7, Binding of the Notch receptor to its ligand leads to the
Notch intracellular domain (NICD) translocating to the nucleus where it then regulates the
expression of genes needed for the maintenance of quiescence®*. Additionally, secretion of the Wnt
ligand, Wnt4, favours the retention of quiescence through regulation of the cytoskeleton®.
Furthermore, an important characteristic of quiescent MuSCs is their ability to repress mitogenic
activity that would lead to their exit from quiescence. This inhibition is accomplished through
cyclin-dependent kinase (CDK) inhibitors such as p57XiP2 and p21Kirl 143839 Fyrthermore,
quiescent MuSCs rely on the activity of the retinoblastoma protein (RB) to limit the activity of
E2F transcription factors, thereby controlling cell cycle entry*. MuSC quiescence is also
controlled post-transcriptionally. In quiescence, transcripts of the myogenic regulatory factors
(MRFs) MyoD and Myf5 are expressed, however only upon activation are their transcripts
translated*!-*>. MyoD translation is inhibited by the RNA-binding proteins Staufenl and TTP*42,
Intron retention has been identified as a regulatory mechanism of MuSC quiescence. In quiescent
MuSCs, more than 1000 genes are incompletely spliced, while only 50 intron retention events
occur in activated MuSCs*. This modulation of intron splicing ensures that undesired protein
translation is prevented in quiescence but allows for a rapid response upon activation**. Quiescent
MuSCs display reduced translation, which is accomplished through phosphorylation of eIlF2a at
Ser51%.

A characteristic of quiescence in MuSCs is that it exists as a gradient, whereby cells can
transition from a deep quiescent state, towards an alerted state, termed Gaier*. The depth of MuSC
quiescence dictates their activation and cell cycle entry kinetics and allows MuSCs to respond
more rapidly than from a deep quiescent state*®. MuSCs can transition between these two states of

quiescence in response to an injury-related stimulus*64’

. This transition is mediated through
mTORCI1 activity and signalling through the hepatocyte growth factor (HGF) receptor, cMet.
Upon an injury, the systemic protease HGFA is activated, cleaving pro-HGF into active HGF*/.
Active HGF circulates within the system and binds to the cMET receptor on MuSCs on the limb
contralateral from the injury*’. MuSCs in the Gaer state have increased cell size, increased

mitochondrial mass and activity and enhanced mTORC1 activity*%+7.



Quiescent MuSCs also display a high level of heterogeneity in terms of their expression
levels of specific quiescence markers*-*. The differential expression of multiple quiescence and
myogenic markers can directly influence the stemness of MuSCs and their fate decisions. Notably,
quiescent MuSCs that do not express Myf5 outperform Myf5-positive quiescent MuSCs in re-
establishing the stem cell pool following transplantation*. Additionally, expression levels of Pax7
also determine the depth of quiescence, whereby Pax7"e" MuSCs display lower basal metabolic
rates, increased time to re-enter the cell cycle and maintenance of stemness following serial
transplantations**-*°, A previous study has also shown that quiescent MuSCs can be categorized
into two groups based on CD34 expression, CD34"e" and CD34!°Y. The population of CD34hieh
quiescent MuSCs reside in a deep quiescent state and have better engraftment and self-renewal

potential than CD34"°% MuSCs*®,

1.2.2 MuSC activation and proliferation
Upon damage to muscle fibers, quiescent MuSCs must rapidly exit their quiescent state

and re-enter the cell cycle to begin proliferating. Multiple checkpoints exist during the exit from
quiescence. An early checkpoint during the exit from quiescence is mediated through PI3K
functions’!. Activation of the PI3K complex following an activating stimulus leads to downstream
activation of the kinase Akt, which through its functions, allows for induction of the AP-1
transcription factor complex, promoting genes involved in cell cycle®!. Furthermore, the tyrosine
phosphatase PTPN11 promotes the exit from quiescence and activation of MuSCs through MAPK
signalling>2. In addition, circulating factors such as HGF serve as an activating stimulus for MuSCs
to exit quiescence?’>34, As MuSCs activate, the expression of quiescence markers such as CalcR,
Spryl and CD34 are rapidly downregulated, and expression of the myogenic factor MyoD is

increased25-27,29,32,4l,

4355 This is accompanied by a subsequent downregulation of cell cycle
inhibitory genes like p27 and p51, and concomitant increases in cell cycle promoting genes such
as cyclins and cyclin-dependent kinases*®¢. This coordinated effect results in the efficient exit
from quiescence and re-entry into the G phase of the cell cycle. Following cell cycle re-entry,
MuSCs undergo several rounds of proliferation before undergoing fate decisions. Interestingly,

division-independent differentiation of MuSCs has been recently observed®’.



1.2.3 Fate decisions
As previously mentioned, MuSCs possess the ability to either commit and differentiate to

a myogenic lineage or self-renew and re-populate the stem cell pool'->38, The balance in these fate
decisions is essential for ensuring efficient repair of damaged muscle tissue and maintaining the
stem cell pool for future need. Proliferating MuSCs can undergo symmetric or asymmetric
divisions>®62, Symmetric divisions give rise to two daughter cells of the same identity, either self-
renewing or committed, and asymmetric divisions give rise to one self-renewing and one
committed cell®*%* Symmetric divisions favouring self-renewal leads to expansion of the stem cell
pool, whereas symmetric divisions promoting commitment may lead to exhaustion and depletion
of the stem cell pool. An important regulator of symmetric and asymmetric division is cell polarity
whereby the fate of daughter cells is determined by the apical-basal polarity of certain factors
within the MuSC®*636, The polarity of these factors within MuSCs and angle of division

determines the identity of the resulting daughter cells.
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Figure 2. Stem cells undergo symmetric and asymmetric divisions. As MuSCs proliferate, they
undergo symmetric divisions to give rise to two daughter cells of the same identity, or asymmetric
divisions to give rise to one stem cell and one differentiated cell. Asymmetric divisions promote
maintenance of the stem cell pool and efficient regeneration whereas symmetric divisions
promoting self-renewal or differentiate lead to expansion or depletion of the stem cell pool,
respectively. Figure adapted from Murke et al (2015) Symmetry.



Furthermore, the decisions to commit or self-renew are tightly regulated at the
transcriptional level. Proliferating MuSCs undergoing commitment rapidly downregulate Pax7
and maintain MyoD expression®®¢7-%_ This is accompanied by significant genome remodelling
orchestrated by Pax7, which includes the acquisition of histone marks that are associated with
enhancer activity and enhanced chromatin accessibility’?. After loss of Pax7 following
commitment and during differentiation, epigenetic memory is maintained at a subset of Pax7
enhancers’!. In addition to this, following an asymmetric division, the PAR complex is segregated
to the apical cell which induces p38/MAPK activity, resulting in MyoD expression and generation
of a committed progenitor’?. During the differentiation stage, other MRFs such as MyoG are
upregulated and maintain their trajectory towards terminal differentiation’>7#, MyoD re-organizes
the 3D genome architecture to promote the formation of myogenesis-specific chromatin loops,
which are required for myogenic specification’. The process of self-renewal is also dominated by
major transcriptional changes. Here, Pax7 levels are upregulated and MyoD expression is
reduced®-7>76, Upregulation of Pax7 and previously mentioned stemness markers such as Spry|

and CalcR induces the exit from cell cycle and re-entry into quiescence®>?7%,

1.3 MuSC metabolism

As discussed, the progression of MuSCs is a highly coordinated hierarchy of transcriptional,
translational, systemic and cell-autonomous events which ensure the efficient repair of damaged
muscle tissue and maintenance of the stem cell pool. An emerging characteristic of MuSCs
required for the function is their metabolic state. While it had been previously assumed that the
metabolic state of stem cells was merely consequential to their developmental stage, much work
has been done to demonstrate that metabolism is not a consequence but rather a guiding force in
dictating stem cell function and progression. This can also be said in the context of metabolism

guiding MuSC progression and fate.

1.3.1 Metabolic regulation of MuSC progression
Quiescent MuSCs display a low level of basal metabolism!>-?!. Transcriptomic profiling of

quiescent MuSCs has revealed a predominant reliance on fatty acid oxidation’’. Fatty acid
oxidation in MuSCs maintains high levels of NAD+, which stimulates the NAD+ sensor SIRT1 to

be recruited and deacetylate histone 4 lysine 16 (H4K16ac), preserving the repression of cell cycle



genes’’. Deletion of SIRT1 leads to increased H4K16ac and promotes the transcription of cell
cycle genes and MyoD, leading to quiescence exit’’. Additionally, high levels of NAD+ favours
quiescence retention as this leads to decreased levels of acetyl-CoA and decreased global protein
and histone acetylation that is associated with the initiation of the myogenic program’’. Promoting
production of ROS via deletion of the mitochondrial uncoupling protein, UCP2, increases glucose
utilization and promotes MuSC proliferation’®. Interestingly, a recent paper identified that
mitochondrial fatty acid oxidation may also play a role in the expansion of MuSCs”. Deletion of
Cpt2, the rate limiting step in fatty acid oxidation, resulted in defects in MuSC expansion and
differentiation, highlighting potential dual roles for fatty acid oxidation in the quiescent and
proliferative stages of MuSC progression”. It is important to note that earlier papers demonstrating
decreased FAO following culture were done using bulk RN A-seq, whereas the newer studies which
identify increased FAO utilized single cell RNAseq (scRNAseq). It is well established that MuSCs
display high levels of heterogeneity at baseline as well as during the myogenic process*-#%8!, Thus,
these studies have differences in the population of cells being analyzed as well as the depth of
sequencing which could partially explain the opposing results. Additionally, early studies
demonstrating a decrease in FAO during activation were done using MuSCs that had been isolated
and placed in cultured. In contrast, newer studies showing increased FAO were done using isolated
MuSCs following in vivo injury. The environment in which these MuSCs reside in prior to their
isolation and sequencing are profoundly different and could affect the interpretation of results.
Lastly, it is imperative to note that these studies have not truly measured FAO in quiescent or
activated MuSCs but rather inferred based on gene expression. Furthermore, it has been
demonstrated that reliance on ketone bodies, either via fasting or through a ketogenic diet, induces
a deep quiescent state in MuSCs, which improves their resilience and survival when faced with
sources of cellular stress®.

Once MuSCs exit quiescence and re-enter the cell cycle, a metabolic shift is observed.
MuSCs transition from a reliance on fatty acid oxidation towards anaerobic glycolytic
metabolism”’. Gene expression of fatty acid oxidation and OXPHOS genes are dramatically
reduced as MuSCs begin proliferating and genes involved in glycolytic metabolism are
subsequently increased’’#1:82, Preventing this metabolic switch with inhibitors of glycolysis
prevents MuSC proliferation and self-renewal, while promoting glycolysis enhanced

proliferation®’.
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Figure 3. Metabolic plasticity is a key feature of MuSC progression. In quiescence, MuSCs
rely predominantly on fatty acid oxidation. During the activation process, a decrease in FAO occurs
concomitantly with an increase in glycolytic metabolism. The differentiation process is
accompanied by an increase in oxidative metabolism and reliance on oxidative phosphorylation.
Figure adapted from Relaix et al. (2021) Nature Communications.

MuSC differentiation is associated with a further increase in oxidative metabolism®?. Gene
expression of fatty acid oxidation and mitochondrial biogenesis associated genes are increased
concomitantly with increased respiration®>34. Increased oxidative metabolism is necessary to
support the bioenergetic needs of differentiating myoblasts®>-%7, Interestingly, while proliferating
myoblasts also display enhanced glucose utilization, there is a divergence in the fate of glucose in
proliferating versus differentiating myoblasts®. Proliferating myoblasts’ glucose utilization
maintains high levels of histone acetylation via generation of acetyl-CoA, whereas differentiating
myoblasts predominantly use glucose for respiration, decreasing acetyl-CoA and histone
acetylation, promoting the differentiation program®. Additionally, specific substrate catabolism
directs the fate of MuSCs®®. Glutamine anaplerosis through the citric acid cycle (TCA) reduces
MuSC differentiation®®. This coincides with decreased abundance of the mitochondrial glutamate
deaminase, GLUDI%. In this context, GLUDI serves to prevent mitochondrial glutamate
accumulation, thereby sustaining the malate/aspartate shuttle and maintaining appropriate

NAD+/NADH ratios®®.



1.3.2 Metabolite signalling in stem cells
While metabolism, through the generation of energy-yielding products, supports MuSC

function and progression, it is also the source of secondary molecules with essential roles in
regulating stem cell function®-%°. These metabolites participate in a wide variety of cellular
processes with downstream functions affecting gene expression, protein function, folding, stability
and localization®®. It is well established that metabolite signalling is a critical factor in regulating

89,96

the function of various stem cell populations and their fate®””°. One well-known function of

metabolites in regulating stem cell function is through covalent modifications to proteins®’%.
These modifications include methylation, acetylation, lactylation, succinylation, glutathionylation
and formylation®®. A majority of these covalent modifications to proteins occur on lysine residues,
however other residues such as arginine and cysteine are also rapidly modified”®. Metabolite
signalling affects gene expression in part through post-translational modifications to histone
tails®%2-190, Modifications to histone tails, such as acetylation, reduces the charge of lysine residues
thereby weakening the interaction between DNA and histones, decreasing the compaction of

101,102

chromatin . Decreased chromatin compaction allows for the transcriptional machinery to gain

102-104 " Other histone modifications

access to specific DNA regions and thus initiate transcription
such as methylation may serve to recruit the transcriptional machinery thereby affecting
transcription without directly altering chromatin compaction!®. Much research has gone into
uncovering the role of metabolites in regulating stem cell function. The TCA cycle metabolite,
alpha-ketoglutarate (0 KG), has been demonstrated to have extensive roles in multiple stem cell
populations in dictating fate®®!96-1% Embryonic stem cells consume high levels of glutamine and
glucose in order to maintain elevated levels of aKG!'%. This high level of aKG results in an
elevated ratio of aKG to succinate, another TCA cycle metabolite, and this elevated ratio dictates
multiple histone and DNA methylation programs to maintain expression of pluripotency genes'?’.
In primed pluripotent stem cells, many TCA cycle metabolites are produced despite their low
OXPHOS rate!%. In particular, hPSCs accumulate high levels of aKG and promotes their early
differentiation!%. In intestinal stem cells, differential regulation of oK G levels is accomplished by
a dual, lineage-specific role for the oxoglutarate dehydrogenase (OGDH), which allows for the
specification of intestinal stem cell fate!®. Naive T cell differentiation is attenuated by aKG, via
contribution to remodeling of the lipidome, and suppresses their fate towards T reg cells®®. Thus,

metabolites play extensive roles in regulating stem cell metabolism, signalling and fate.
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Figure 4. Mitochondrial metabolites alter cell signalling and epigenetics. Mitochondrial
metabolites participate in various covalent modifications to proteins, including histones and DNA.
These modifications can alter gene expression and subsequently stem cell fate by directly altering
chromatin compaction or by marking sites for active transcription. Figure adapted from Martinez-

Reyez and Chandel (2021) Nature Communications.

The regulation of MuSC fate via metabolite signalling has recently garnered attention.
During the differentiation process, MuSCs utilize their glucose metabolism to alter levels of acetyl-
CoA, which then in turn alters global histone acetylation levels®. Decreased histone acetylation
allows for the initiation of the differentiation program®’. Additionally, the transcription factor Pax7
contains two acetylation sites and acetylation of Pax7 is necessary to positively regulate its
transcriptional activity!!?. Acetylation of Pax7 is directly controlled by MYSTI1, which is
stimulated by acetyl-CoA, and the deacetylase SIRT2, stimulated by NAD+!''?, This signalling of
acetyl-CoA by directly affecting Pax7 transcriptional activity is responsible for dictating MuSC
fate. Furthermore, it has been recently identified that in proliferating myoblasts, aKG generation

by the serine biosynthesis enzyme Psatl, is required for their proliferation and efficient
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differentiation!!!. Deletion of Psatl, and subsequent depletion of Psatl-generated aKG impairs
muscle regeneration and is rescued by exogenous aKG or glutamine!!!, MuSC progression and
fate is also controlled by non-TCA cycle metabolites. In a recent study, it was identified that
spermidine, a metabolite in the polyamine biosynthesis pathway, acts as a regulatory metabolite to
promote MuSC activation and proliferation!!2. Spermidine generates hypusinated eIF5A, which
allows for the translational control of MyoD!!2, Thus, multiple metabolites have been identified as
regulators of MuSC function and progression, however the full scope of metabolite signalling in

MuSCs remains unknown.

1.4 Mitochondria

1.4.1 Mitochondrial metabolism

Mitochondria are double-membraned organelles that are essential for the metabolic and
overall health of cells. These organelles are the site for a wide variety of metabolic reactions and
generation of secondary metabolites which, as discussed, have essential roles in cellular function.
A major metabolic output of mitochondria is the generation of adenosine triphosphate (ATP) which
serves as the energetic currency of many cellular processes'!*!15, Mitochondria are also the site of
two metabolic pathways participating in the metabolism of glucose: the TCA cycle and OXPHOS.
The TCA cycle is a closed loop metabolic cycle whose primary function in oxidative metabolism
is to generate the reducing agent NADH as well ATP through the metabolism of acetyl-CoA%!-%4,
However, as mentioned, TCA cycle intermediates have other functions including as precursors for
other catabolic and anabolic reactions, and serving as signalling molecules. Mitochondria are also
home to the electron transport chain (ETC). The ETC is composed of 5 complexes, namely
complexes I-V, which transports electrons from electron carriers to electron acceptors'!®!!7, The
transfer of electrons is coupled with the transfer of protons (H") across the inner mitochondrial
membrane into the intermembrane space!!’. Generation of ATP is carried out by Complex V, ATP
synthase, which harnesses the energy produced by protons diffusing to the matrix to generate the
production of ATP from ADP!!5. The electron transport chain is also the site of reactive oxygen
species (ROS) generation!'®, The generation of ROS is particularly seen at Complex I and Complex
I11, when electrons leaking from the ETC prematurely react with oxygen!!>-!2%, Prominent reactive

oxygen species include superoxide (O2°), hydroperoxide (H20>) and hydroxyl radicals (OH")!!%-120,
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In high concentrations, reactive oxygen species can lead to oxidation of lipids, proteins and DNA
damage!'®121-126_ However, it should be appreciated that physiological increases in reactive oxygen
species serve important functions in signal transduction®-121:123:125-132 Ty addition to the TCA cycle
and OXPHOS, mitochondria are also the site of fatty acid oxidation, also known as beta-oxidation.
This process involves the metabolism of fatty acids into acetyl-CoA, which can then participate in

the TCA cycle.

1.4.2 Mitochondrial dynamics

As mentioned, mitochondria are most well-known for their roles in metabolism and ATP
generation. However, the role of mitochondria extends beyond being the site of metabolic
reactions. Mitochondria are also highly dynamic organelles, possessing the ability to remodel their
morphology and ultrastructure!?%133-135 The process of mitochondrial remodeling is known as
mitochondrial dynamics. Mitochondrial dynamics is essential in maintaining mitochondrial health,
mitochondrial DNA (mtDNA) integrity and adapting to the metabolic needs of a cell!?%134,
Mitochondria alter their morphology via opposing events of fission and fusion. Mitochondrial
fission sees the segregation of one mitochondrion into two. Opposingly, mitochondrial fusion
describes the joining of two separate mitochondria. The processes of mitochondrial fission and
fusion are carried out by a family of GTPases, which utilize the energy produced from GTP
hydrolysis to power these events!3¢.

Mitochondrial fusion first occurs by fusion of the outer mitochondrial membrane (OMM).
The proteins mitofusin 1 and 2 (MFN1/2) are tethered to the OMM and through GTP hydrolysis,
undergo conformational changes to bridge contact between mitochondria and allow for membrane
fusion!37-138, Fusion of the inner mitochondrial membrane (IMM) is mediated by optic atrophy
protein 1 (OPA1)!3%-141. OPA1 also regulates cristae ultrastructure by locating itself at cristae
junctions whereby it controls cristae widening and constriction'4*"'%¢, Given its localization to
cristae, OPA1 also plays a role in regulating cell death by controlling the release of cytochrome c,
which normally resides within cristae invaginations'44.

Mitochondrial fission first begins with a pre-constriction step, whereby endoplasmic
reticulum (ER) tubules contact and wrap around mitochondria'#”-!48, After constriction, cytosolic
dynamin-related protein 1 (DRP1) is recruited to the outer mitochondrial membrane and

148

oligomerizes to form a ring'**. Drp1 recruitment to the mitochondria is accomplished by its
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Figure 5. Mitochondria undergo continuous cycles of fission and fusion. In response to various
cellular signals, mitochondria may undergo fission or fusion. Fusion is initiated by the OMM
proteins MFN1/2. Inner membrane fusion and cristae architecture is achieved by OPAI.
Mitochondrial fission occurs with DRP1 recruitment and constriction of mitochondria into
separate mitochondrion. Figure adapted from Wade and Khacho (2020) International Journal of
Biochemistry and Cell Biology.

phosphorylation at Ser616!3. Drpl then interacts with the membrane-anchored mitochondrial
fission factor Fisl and adaptor proteins MiD49/51!4%-152, Qligomerization of Drpl further

constricts the mitochondrion until it is segmented into two separate mitochondria.

1.4.3 Mitochondrial dynamics in MuSC progression and fate

Recently, mitochondrial dynamics has been demonstrated to be a key regulator of MuSC
quiescence, cell cycle re-entry, and fate decisions. During quiescence, MuSCs maintain an
elongated mitochondrial morphology, that coincides with elevated levels of OPA1 mRNA and
protein!>. Strikingly, following an activating stimulus, mitochondria within MuSCs rapidly

153

fragment, as early as 4-hours post-activation'>>. This fragmentation is maintained until 48-hours,

153

when mitochondria undergo re-elongation’>-. Fragmentation of mitochondria within MuSCs is

133 In a model of forced mitochondrial

accomplished through systemic HGF/mTOR signalling
fragmentation via a MuSC-specific deletion of the fusion protein OPA1 (OPA1-KO), MuSCs exist
in Galert quiescence*®!33, This is characterized by their increased cell size, nuclear morphology
consistent with a more activated state and increased abundance of phosphorylated ribosomal
protein S6 (pS6), a marker of mTORC1 pathway activation*®!>3, Additionally, OPA1-KO MuSCs
have decreased basal gene expression of quiescence markers Pax7, CD34 and Hes1'>°. Consistent
with the Garert state, OPA1-KO MuSCs have enhanced activation and cell cycle entry kinetics'°.
Furthermore, global transcriptomic profiling of OPA1-KO MuSCs via RNAseq reveals an

enrichment for terms associated with cell cycle, chromosome segregation, muscle regeneration

and kinetochore assembly!*’, Loss of OPAI also revealed severe regenerative defects in vivo
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whereby OPA1-KO MuSCs commit at the expense of self-renewing, leading to a significant
depletion of the stem cell pool. It should be noted that this loss of self-renewing cells was not due
to increased apoptosis, DNA damage or circulating myokines Atroginl and MuRF1. Acute OPA1
loss did not affect MuSC respiration or cristae integrity.

It was demonstrated that mitochondrial fragmentation, during the transition from
quiescence to activation, was necessary to induce a ROS/glutathione (GSH) mito-nuclear
signalling cascade!>’. Mitochondrial fragmentation induced a transient rise in ROS and GSH
levels, which act as signalling molecules to enhance the expression of cell cycle and myogenic
genes while simultaneously downregulating quiescence-associated genes'>. Interestingly, given
that mitochondria within OPA1-KO MuSCs already exit in a fragmented state, levels of ROS and
GSH were already elevated in comparison to their WT counterparts'*°. The phenotype of OPA1-
KO MuSCs could be reverted by decreasing ROS and GSH levels with exogenous compounds
such as mitoTEMPO and BSO'°,

Self-renewal
l |
Activation £ Commitment Differentiation
\_) 4 \\\ ‘ 0 L ‘\\\ Myotube
Quiescent / y
MuSC \  Proliferating Myoblast .-~
Ldo____ MuSC D . L‘;.\
'
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Figure 6. The role of mitochondrial dynamics in MuSCs. During the transition from quiescence
to activation, mitochondria within MuSCs undergo fragmentation. Mitochondrial fragmentation
induces ROS/GSH mito-nuclear signalling to increase cell cycle and myogenic genes while
simultaneously downregulating genes involved with quiescence. This promotes quiescence exit
and cell cycle re-entry. During the differentiation process, mitochondria transition from

OXPHOS

14



fragmented to elongated, with a subsequent increase in OPA1 protein. Here, in conjunction with
the supercomplex assembly factor SCAF1, OPA1 is required to promote the metabolic switch
necessary for muscle differentiation. Figure adapted from Baker et al (2022) Cell Stem Cell and
Triolo et al (2024) iScience.

Furthermore, treatment of WT MuSCs with compounds to enhance ROS and GSH, such as
rotenone and exogenous GSH, recapitulated the phenotype of OPA1-KO MuSCs; enhancing
activation and cell cycle entry, increasing expression of cell cycle related genes, and biasing fate
decisions towards commitment!>’. As MuSCs undergo fate decisions, divergence in mitochondrial
length can also be seen. Committing MuSCs maintain their fragmented mitochondrial morphology
whereas self-renewing MuSCs see mitochondrial elongation re-instigated!*’.

The roles of mitochondrial dynamics in MuSCs was also demonstrated in another study,
whereby the authors found increased expression of mitochondrial fission factors as MuSCs exit
quiescence!>*. In this study, the authors deleted the fission protein Drpl from MuSCs and found
that MuSCs exhibited defects in their ability to exit quiescence and begin expansion!>*. Loss of
mitochondrial fission blunted OXPHOS metabolic reprogramming and mitophagy and prevented
the efficient expansion of the stem cell pool'>*. Furthermore, restoration of mitochondrial
adynamism by deleting MFN1 in DRP1-KO MuSCs restored their proliferative capacity!>.

The role of mitochondrial dynamics in MuSCs also extends to their differentiation
ability!>. Here, as myoblasts begin to differentiate, there is a significant upregulation of OPA1
protein levels!>. At 24-hours post-differentiation, mitochondria within myoblast fragment and
then re-elongate at 72-hours post-differentiation which is accompanied by an increase in OPA1

protein levels and significant cristae remodelling!>>.

In contrast to quiescence exit where
mitochondrial shape change serves as a signalling stimulus, mitochondrial remodeling during
differentiation serves to support a metabolic switch towards OXPHOS with the supercomplex
assembly factor SCAF 1153153,

In summary, changes in mitochondrial shape are essential regulators of MuSC progression,
from quiescence to differentiation. Perturbations to this dynamic process results in severe MuSC
dysfunction and impairs muscle regeneration. Mitochondria are also the site of production of many

metabolites with signalling roles in other stem cells. However, whether mitochondrial shape

changes alter metabolites to regulate MuSC fate is unknown.
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Chapter 2: Hypothesis and Aims

2.1 Rationale

Stem cell maintenance is essential for whole-body homeostasis and regenerative capacity.
An emerging regulator of stem cell maintenance and progression is their metabolic state. Switches
in metabolism are necessary to fuel stem cells as they transition through their lineage specifications
and provide necessary building blocks for anabolic reactions. However, changes in metabolism are
also accompanied by alterations in metabolic intermediates, metabolites, which have profound
downstream effects and regulation of stem cell function and progression. Alterations in metabolite
abundance in stem cell populations, including MuSCs, may dictate stem cell fate independently of

their roles in metabolism.

We have previously demonstrated that mitochondrial shape and OPA1 are essential
regulators of MuSC function and progression. Alterations in mitochondrial shape via deletion of
OPA1 results in shallow quiescence depth, enhanced activation and cell cycle entry kinetics, and
biased fate decisions towards commitment, resulting in stem cell depletion. We identified ROS and
GSH as mito-nuclear signals that dictate cell cycle and myogenic gene expression. However, it is
unclear whether ROS and GSH are the only signalling molecules regulated by mitochondrial shape

that regulate MuSC progression and fate.

2.2 Hypothesis

We hypothesize that mitochondrial dynamics regulates the quiescence to activation transition and

cell cycle re-entry through a metabolite signalling mechanism.

2.3 Aims

To determine the role of mitochondrial dynamics in metabolite signalling in MuSCs, there are
two experimental aims:
1. Characterize the role of mitochondrial dynamics in MuSC activation, cell entry and
progression of MuSCs.

2. Determine the metabolite signalling mechanism regulated by mitochondrial dynamics.
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Chapter 3: Materials and Methods

3.1 Animal models
Animal protocols were approved by the University of Ottawa’s Animal Care Ethics Committee

and adhered to the guidelines of the Canadian Council on Animal Care. All mice were housed and
maintained at the Animal Care and Veterinary Service (ACVS) of the University of Ottawa. OPA1-
Pax7CreERT2 mouse line was generated in-house (Baker et al., 2022). Mice that were OPAI-
floxed and expressed the CreERT2 recombinase were used as OPA1 MuSC knockout (OPA1-KO)
mice, and littermate mice that were OPA1-floxed but did not possess the CreERT2 recombinase
were used as wild-type controls (OPA1-WT). At 8-10 weeks of age, all mice received Tamoxifen
(200 mg/kg) (Sigma T5648, 50 mg/mL dissolved in corn oil) administration via oral gavage for
five consecutive days, followed by three days’ rest. Mice were used 3-days post-TAM. For OPA1
over-expression mice, transgenic mice with a targeted whole-body mild (1.5x) OPAl
overexpression (OPA1-OE) were utilized (Varanita et al., 2015). OPA1-OE mice were rederived
from mice originally described in Varanita et al. (2015) and provided as a gift from Dr. Ruth Slack.

3.2 Cardiotoxin Injury

Prior to cardiotoxin injury, mice were anesthetized by gas inhalation and injected intraperitoneally
with 0.1mg/kg buprenorphine. Following anesthesia, 50ul of 10uM cardiotoxin (Sigma 217503)
dissolved in phosphate buffered saline (PBS), was injected into the tibialis anterior muscle. Mice
were left to recover with a heating pad and were monitored for signs of distress. Injured muscles

were harvested 7-days post-injury following cervical dislocation.

3.3 In vivo succinate injections
For in vivo succinate experiments, 8—10-week-old OPA1-WT and OPA1-KO mice were used. At

8-10 weeks of age, all mice underwent tamoxifen gavage (200mg/kg) for five consecutive days
followed by three days rest. Three days following the last tamoxifen gavage, the right tibialis
anterior muscle of all mice was injured using cardiotoxin, as described above. OPA1-WT mice
were injected intraperitoneally with 100ul of PBS and OPA1-KO mice were injected
intraperitoneally with 100ul of PBS or 100ul of 100mg/kg succinate. Intraperitoneal injections

started at the onset of TAM injections and persisted every other day until harvest at 7-days post-
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injury. TA muscles were harvested for cross-section immunofluorescent and H&E analysis, while

EDLs from the contralateral uninjured limb were also harvested for further analysis.

3.4 Harvesting TA muscle

Fixation and freezing
At the time of isolation, TA muscles were harvested following cervical dislocation. TA muscle was
immediately transferred to a 15mL tube containing cold SmL of 2% (w/v) paraformaldehyde (PFA)
solution (Sigma P6148). TA muscle was left to fix for 30 minutes on ice while rocking. Following
fixation, TA muscle was washed in SmL cold 1XPBS, followed by two rounds of washes in SmL
of cold 0.25M glycine for 10 minutes. Glycine was removed and replaced with 5% w/v sucrose
for 2 hours, shaking on ice. TA muscles were then transferred to a 1.5mL Eppendorf tube
containing 20% w/v sucrose for 2-3 days at 4°C while rocking. For freezing, TA muscle was
embedded by placing the TA in a layer of Clear Frozen Section Compound (VWR-CA95057-838)
in a halved 1000ul pipette tip, and frozen in isopentane cooled in liquid nitrogen for 30 seconds.
Embedded tissue was immediately placed in a cryogenic tube and stored at -80°C.

Tissue sectioning
Embedded TA muscles were sectioned using the HM525NX Cryostat at the University of Ottawa
Histology core. TA muscles were cut in half and the middle portion of the TA was sectioned. 14um
cross-sections were placed on charged glass slides, with three sections per slide. Slides were stored

at -80°C for future analysis.

3.5 Isolation of MuSCs

Isolation of MuSCs was done using Magnetic-Activated Cell Sorting (MACS) and Fluorescence
Activated Cell Sorting (FACS). For isolation of MuSCs for qPCR, Figure 3C was done using
Magnetic-Activated Cell Sorting (MACS) as previously described!®. For all other experiments
where MuSCs were isolated, Fluorescence-activated cell sorting (FACS) was used.

Mice were euthanized by cervical dislocation and all hindlimb muscle was harvested and placed
in a 60mm dish containing 3mL 1xPBS. Tendons and excess fat tissue were removed and trimmed
muscle was placed in a gentleMACS C-tube (Miltneyi 130-093-237) containing a warmed
digestion solution containing 1% w/v Collagenase B (Roche 11088831001) and 0.4% w/v Dispase
IT (Roche 4942078001) in HAMs F-10 (Wisent 318-050-CL). Using dissection scissors, the
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muscle tissue was further minced in the digestion solution and placed in a 37°C bead bath for 10
minutes. The C-tube was then placed in a Miltenyi GentleMACS Octo-Dissociator and dissociated
for 27 minutes using the “SLICE_FACS” program. Following dissociation, SmL of Newborn Calf
Serum (NCS) (Wisent 075-150) was added and the slurry was passed through a 100um filter
(Fisher 22363549) into a 50mL tube. The C-tube was rinsed with 10mL of 1xPBS and passed
through the 100um filter. The slurry was divided equally into two 15mL tubes and subsequently
spun at 600g for 10 minutes. Supernatant was removed and the first pellet was resuspended in
400pl of red blood cell (RBC) lysis buffer (Sigma R7757) and then transferred to the second tube
to resuspend. RBC lysis buffer was incubated for 30 seconds and 10mL of FACS buffer 3mM
EDTA, 10% (v/v) FBS in 1xPBS) was added and then spun at 600g for 5 minutes. Supernatant
was aspirated and pellet was resuspended in ImL FACS buffer. Samples were incubated for 30-
45 minutes with 2ul of negative selection antibodies including CD31 (mouse, BD Pharmigen
553373), CD45 (mouse, BD Pharmigen 553081), CD11b (mouse, eBioscience 12-0112-82) and
Scal (mouse, BD Pharmigen 553108) and 10pul of positive selection including VCAM (mouse,
Biolegend 105720) and integrin a7 (mouse, Ablab 67-0010-05). Following incubation, FACS
buffer was added to a final volume of 15mL and spun at 600g for 5 minutes. Supernatant was
removed and pellet was resuspended in 2mL FACS buffer. Samples were then passed through a
50um Celltrics cell filter (Sysmex 04-29 004-2327). Cells were brought to the Ottawa Hospital
Research Institute’s Flow Cytometry and Cell Sorting Facility and sorted using a Beckham Coulter
MoFlo XDP. Cells were sorted into a 1.5mL Eppendorf containing 200ul FACS buffer and 200ul
FBS. Cells were spun down at 4200rpm for 2 minutes and supernatant was removed. Cell pellets

were then used immediately or stored at -20°C for future use.

Isolation of GFP MuSCs
For the isolation of GFP" MuSCs, preparation of cell suspension is as described above. In
contrast, here, only negative selection antibodies were added. Identification of MuSCs during

sorting was done by gating for GFP" cells.
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3.6 MuSC culture

For 24-hour cultures for gene expression analysis, a 24-well plate was used and FBS was used to
coat the desired number of wells. Following this, 500ul of culture media (20% (v/v) FBS, 1% (v/v)
Chicken Embryo Extract, 1% (v/v) penicillin-streptomycin and 7.5ng/mL bFGF in DMEM 4.5g/L
glucose) was added to each well with desired treatments (see Table 3) and placed in a 37°C
incubator at 5% CO». Immediately following isolation, MuSCs were gently resuspended in 500pl
of culture media and cells were transferred to a 24-well plate. Samples were cultured for 24-hours

at 37°C, 5% COa..

For culture conditions for immunofluorescent analysis, MuSCs were cultured on Matrigel
(Corning 354234) coated 8-chamber cell culture slides (CellTreat 229168). Briefly, Matrigel was
prepared by diluting ImL of S5Smg/mL Matrigel with 9mL of DMEM (Wisent 319-005-CL). 8-
chamber cell culture slides were coated with 200l of prepared Matrigel and incubated at 37°C for
40 minutes. After incubation, excess Matrigel was removed and each well washed 3x1 minute with
PBS. After washing, 250ul of MuSC culture media (DMEM 4.5 g/L glucose, 20% (v/v) FBS, 1%
(v/v) chicken embryo extract (CEE), 1% (v/v) penicillin-streptomycin, 7.5 ng/mL bFGF) was
added to each well. Following isolation of MuSCs, cells were pelleted at 4200rpm for 2 minutes
and supernatant was removed. Cells were resuspended in culture media at a concentration of
10,000 cells per 100ul. 250l of cell suspension was added to each well, bringing the final volume
to 500ul, achieving an approximate cell number of 25,000 MuSCs per well. MuSCs were cultured
for 72-hours with designated treatments. Following culture, media was removed from each well
and cells were fixed with 250ul of 4% cold PFA for 10 minutes while rocking. Cells were washed

3x5 minutes with 1xPBS and left at 4°C in PBS until future use.

3.7 Isolation of cultured GFP"g"/GFP!"*Y MuSCs

Isolated GFP" MuSCs were cultured on Matrigel coated 6-well plates for 72-hours. After 72-hours
in culture, media was aspirated from the 6-well plate. Cells were detached by adding 1.5mL of
TrypLE Express (Gibco 12605-010) and incubating at 37°C for 5 minutes, monitoring detachment.
After confirming cells were detached, 1.5mL of MuSC culture media was added and the entire

volume was transferred to a 15mL falcon tube and spun at 600g for 5 minutes to achieve a cell
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pellet. Supernatant was removed and cells were resuspended in ImL of FACS buffer. Cells were
then passed through a 50um CellTrics filter (04-004-2327) into a SmL polypropylene round-
bottom tube (Falcon 352063). A 2mg/mL stock of DAPI was diluted 1:100 in PBS, and 10ul of
this diluted stock was added to the cells. DAPI was used as a viability dye. Samples were taken
to the FACS sorter at the Flow Cytometry facility at the Ottawa Hospital Research Institute
(OHRI). Sorting was gated on GFP and from all GFP" MuSCs, cells within the 30% upper-limit
of GFP intensity (referred hereafter as GFPMeh) and the 30% lower-limit of GFP intensity (referred
hereafter as GFP'V) were collected in separate 1.5mL tubes. After isolation, cells were spun down
at 4200rpm for 2 minutes, supernatant was removed, and cell pellets were stored at -80°C until

further use.

3.8 Isolation and culture of single EDL myofibers
Single EDL myofibers were isolated as previously described by Baker et al. (2022). The Extensor

Digitorum Longus (EDL) muscles from both hindlimbs were dissected immediately following
cervical dislocation and placed in 2mL of 0.5% (w/v) Collagenase B (Roche 11088815001) for 35-
40 minutes in a 37°C water bath. Following digestion, EDL muscles were placed in an FBS-coated
6-well plate (Ultident, 229105) containing EDL wash media (Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 4.5 g/L glucose and 1% (v/v) penicillin-streptomycin) and were
allowed to rest for 5 minutes. EDL muscle was gently triturated using P1000 pipette with an FBS-
coated tip. to release single myofibers. Debris was removed by washing single EDL fibers in wash
media. EDL fibers were fixed in warm 2% PFA in a 24-well plate for 10 minutes at room
temperature, followed by 3x5 minute PBS washes. To culture, single EDL fibers were placed in
an FBS-coated 24-well plate containing 1mL of EDL culture media (DMEM 4.5 g/L glucose, 20%
(v/v) FBS, 1% (v/v) chicken embryo extract (CEE), 1% (v/v) penicillin-streptomycin, 7.5 ng/mL
bFGF) and cultured for 4-72 hours. For metabolite treatments, EDL myofibers were treated with
10mM L-Methionine (Millipore Sigma, M9625), 0.1mM Octyl-(S)-2HG (MedChem Express, HY-
103641A), 0.2mM Uridine (Millipore Sigma, U3750), 1mM Dimethyl-alpha-ketoglutarate
(Millipore Sigma, 349631) or 0.1mM Diethyl-succinate (MedChem Express, HY-Y0836) for 4-

72h depending on experimental design. Metabolites were prepared as described in Table 3.
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3.9 Immunofluorescence analysis

Immunofluorescence staining of MuSCs
Following culture, media was removed, and cells were fixed with cold 4% PFA for 10 minutes on

a rocker at RT. Cells were then washed 3x5 minutes with PBS. Cells were permeabilized with
200ul of permeabilization solution (0.1% (v/v) Triton-X and 100 mM glycine) for 10 minutes
while rocking. Permeabilization was removed and cells were blocked with 200ul of blocking
solution (5% (v/v) horse serum, 2% (w/v) BSA and 0.1% (v/v) Triton-X in PBS) for 3-hours at
room temperature while rocking. After blocking, 100ul of primary antibodies (see Table 2) diluted
in blocking solution was added and left to incubate at 4°C overnight on a rocker. Primary
antibodies include mouse Pax7 (1:13, DSHB Pax7-S), rabbit Pax7 (1:250, Thermo Fisher
Scientific PA1-117), mouse MyoD (1:100, SantaCruz sc-32758), rabbit Ki67 (1:500, ab15580),
rabbit Tom20 (1:500 Proteintech 11802-AP), rabbit Calcitonin Receptor (1:100, BioRad
AHP3115), chicken GFP (1:1000, Abcam 13970). Primary antibodies were removed, and cells
were washed twice with PBS. Secondary antibodies were diluted 1:500 in blocking solution and
incubated at room temperature for 1-hour, protected from light. 10 minutes prior to the end of the
I-hour incubation, DAPI (Sigma D9542), was added, diluted 1:500 in blocking solution.
Secondary antibodies include Cy3 (1:1000, Jackson 715-165-150) and AlexaFluoro 488 (1:1000,
Thermo Fisher Scientific A11001). Cells were washed 3x5 minutes with PBS and a coverslip was

mounted using using Epredia Immumount (ThermoFisher, 9990402).

Immunofluorescence staining of EDL myofibers

Following fixation, single myofibers were permeabilized in 0.1% (v/v) Triton-X and 100 mM
glycine for 10 minutes at room temperature. Myofibers were blocked in blocking solution
containing 5% (v/v) horse serum, 2% (w/v) BSA and 0.1% (v/v) Triton-X in PBS for 5 hours at
room temperature. Primary antibodies were diluted in blocking solution and 100ul was added to
each well of a 24-well plate and left to incubate rocking overnight at 4°C. Primary antibodies
include mouse Pax7 (1:13, DHSB PAX7-S), rabbit Pax7 (1:250, Thermo Fisher Scientific PA1-
117), mouse MyoD (1:100, SantaCruz sc-32758), rabbit Ki67 (1:500, ab15580), rabbit Tom20
(1:500 Proteintech 11802-AP). Following primary antibody incubation, myofibers were washed

3x5 minutes with PBS. 200ul of secondary antibodies diluted in blocking solution was added and
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left to incubate rocking, covered from light for 1-hour at room temperature. Secondary antibodies
include Cy3 (1:1000, Jackson 715-165-150) and AlexaFluoro 488 (1:1000, Thermo Fisher
Scientific A11001). After 1-hour, 200ul of blocking solution containing DAPI (1:750, Sigma
D9542) was added for 5 minutes. EDL myofibers were mounted on a charged glass slide (Fisher
Scientific, 12-550-15) using Epredia Immumount (ThermoFisher, 9990402).

Immunofluorescence staining of muscle sections

Prior to staining, muscle sections were sent for antigen retrieval with citrate buffer (pH=6.0) at the
Louise Pelletier Histology Core Facility at the University of Ottawa. Following antigen retrieval,
slides were dried using a Kimwipe and a hydrophobic marker was used to circle around each tissue
section. Tissue sections were washed with 1xPBS and PBS was aspirated. TA sections were
incubated with 50ul blocking solution (3% (w/v) BSA (Tocris 5217) in 1xPBS) in a humidified
chamber, by placing a damp piece of paper towel inside of a slide box, for 1-hour. Blocking
solution was removed and 50ul of primary antibodies diluted in 3% BSA were added and left to
incubate overnight at 4°C. Following incubation, sections were washed 5x2 minutes in 1xPBS and
then incubated with IgG-specific biotin (1:250, Jackson Immuno 115-065-205) for 30 minutes.
Sections were washed with 1xPBS and incubated with secondary antibodies and DAPI (see Table
2) diluted in 3% BSA for 15 minutes at room temperature. Sections were washed with 1xPBS and
coverslips were mounted using Immumount (Fisher Scientific 9990402). Slides were left to dry,

covered from light and then placed at 4°C for future use.

Hematoxylin and eosin staining of muscle sections
Slides were retrieved from storage at -80°C and sent the Louise Pelletier Histology Core Facility

for Hematoxylin and Eosin staining. Slides were stored at 4°C for future use.

3.10 Microscopy

MuSC activation and cell cycle entry
For imaging of MuSC activation and cell cycle entry (4-hour and 24-hour culture), EDL myofibers

were imaged on the 63X objective of a Zeiss Axio.Observer Epifluorescent microscope in the
Khacho lab at the University of Ottawa. For each mouse, approximately 6-10 fibers per condition

were imaged.
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MuSC fate decisions

To evaluate MuSC fate decisions, clusters residing on 72-hour cultured EDL myofibers were
imaged on the Zeiss LSM880 (for figures 1D,H and 2K-O, S and V) and the Leica Thunder Imager
microscope on the 63X objective at the University of Ottawa Cell Biology and Image Acquisition
(CBIA) core. To obtain full images of 3D clusters, Z-stacks with 1.5um spacing were used. Z-
stacked images were and 3D-projected using Fiji in order to produce a 3D image of all z-stacks.
For representative images, images were reconstructed using Imaris Viewer. For each mouse,

approximately 6-10 fibers per condition were imaged.

Mitochondrial length

To evaluate mitochondrial length, mitochondria within MuSCs residing on EDL myofibers were
imaged using the Zeiss LSM880 confocal microscope with Airyscan. Z-stacks with 0.16pum
spacing were used to capture all mitochondria within the cell. Airyscan processing was then
applied to all images to enhance resolution and signal-to-noise ratio.. Evaluation of mitochondrial
length was done by 3D projecting images in Fiji and manually measuring mitochondrial length as
previously described!*®. For mitochondrial length quantifications, approximately 50-100

mitochondria were quantified per cell with 5-10 cells imaged.

3.11 Gene expression analysis
RNA extraction from MuSCs

MuSC pellets were retrieved from storage at -80°C and left to thaw on ice. MuSC RNA was
isolated using the PicoPure column-based RNA isolation kit (ThermoFisher KIT0214). Following
isolation, RNA was quantified using the NanoDrop 2000 spectrophotometer, located at the
University of Ottawa. Following quantification, RNA was aliquoted into 5Sul aliquots in separate,

RNAse-free Eppendorf tubes and stored at -80°C for later use.
Quantitative real-time PCR (RT-qPCR)

RNA was retrieved from storage at -80°C and left to thaw on ice. RNA was then diluted to Sng/ul

in sterile, DNase-free/RNase-free water. Mastermixes for each gene were prepared using 2 kits:
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the Qiagen QuantiNova SYBR Green RT-PCR kit (Qiagen 208154) and the Rotor-Gene SYBR
RT-QPCR kit (Qiagen, 204174). Each 10ul of Mastermix contained 6.25ul SYBR Green, 1.25ul
forward and reverse primer (1.25uM), 1.152ul RNase-free H2O and 0.1pl reverse transcriptase.
Samples were run in triplicate and GAPDH was used as a housekeeping gene. Samples were then
added to the Qiagen RotorGene and run with the following parameters: 50°C for 10 minutes, 95°C
for 2 minutes, cycling of 95°C for 5 seconds and 60 C for 10 seconds for 40 repeat cycles, melting
from 50-99°C with a 1°C rise each step with 90 seconds of pre-melt conditioning on the first step
and 5 seconds for each subsequent step. Analysis was done using the Qiagen RotorGene software,

using previously generated standard curves for each gene of interest.

3.12 Metabolomic analysis of MuSCs
MuSCs were isolated by FACS and pelleted at 4200rpm for 2 minutes. Following centrifugation,

supernatant was removed, and MuSCs were washed with 1mL PBS followed by centrifugation at
4200rpm for 2 minutes. PBS washes were repeated two more times to ensure removal of FACS
buffer components. Following PBS washes, cells were fixed by resuspending the pellet in freshly
prepared ice-cold 150mM ammonium formate buffer. Cells were then transferred to a new pre-
chilled 2mL Eppendorf bead beater tube (Eppendorf; 022363352) and spun down at 4200rpm for
3 minutes using the benchtop centrifuge in the Khacho lab. Fixation buffer was removed, and the
pellet was resuspended in 380ul of 50% MeOH/ 50% water solution pre-equilibrated to -20°C,
along with 6 washed 1.4mm ceramic beads. Samples were kept in 50% MeOH / 50% water solution
at -80°C until all samples were ready for phase-separation extraction. The remaining steps in
extraction were done in a 4°C cold-room when possible while keeping samples on dry ice. To
extract water-soluble metabolites, samples were vortexed for 10 seconds and 220ul of ice-cold
LC/MS-grade ACN (Acetonitrile) was added to each sample, followed by vortexing for another
10 seconds. Samples were then placed in the Roche MagNA Lyser, in the University of Ottawa
Common Equipment room 4258 and beat at 4000rpm in 1-minute intervals to ensure samples do
not warm, for a total of 2 minutes of beating. Samples were returned to the cold room following
beating, 600ul of ice-cold dichloromethane and 300pl of ice-cold water was added to each sample
and vortexed for 1 minute. Samples were then left to partition on ice for 10 minutes. Next, samples
were spun down in a cooled 1°C centrifuge for 10 minutes at 4000rpm. The upper aqueous phase

was pipetted, careful not to disturb the lower 2 phases, and transferred to a fresh, pre-chilled 1.5mL
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Eppendorf tube (Eppendorf 022363204). Samples were then sent to the uOttawa Metabolomics

Core Facility for analysis. A minimum of 100,000 MuSCs was used for each biological replicate.

3.13 Statistical analyses
Statistical analyses were done using Excel (paired and un-paired student’s t-test) and GraphPad

Prism (ANOVAs). For all statistical tests, significance is presented as follows: p<0.05*, p<0.01**,
p<0.001**%*,
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Primer Forward sequence (5’ =2 3°) Reverse sequence (5’ =2 3°) Method
OPAL1 flox TTAAGACACCCCAAGAGCTTG | CCAGCTTAGATCCCATTTGTT Genotyping
C GACAG
Control TTACGTCCATCGTGGACAGC TGGGCTGGGTGTTAGCCTTA Genotyping
Cre GAACCTGATGGACATGTTCAG | AGTGCGTTCGAACGCTAGAG Genotyping
G CCTGT

OPA1tg-WT CTCCGGAAAGCAGTGAGGTA GAGGGAGAAAAATGCGGAGTG Genotyping
OPAltg-OE éiTAGGTCAGGTAAGCAAGCA GCAATGACGTGGTCCTGTTTTG Genotyping
Pax7 éiCGACGAGGAAGGAGACAA ACATCTGAGCCCTCATCCAG gqPCR
CD34 CGCAGTTGGAGCCCTACAG CCTCCACCATTCTCCGTGTAAT gqPCR
MyoD TACAGTGGCGACTCAGATGC CTGGGTTCCCTGTTCTGTGT gqPCR
MyoG CAGTGAATGCAACTCCCACA | ACCCAGCCTGACAGACAATC gPCR
OPA1 CGACTTTGCCGAGGATAGCTT | CGTTGTGAACACACTGCTCTTG gqPCR
DRP1 TTACGGTTCCCTAAACTTCAC GTCACGGGCAACCTTTTACGA gqPCR
MFNI1 SCTACTGCTCCTTCTAACCCA AGGGACGCCAATCCTGTGA gPCR
MFN2 CTGGGGACCGGATCTTCTTC CTGCCTCTCGAAATTCTGAAACT | qPCR
IDH3 TGGGTGTCCAAGGTCTCTC CTCCCACTGAATAGGTGCTTTG gPCR
OGDH GTTTCTTCAAACGTGGGGTTC | GCATGATTCCAGGGGTCTCAAA gqPCR
SDHA I}GAACACTCCAAAAACAGAC CCACCACTGGGTATTGAGTAGAA | qPCR
GAPDH ngGTGTGAACGGATTTG GGTCTCGCTCCTGGAAGA gqPCR

Table 1. List of primers used for genotyping and qPCR.
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Assay Antibody | Company Cat. # Dilution | Type
PE rat anti- BD 553108 2ul/mouse | Negative
mouse Scal Pharmingen selection
PE rat anti- BD 553081 2ul/mouse | Negative
mouse CD45 Pharmingen selection
PE rat anti- BD 553373 2ul/mouse | Negative
mouse CD31 Pharmingen selection
FACS PE rat anti- eBiosciences 12-0112-82 | 2ul/mouse | Negative
mouse CD11b selection
647 conjugated Ablab 67-0010-05 | 10ul/mouse | Positive
alpha integrin 7 selection
PE-Cy7 Biolegend 105720 10ul/mouse | Positive
conjugated selection
CD106
Pax7 (mouse) DSHB PAX7-S 1:13 Primary
Pax7 (rabbit) Invitrogen PA1-117 1:50 Primary
Tom20 (rabbit) ProteinTech 11802-1-AP 1:500 Primary
MyoD (mouse) SantaCruz sc-32758 1:100 Primary
Immunofluorescent Ki67 (rabbit) Abcam ab16667 1:500 Primary
staining of MuSCs GFP (chicken) Abcam ab13970 1:1000 Primary
CalcR (rabbit) BioRad AHP3115 1:500 Primary
Alexa-Fluor 488 | Invitrogen A11001 1:1000 Secondary
(mouse)
Alexa-Fluor 488 | Invitrogen A11008 1:1000 Secondary
(rabbit)
Cy3 (mouse) Jackson 765-165-150 | 1:1000 Secondary
Cy3 (rabbit) Jackson 711-165-152 | 1:1000 Secondary
Immunofluorescent | Pax7 (mouse) DSHB PAX7-S 1:13 Primary
staining of muscle
sections Pax7 (rabbit) Invitrogen PA1-117 1:50 Primary
Ki67 (rabbit) Abcam ab15580 1:1000 Primary
MyoG (mouse) DSHB FD5 1:100 Primary
Alexa-Fluor 488 | Invitrogen A11008 1:500 Secondary
(rabbit)
Biotin Jackson 115-065-205 | 1:250 Secondary
Streptavidin-Cy3 | Jackson 016-160-084 | 1:250 Secondary

Table 2. List of antibodies used.
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Metabolite Concentration Solvent Use
Dimethyl-aKG ImM DMSO In vitro
Diethyl-succinate | 0.1mM DMSO In vitro
Octyl-(S)-2- 0.lmM DMSO In vitro
hydroxyglutarate

L-Methionine 10mM H>O In vitro
Uridine 0.2mM H>O In vitro
Succinic acid 100mg/kg PBS In vivo

Table 3. List of metabolites and their concentrations used in this study.
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Chapter 4: Results

4.1 Changes in OPA1 expression alter the metabolome of MuSCs

To understand the role of mitochondrial shape changes as a signalling mechanism governing stem
cell function, we utilized two mouse models of altered mitochondrial shape: a MuSC-specific
deletion of the mitochondrial fusion protein OPA1 (OPA1-KO) and a whole-body OPAl
overexpression (OPA1-OE). Single EDL myofibers were isolated from OPA1-WT and OPA1-KO
and fixed immediately after isolation (t=Oh) or cultured for 4, 24 and 72-hours to monitor
activation (Pax7*/MyoD"), cell cycle entry (Pax7"/Ki67") and fate decisions (Pax7"-/MyoD""),
respectively. We confirmed our previous findings showing that OPA1-KO MuSCs display highly
fragmented mitochondria (Figure 7A), have enhanced activation and cell cycle entry kinetics
(Figure 7B and C) and show a bias in fate decisions towards commitment at the expense of self-
renewal (Figure 7D). Next, we sought to understand the effect of OPA1 overexpression in MuSCs.
Mitochondria within OPA1-OE MuSCs display longer mitochondria compared to their WT
counterparts (Figure 7E). To evaluate the kinetics of OPA1-OE MuSCs in vitro, we utilized the
single EDL myofiber system with the above mentioned timepoints to evaluate their activation, cell
cycle entry and fate decisions. In contrast to OPA1-KO MuSCs, we find that OPA1-OE MuSCs
display decreased activation and cell cycle entry kinetics (Figure 7F and G) and have biased fate
decisions towards self-renewal (Figure 7H). This suggested that overexpression of OPA1l and
increased mitochondrial length in MuSC:s alters their activation and cell cycle entry kinetics. Taken
together, deletion of OPA1 places MuSCs in a primed quiescent state and biases fate towards
commitment, whereas overexpression of OPA1 and mitochondrial elongation places MuSCs in a
state of deeper quiescence and biases fate decisions towards self-renewal.

Mitochondrial metabolites have distinct signalling capacities and can alter various cellular
functions®!. Metabolites, through various downstream events, can also dictate the fate of various

stem cell populationg®8-90-106.107.111,157

. This led us to question whether changes in mitochondrial
shape may alter essential signalling metabolites responsible for the opposing phenotypes observed
in OPA1-KO and OPA1-OE MuSCs (Figure 7I and J). To this end, we profiled the metabolome of
freshly FACS isolated OPA1-KO and OPA1-OE MuSCs using targeted metabolomic analysis
(Figure 71 and J). Heatmaps of metabolomics data were generated using MetaboAnalyst by

inputting metabolite concentrations normalized to cell number. The data was further log

transformed and scaled using Pareto scaling to reduce the impact of variables with high variability
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while retaining their original importance in the dataset!>®. Generation of heatmaps was done using
Euclidean distance and Ward clustering. Heatmaps show metabolite fold-change for each
biological replicate for each metabolite. This revealed a total of 29 significantly altered metabolites
(p<0.05, LogFC > 1.5) in OPA1-KO MuSCs and 39 significantly altered metabolites in OPA1-OE
MuSCs (Figure 7K). Strikingly, all significantly altered metabolites in OPA1-KO MuSCs were
decreased in abundance relative to OPA1-WT, whereas all significantly altered metabolites in
OPAI1-OE displayed increased abundance compared to WT (Figure 71-K). In addition, 19
significantly altered metabolites were shared between OPA1-KO and OPA1-OE MuSCs (Figure
7K). Next, we performed pathway enrichment analysis using Metaboanalyst by uploading the
names of commonly altered metabolites between OPA1-KO and OPA1-OE MuSCs. Metabolites
were matched against the KEGG database to uncover possible altered metabolic pathways.
Pathway enrichment analysis of the 19 significantly altered common metabolites revealed an
enrichment for metabolic pathways including the malate-aspartate shuttle, glutamate metabolism,
urea cycle, purine metabolism and the TCA cycle (Figure 7L). Furthermore, significantly altered
metabolites shared between OPA1-KO and OPA1-OE MuSCs included alpha-ketoglutarate,
succinate, 2-hydroxyglutarate, uridine, methionine (Figure 7M and N). Taken together, the above
results demonstrate that changes in mitochondrial shape are sufficient to alter the global metabolite

profile of MuSCs, including metabolites with known downstream signalling roles.
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Figure 7. OPA1 regulates the metabolite profile of MuSCs. (A) Confocal 3D reconstruction of
mitochondria stained with Tom20 in OPA1-WT and OPA1-KO MuSCs at T=0h. n=5-6 mice, mean
+ SD. (B) Quantification of Pax7+ cells expressing MyoD in OPA1-WT and OPA1-KO EDL
myofibers at 4h in culture. n=8 mice, mean + SD. (C) Quantification of Pax7+ cells expressing
Ki67 on OPA1-WT and OPA1-KO EDL myofibers at 24h in culture. n=7 mice, mean = SD. (D)
Quantification of Pax7+ and MyoD+ cells at 72h in culture on OPA1-WT and OPA1-KO
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myofibers. n=4 biological replicated, mean + SD. (E) Confocal 3D reconstruction of mitochondrial
length in WT and OPA1-OE MuSCs at T=0h. n=4 mice, mean + SD. (F) Pax7+ cells expressing
MyoD on WT and OPA1-OE EDL myofibers at 4h in culture. n=3 mice, mean + SD. (G) Pax7+
cells expressing Ki67 on WT and OPA1-OE EDL myofibers at 24h in culture. n=7 mice, mean *
SD. (H) Pax7+ and MyoD+ cells at 72h in culture on OPA1-WT and OPA1-KO myofibers. n=>5
mice, mean = SD. (I) Schematic representing the experimental paradigm for metabolomics in
OPA1-KO and OPA1-OE MuSCs. (J) Heatmap of all identified metabolites in OPA1-WT and
OPA1-KO MuSC metabolomics. n=4 mice. (K) Heatmap of all identified metabolites in WT and
OPA1-OE MuSC metabolomics. n=4 mice. (L) Venn diagram showing the significantly altered
metabolites in common between OPA1-KO and OPA1-OE MuSCs. (M and N) Fold change of
significantly altered metabolites in OPA1-KO (M) and OPA1-OE (N) MuSCs, generated using
MetaboAnalyst. (O) Pathway enrichment analysis of the significantly altered metabolites in
common between OPA1-KO and OPA1-OE MuSCs, generated using MetaboAnalyst. Panels I-N
were generated by Dr. Mireille Khacho.
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4.2 OPA1l-regulated metabolites alter MuSC progression and fate
We next questioned whether commonly altered metabolites in OPA1-KO and OPA1-OE MuSCs

are sufficient to alter the progression and fate of WT MuSCs in vitro. To investigate this, we
selected 5 metabolites that were significantly altered in both OPA1-KO and OPA1-OE MuSCs:
alpha-ketoglutarate (K G), succinate, 2-hydroxyglutarate (2-HG), methionine and uridine. Single
EDL myofibers were isolated from WT mice, and cultured for 4, 24 and 72-hours to monitor
activation, cell cycle entry and fate decisions. Additionally, given the cell-impermeable nature of
some metabolites in their native form (aKG, Succinate and 2-HG), we utilized esterified forms of
these metabolites to ensure cell permeability (dimethyl-aKG, diethyl succinate and octyl-(S)-
2HG). At 4-hours in culture, we find that exogenous treatment with aKG, succinate, uridine and
2-HG lead to a significantly increased proportion of activated cells (Pax7+/MyoD+) (Figure 8A-
C and E). Treatment of WT fibers with methionine had no effect on their activation (Figure 8D).
At 24-hours in culture, we find similar results whereby aKG, succinate, 2-HG and uridine
enhanced the cell cycle entry of WT MuSCs (Figure 8F-H and J). In contrast to having no effect
at 4-hours in culture, here we find that methionine leads to a significant decrease in WT MuSC
cell cycle entry (Figure 8I). We next investigated whether 72-hour treatment with exogenous
metabolites is sufficient to alter MuSC fate decisions. Here, conversely, we observe metabolite-
specific capacities to alter MuSC fate. WT MuSCs treated with aKG led to a significant shift in
fate towards commitment at the expense of self-renewal (Figure 8K). Opposingly, succinate
treatment was sufficient to significantly enhance self-renewal, while also decreasing the proportion
of committed cells (Figure 8L). Treatment with 2HG bore no effect on MuSC fate (Figure 8M)
whereas methionine slightly, but significantly, decreased self-renewal (Figure 8N). Lastly, uridine
treatment significantly reduced self-renewal and enhanced commitment, albeit not as drastically
as is observed with aKG treatment (Figure 80). Taken together, metabolites altered by
mitochondrial shape possess both converging and diverging abilities to alter MuSC progression

and fate.

As previously stated, OPA1-KO MuSCs have enhanced activation, cell cycle entry and
biased fate decisions towards commitment at the expense of self-renewal, whereas OPA1
overexpression delays activation and cell cycle entry and promotes self-renewal over commitment

(Figure 7A-H). Given these drastically opposing phenotypes, we next sought to determine whether
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addition of exogenous metabolites in OPAI-KO and OPA1-OE MuSCs could rescue their
phenotypes. Since methionine was the only tested metabolite sufficient to decrease cell cycle entry,
we treated OPA1-KO myofibers with exogenous methionine for 24-hours and find that methionine
is sufficient to rescue the enhanced cell cycle entry of OPA1-KO MuSCs (Figure 8Q). Additionally,
succinate was the only tested metabolite that promoted self-renewal and decreased commitment.
Thus, we questioned whether addition of succinate to OPA1-KO MuSCs would be sufficient to
rescue their fate. We find that succinate can restore the biased fate decisions of OPA1-KO and
restores their self-renewal and commitment to WT levels (Figure 8R). Multiple tested metabolites
were sufficient to enhance the activation and cell cycle entry of WT MuSCs, thus we supplemented
OPA1-OE MuSCs with these metabolites to determine if they would rescue delayed activation and
cell cycle entry. We cultured OPA1-OE myofibers with either aKG, 2-HG, succinate or uridine
and find that these metabolites restore both the delayed activation and delayed cell cycle entry of
OPA1-OE MuSCs (Figure 8S and T). Lastly, we attempted to restore the fate decisions of OPA1-
OE MuSCs by addition of aKG, which promoted commitment at the expense of self-renewal in
WT MuSCs (Figure 8K). We find OPA1-OE MuSCs treated with aKG restores their fate decisions
to WT (Figure 8U). With this data, we have identified multiple metabolites altered by
mitochondrial shape which possess distinct abilities to alter MuSC progression and fate and

restores the phenotypes of OPA1-KO and OPA1-OE MuSCs in a metabolite-specific manner.
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Figure 8. OPA1-regulated metabolites play distinct roles in directing MuSC activation, cell
cycle entry and fate decisions. (A) Pax7+ cells expressing MyoD on WT myofibers treated with
alpha-ketoglutarate (0 KG) for 4h. n=4 mice, mean * SD. (B) Pax7+ cells expressing MyoD on
WT myofibers treated with succinate for 4h. n=3 mice, mean + SD. (C) Pax7+ cells expressing
MyoD on WT myofibers treated with 2-hydroxyglutarate (2HG) for 4h. n=4 mice, mean = SD. (D)
Pax7+ cells expressing MyoD on WT myofibers treated with methionine for 4h. n=3 mice, mean
+ SD. (E) Pax7+ cells expressing MyoD on WT myofibers treated with uridine for 4h. n=4 mice,
mean * SD. (F) Pax7+ cells expressing Ki67 on WT myofibers treated with aKG for 24h. n=6
mice, mean = SD. (G) Pax7+ cells expressing Ki67 on WT myofibers treated with succinate for
24h. n=3 mice, mean = SD. (H) Pax7+ cells expressing Ki67 on WT myofibers treated with 2HG
for 4h. n=5 mice, mean £+ SD. (I) Pax7+ cells expressing Ki67 on WT myofibers treated with
methionine for 4h. n=4 mice, mean + SD. (J) Pax7+ cells expressing Ki67 on WT myofibers treated
with uridine for 4h. n=4 mice, mean + SD. (K) Pax7+ and MyoD+ cells on WT myofibers treated
for 72h with aKG. n=8 mice, mean + SD. (L) Pax7+ and MyoD+ cells on WT myofibers treated
for 72h with succinate. n=6 mice, mean + SD. (M) Pax7+ and MyoD+ cells on WT myofibers
treated for 72h with 2HG. n=3 mice, mean + SD. (N) Pax7+ and MyoD+ cells on WT myofibers
treated for 72h with methionine. n=3 mice, mean + SD. (O) Pax7+ and MyoD+ cells on WT
myofibers treated for 72h with uridine. n=3 mice, mean + SD. (P) Representative 3D
reconstructions of cell clusters imaged at 72h following treatment with identified metabolites. (Q)
Schematic summarizing the effect of exogenous treatment of OPAl-regulated metabolites on
MuSC progression. (R) Pax7+ cells expressing Ki67 on 24h untreated OPA1-WT and OPA1-KO
and methionine treated OPA1-KO myofibers. n=3 mice, mean + SD. (S) Pax7+ and MyoD+ cells
in 72h untreated and succinate treated OPA1-KO myofibers. n=3 mice, mean = SD. (T) Pax7+
cells expressing MyoD on 4h cultured WT and OPA1-OE myofibers treated with identified
metabolites. n=7 mice, mean + SD. (U) Pax7+ cells expressing Ki67 on 24h cultured WT and
OPA1-OE myofibers treated with identified metabolites. n=3 mice, mean + SD. (V) Pax7+ and
MyoD+ cells in 72h untreated and oK G treated OPA1-OE myofibers. n=3 mice, mean + SD.
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4.3 oKG and succinate differentially guide MuSCs towards opposing fates
Treatment of WT MuSCs with aKG results in a similar fate decisions phenotype to OPA1-KO

MuSCs (Figure 7D and 8K), whereas succinate treatment promoted self-renewal in a manner
similar to OPA1-OE MuSCs (Figure 7H and 8L). Given the striking similarities between these
treatments and genotypes, we questioned whether there is fine-tuned balance or ratio of these two
metabolites in MuSCs that is responsible for directing MuSC fate. Thus, we investigated the
[aKG]:[succinate] ratio in OPA1-KO and OPA1-OE MuSCs. Interestingly, while all significantly
altered metabolites in OPA1-KO MuSCs are decreased, we identified a significant increase in the
[aKG]:[succinate] ratio in OPA1-KO MuSCs compared to their wild-type counterparts (Figure
9A). In contrast to this, we find that the [oKG]:[succinate] ratio in OPA1-OE MuSCs is
significantly decreased (Figure 9B). To find a potential explanation for differences in this ratio, we
analyzed the expression of key TCA cycle enzymes involved in aKG and succinate synthesis.
Specifically, we examined the expression of isocitrate dehydrogenase (IDH) which convert
isocitrate to K G; oxoglutarate dehydrogenase (Ogdh) which converts aKG to succinyl-CoA; and
Sdha which is a component of the succinate dehydrogenase complex which converts succinate to
fumarate. This revealed that OPA1-KO MuSCs exhibit an increase in Idh3 expression, which is
the rate limiting step in the TCA cycle, and decrease in Ogdh (Figure 9C). This would suggest an
increase in aKG synthesis and decrease in its downstream utilization (Figure 9C and F). In
contrast, OPA1-OE MuSCs exhibit a significant increase in Ogdh expression and a significant
decrease in Idh3 and Sdha (Figure 9D and E). This would suggest an overall decrease in aKG
synthesis and an increase in its utilization and formation towards succinate (Figure 9F). Taken
together, differences in the [aKG]:[succinate] ratio may originate from the TCA cycle (Figure 9F).

We hypothesized that increased [oKG]:[succinate] ratio pushes MuSCs towards
commitment, as is observed in OPA1-KO MuSCs (Figure 7D), while a decreased ratio may
promote self-renewal, as is seen in OPA1-OE MuSCs (Figure 7H). To investigate this, we
exogenously altered the ratio of [aKG]:[succinate] in WT myofibers by culturing for 72h with
oKG and increasing concentrations of succinate. As previously demonstrated (Figure 8K),
treatment with aKG alone promoted commitment, however addition of succinate at increasing
concentrations, thereby decreasing the [aKG]:[succinate] ratio, led to a ratio-dependent increase

in self-renewal and decrease in commitment (Figure 9G). Of note, co-treatment of WT MuSCs
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with aKG and succinate at their established concentrations had no effect of fate decisions. Taken
together, this demonstrates that manipulation of the [aKG]:[succinate] ratio is sufficient to direct
the fate of MuSCs.

Currently, we have demonstrated that treatment of WT MuSCs for 72h with aKG or
succinate is sufficient to alter the fate decisions. However, we questioned whether the full 72h
treatment was necessary to direct MuSC fate. To investigate this, we isolated WT myofibers and
cultured for 72h with different timings of succinate treatment; from 0 to 24h, 0 to 48h and 0 to 72h
(Figure 9H). As seen previously, a full 72h treatment of succinate from 0 to 72h lead to a significant
increase in self-renewal and decrease in commitment (Figure 91). Interestingly, succinate treatment
for only the first 24h of culture, significantly decreased commitment (Figure 91). Self-renewal was
also increased however did not reach significance. Additionally, succinate treatment for the first
48h of the total 72h culture time significantly increased self-renewal and decreased commitment
to similar levels as the full 72h succinate treatment (Figure 91). Furthermore, we find that treatment
of WT MuSCs with aKG for the first 24 or 48h lead to significant increases in commitment and
decreased self-renewal, similar to the full 72h treatment (Figure 9J). Next, we questioned whether
delayed treatment with aKG or succinate would yield similar changes to fate decisions. To
investigate, we isolated WT myofibers and cultured for 72-hours, however, here, we added
treatments from 24h-72h or from 48-72h (Figure 9K). Strikingly, while succinate treatment from
0-24h or 0-48h lead to decreased commitment and increased self-renewal, here we find that
delayed treatment from 24-72h had no effect on self-renewal but maintained its inhibitory effet on
commitment (Figure 9L). Succinate treatment from 48-72h had a more drastic effect whereby in
this case, both self-renewal and commitment are greatly reduced, and the vast majority of cells
remain in their activated state (Pax7+/MyoD++) (Figure 9L). Lastly, delayed aKG treatment from
24-72h was sufficient to maintain enhanced commitment at the expense of self-renewal, however,
treatment from 48-72h lead to fate decisions similar to untreated (Figure 9M). Altogether, this data
demonstrates that aKG and succinate are required at the onset of MuSC progression to alter their
fate.

We were particularly interested that succinate, regardless of the time or timing of treatment,
maintained its inhibitory effect on commitment (Figure 91 and L). This prompted us to consider
whether the decisions to self-renew or commit occur concomitantly or whether one precedes the

other. We reasoned that commitment may occur prior to self-renewal given that many of the
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cellular processes that promote the exit from quiescence and activation of MuSCs, such as
mitochondrial fragmentation, ROS/GSH signalling, increased myogenic gene expression,
enhanced metabolism, etc., need to drastically revert in order to self-renew and return to

1,153,154 Thus. we
M 9

quiescence, whereas these processes are maintained during the commitment stage
performed a time course analysis of MuSC fate decisions in WT myofibers and analyzed the
proportion of cells expressing Pax7 and/or MyoD at 0, 24, 36, 48, 60 and 72 hours in culture.
MuSCs at Oh are predominantly Pax7+/MyoD-, indicating a majority of quiescent MuSCs (Figure
ON). At 24 hours, a drastic switch in population is observed, whereby the majority of MuSCs are
activated and co-express both Pax7 and MyoD. Interestingly, a small proportion of cells are Pax7-
/MyoD+ (Figure 9N). As time continued, we observed a gradual increase in the number of
committed (Pax7-/MyoD+) cells that precedes the emergence of self-renewing cells
(Pax7+/MyoD-). In fact, at 36h in culture, approximately 15% of cells are committed whereas no
cells are self-renewed (Figure 90). From 36h onwards to 72h in culture, there is consistently a
significantly higher number of committed cells than there are self-renewed. This time course
demonstrates that the emergence of committed MuSCs occurs prior to self-renewal.

Given that succinate and aKG treatment for only the first 24h of culture is sufficient to
alter MuSC fate, we questioned whether differences in cell identity are observed prior to the first
cell division. Thus, we cultured WT myofibers for 24h with aKG or succinate and analyzed the
proportion of cells expressing Pax7 and/or MyoD. Similar to our time course data (Figure 9P), we
find that at 24h, untreated MuSCs are predominantly Pax7+/MyoD+, with a very small percentage
committed cells (Pax7-/MyoD+). Interestingly, 24h aKG treatment led to a significant increase in
the percentage of committed cells (Figure 9P and Q). In contrast, 24h succinate treatment led to a
significant increase in self-renewing cells (Pax7+/MyoD-) and fully abolished the population of
committed cells (Figure 9P and Q). Thus, aKG and succinate can alter the fate of MuSCs prior to
their first division.

This prompted us to question whether KG and succinate alter the fate of MuSCs by
altering their gene expression. Therefore, we isolated WT MuSCs and treated for 24h with aKG
or succinate. After 24h treatment, we find that aKG significantly decreases Pax7 expression
whereas succinate significantly increased its expression (Figure 9R). Furthermore, gene expression

of MyoD is greatly reduced in succinate treated MuSCs, whereas no effect was seen in aKG treated
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cells (Figure 9S). With the above data, this demonstrates that « KG and succinate alter the identity

of MuSCs by rapidly modifying the expression of key stemness and myogenic genes.
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Figure 9. aKG and succinate differentially guide MuSCs towards opposing cell fate decisions
(A) Ratio of aKG to succinate in OPA1-WT and OPA1-KO MuSCs identified in metabolomic
analysis. (B) Ratio of aKG to succinate in WT and OPA1-OE MuSCs identified in metabolomic
analysis. (C) qPCR of IDH3 and OGDH gene expression in OPA1-KO MuSCs. n=3 mice, mean +
SD. (D) gPCR of IDH3 and OGDH gene expression in OPA1-OE MuSCs. n=3 mice, mean + SD.
(E) qPCR of Sdha gene expression in OPA1-OE MuSCs. n=3 mice, mean + SD. (F) Schematic
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demonstrating how observed differences in TCA cycle enzymes may contribute to altered
[aKG]:[succinate] ratio in OPA1-KO and OPA1-OE MuSCs. (G) Pax7+ and MyoD+ expressing
MuSCs at 72h in WT myofibers treated with altered ratios of exogenous aKG and succinate. n=4
mice, mean = SD. (H) Schematic of experimental procedure for assessing the impact of aKG and
succinate treatment times on WT MuSC fate decisions. (I) Pax7+ and MyoD+ cells on WT
myofibers cultured for 72h following designated succinate treatment times. n=3 mice, mean * SD.
(J) Pax7+ and MyoD+ cells on WT myofibers cultured for 72h following designated aKG
treatment times. n=4 mice, mean + SD. (K) Schematic of experimental procedure for assessing the
impact of aKG and succinate treatment timing on WT MuSC fate decisions. (L) Pax7+ and
MyoD+ cells on WT myofibers cultured for 72h following designated delayed succinate treatment
times. n=3 mice, mean = SD. (M) Pax7+ and MyoD+ cells on WT myofibers cultured for 72h
following designated delayed o KG treatment times. n=3 mice, mean £ SD. (N) Time course of
WT MuSCs expressing Pax7 and MyoD on EDL myofibers. n=6 mice, mean = SD. (O) Percentage
of Pax7+/MyoD- and Pax7-/MyoD+ cells from (N). n=6 mice, mean + SD. (P) Pax7+ and MyoD+
cells on 24h untreated, aKG or succinate treated WT myofibers. n=6 mice, mean + SD. (Q)
Representative microscopy images of the presence of Pax7+/MyoD+ and Pax7+/MyoD- cells on
WT myofibers following 24h aKG and succinate treatment. (R) qPCR of Pax7 gene expression in
WT MuSCs following 24h oK G or succinate treatment. n=3 mice, mean = SD. (S) qPCR of MyoD
gene expression in WT MuSCs following 24h aKG or succinate treatment. n=3 mice, mean + SD.
Panels 9H and K were generated by Dr. Mireille Khacho.
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4.4 oKG and succinate alter mitochondrial morphology in MuSCs

Thus far, we have presented data highlighting that the [aKG]:[succinate] ratio alters the fate of
MuSCs by rapidly altering the expression of both stemness and myogenic genes. Our previous
work and work by others have demonstrated that mitochondrial shape is a key driver of MuSC
fate!>154, As mentioned previously, forced mitochondrial fragmentation via deletion of OPAI
pushes MuSCs towards commitment at the expense of self-renewal, whereas mitochondrial
elongation via overexpression of OPA1 pushes MuSCs towards self-renewal (Figure 7D and H).
Since aKG presents a similar phenotype to OPA1-KO MuSCs and succinate presents a similar
phenotype to OPA1-OE MuSCs, we questioned whether these treatments alter mitochondrial shape
to drive MuSC fate decisions. Therefore, we isolated WT myofibers and cultured for 0, 4, 12 and
24-hours in the presence of aKG or succinate and analyzed their mitochondrial morphology. We
find that at 4-hours in culture, both aKG and succinate treated MuSCs display a highly fragmented
mitochondrial network, similar to untreated (Figure 10A). This is in line with the fact that
mitochondrial fragmentation is required for the exit from quiescence and the activation of
MuSCs!33154 and no defects in activation are seen in MuSCs treated with aKG or succinate
(Figure 8A,B,F and G). Interestingly, however, at 12-hours, a divergence in mitochondrial length
can be seen in aKG and succinate treated MuSCs. At 12-hours in culture, mitochondria within
succinate treated MuSCs begin to re-elongate, and this elongation continues at 24-hours (Figure
10A and C). In contrast, mitochondria within aKG treated MuSCs maintain a highly fragmented
morphology until 24-hours in culture (Figure 10A and B). Given that mitochondrial fragmentation
promotes commitment, whereas mitochondrial elongation promotes self-renewal, this data
suggested that succinate may promote self-renewal by inducing mitochondrial elongation, whereas

oKG may promote commitment by maintaining fragmented mitochondria.

We were particularly interested in analyzing mitochondrial morphology after 24h aKG or
succinate treatment, given that at this time point, these treatments significantly alter the identity of
MuSCs and their gene expression (Figure 9L-O). We cultured WT myofibers with aKG or
succinate for 24h and analyzed their mitochondrial morphology. At 24h, succinate-treated MuSCs

have an elongated mitochondrial morphology, whereas a shift towards more fragmented
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mitochondria is seen in aKG-treated cells (Figure 10D and E). While we were interested to see
differences in mitochondrial length following 24h oK G or succinate treatments in Pax7+ MuSCs,
which includes self-renewing (Pax7+/MyoD-) and activated cells (Pax7+/MyoD+) but excludes
committed MuSCs (Pax7-/MyoD+) we questioned whether this was truly due to the treatments, or
whether this was due to differences in cell identity at 24-hours. Thus, we analyzed mitochondrial
morphology in MyoD+ cells rather than Pax7+ cells to exclude self-renewing cells and include
committed cells. Interestingly, here, we find that mitochondria within MyoD+ cells after 24h aKG
treatment continue to display a greater degree of fragmented mitochondria compared to control,
however, mitochondria within succinate treated MyoD+ MuSCs show no difference in length
compared to control (Figure 10F and G). Furthermore, we investigated the expression of the fission
and fusion genes, DRP1 and OPA1, in MuSCs treated with oK G or succinate for 24h. We find that
succinate significantly increased gene expression of OPA1, whereas o KG had no effect (Figure
10H). In contrast, aKG significantly increased expression of the fission factor DRP1 (Figure 101).
Next, we questioned whether aKG, which restored the biased fate decisions of OPA1-OE MuSCs,
was also manipulating mitochondrial length within these cells. Thus, we isolated OPA1-OE
myofibers and cultured for 24h with exogenous aKG and analyzed their mitochondrial length.
Strikingly, aKG treatment induced a significant degree of mitochondrial fragmentation (Figure
10J and K). This data highlights that aKG and succinate alter the expression of fission and fusion
genes, which in turn promotes mitochondrial fragmentation or elongation, respectively.

Next, we questioned whether mitochondrial fission and fusion are necessary for aKG and
succinate to alter MuSC fate. To this end, we isolated WT myofibers and cultured for 72-hours in
the presence of low dose (2uM) Mdivi-1 to inhibit DRP1 and mitochondrial fragmentation, or
MYLS22, a small molecule inhibitor of OPA1 GTPase activity!>, to prevent mitochondrial
elongation. As previously demonstrated!>?, 72h treatment with Mdivi-1 enhanced self-renewal and
decreased commitment (Figure 10L). Treatment of WT myofibers with the OPA1 inhibitor
MYLS22 resulted in a severe inhibition of self-renewal, in accordance with the fate decisions
phenotype of OPA1-KO MuSCs (Figure 10M). To determine whether mitochondrial fission and
fusion are necessary for the altered fate decisions in aKG and succinate treated MuSCs, we
isolated WT myofibers and treated with aKG or succinate alone or co-treated with aKG and

Mdivi-1 or succinate and MYLS22. While aKG alone promoted commitment and inhibited self-
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renewal, co-treatment of aKG and Mdivi-1 restored fate decisions to WT levels (Figure 10N).
Treatment with succinate promoted self-renewal and inhibited commitment, whereas co-treatment
of succinate with MYLS22 returned self-renewal to WT levels but was not sufficient to revert
commitment (Figure 10M). Altogether, this data highlights the requirements for mitochondrial

plasticity in aKG- and succinate-induced alterations in MuSC fate decisions.
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Figure 10. aKG and Succinate alter mitochondrial morphology of MuSCs. (A) Quantification
and representative confocal images of mitochondrial length using Tom20 in MuSCs on myofibers
cultured for 0, 4, 12 and 24-hours with aKG or succinate. n=3 mice with > 500 total mitochondria
quantified, mean + SD. (B) Distribution of mitochondrial length using Tom20 in Pax7+ MuSCs
cultured with aKG for 4, 12 and 24 hours. n=3 mice with > 500 total mitochondria quantified,
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mean * SD. (C) Distribution of mitochondrial length using Tom20 in Pax7+ MuSCs cultured with
succinate for 4, 12 and 24 hours. n=3 mice with > 500 total mitochondria quantified, mean + SD.
(D) Distribution of mitochondrial length using Tom20 in Pax7+ MuSCs following 24-hour culture
with aKG or succinate. n=3 mice with > 300 total mitochondria quantified, mean + SD. (E)
Average mitochondrial length using Tom20 in Pax7+ MuSCs following 24-hour culture with aKG
or succinate. n=3 mice with > 300 total mitochondria quantified, mean + SD. (F) Distribution of
mitochondrial length using Tom20 in MyoD+ MuSCs following 24-hour culture with aKG or
succinate. n=3 mice with > 300 total mitochondria quantified, mean + SD. (G) Average
mitochondrial length using Tom20 in MyoD+ MuSCs following 24-hour culture with aKG or
succinate. n=3 mice with > 300 total mitochondria quantified, mean + SD. (H) qPCR of OPA1
expression in WT MuSCs treated for 24h with aKG or succinate. n=3 mice, mean £+ SD. (I) gPCR
of Drpl expression in WT MuSCs treated for 24h with o KG or succinate. n=3 mice, mean * SD.
(J) Distribution of mitochondrial length in OPA1-OE MuSCs following 24-hour culture with aKG.
n=3 mice with 1300-1500 mitochondria total mitochondria quantified, mean + SD. (K) Average
mitochondrial length from (J) and representative confocal 3D reconstruction images of
mitochondria. n=3 mice, mean + SD. (L) Quantification of Pax7+ and MyoD+ expressing MuSCs
at 72h in WT myofibers treated with 2uM Mdivi-1. n=3 mice, mean £+ SD. (M) Quantification of
Pax7+ and MyoD+ expressing MuSCs at 72h in WT myofibers treated with 2.5uM MYLS22. n=3
mice, mean £ SD. (N) Quantification of Pax7+ and MyoD+ expressing MuSCs at 72h in WT
myofibers treated with aKG and 2uM Mdivi-1. n=3 mice, mean + SD. (N) Quantification of Pax7+
and MyoD+ expressing MuSCs at 72h in WT myofibers treated with 2.5uM MYLS22. n=3 mice,
mean * SD. (O) Quantification of Pax7+ and MyoD+ expressing MuSCs at 72h in WT myofibers
treated with succinate and 2.5uM MYLS22. n=3 mice, mean *+ SD.
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4.5 Differential [0 KG]:[succinate] status is observed in self-renewing and committed cells

We have demonstrated that aKG and succinate direct MuSCs towards opposing fate. Furthermore
OPA1-KO MuSCs, which have a bias towards commitment, have an increased ratio, whereas
OPA1-OE MuSCs, which have a bias towards self-renewal, have a decreased ratio. Thus, we
questioned whether self-renewing and committed cells also display differential [aKG]:[succinate]
status. In order to investigate this, we utilized the Pax7-GFP mouse line to isolate committed and
self-renewing MuSCs based on GFP expression. We isolated Pax7-GFP MuSCs and cultured for
72h on Matrigel coated plates. First, 100% of isolated cells were GFP+, and differences in GFP
intensity were seen at the time of isolation whereby approximately 80% of cells were GFP"gh and
20% were GFP¥ (Figure 11A). Given the nature of isolating MuSCs, which itself serves as an
activating stimulus®!, these differences in GFP intensity may be attributed to a portion of cells
becoming activated during the isolation process. After 72 hours in culture, all cells maintained
some level of GFP expression, however the majority fell into the GFP"e" population, which may
include self-renewing and activated cells, whereas the remaining GFP'¥ cells could be indicative
of committed MuSCs (Figure 11B). In support of this, self-renewing and quiescent MuSCs
(GFP"eh/Ki67-) and committed/differentiating MuSCs (GFP!°¥/Ki67-) could also be seen
following 72-hours in culture (Figure 11C). To further characterize these cells, following 72h in
culture, MuSCs were then re-sorted based on GFP intensity and cells within the top (GFP"#") and
bottom (GFP") 30% GFP intensity were collected. Gene expression analysis revealed that the
GFPhigh population had significantly increased expression of Pax7 and CD34 relative to the GFPY
population, indicating a more stem-like population (Figure 11D). In contrast, expression of the
myogenic genes MyoD and MyoG were greatly reduced in the GFP"#" population, relative to
GFP!®¥ (Figure 6E). This further corroborates that following 72h in culture, GFP"" MuSCs
represent a more stem-like, self-renewing population, whereas the GFP'¥ population are indicative
of committing and differentiating MuSCs. To further support this notion, we characterized the
mitochondrial morphology of these two populations of cells. We find that the GFPMeh cells have
an elongated mitochondrial morphology, in comparison to the fragmented mitochondrial network
seen in GFP'*Y MuSCs (Figure 11F and G). This is in line with our previous work demonstrating

that mitochondrial fragmentation is maintained in committing MuSCs, whereas mitochondrial
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elongation is seen in self-renewing cells'>®. Additionally, we find that OPA1 expression is
significantly higher in GFP"¢" MuSCs with a trending increase in MFN2 and decrease in DRP1
(Figure 11H). This provides some insight into the divergence of mitochondrial morphology in self-

renewing and committing MuSCs.

Lastly, to gain insight into potential differences in the [aKG]:[succinate] ratios in GFP"igh
and GFP'*¥ MuSCs, we examined the gene expression of IDH3, OGDH and SDHA given that
these enzymes were differentially altered in OPA1-KO and OPA1-OE MuSCs in a manner
suggestive of their altered ratios (Figure 9C-E). We find that GFP"#¢" MuSCs have decreased IDH3
and SDHA expression, and increased OGDH expression (Figure 11I). This would suggest a
decrease in aKG synthesis, increased aKG conversion and decreased succinate conversion,
therefore decreasing the [oKG]:[Succinate] ratio in these cells. Furthermore, an opposite
expression profile of these genes in GFPY MuSCs would suggest an increased ratio, as is seen in
OPA1-KO MuSCs which have a bias towards commitment. Altogether, this data further
strengthens that self-renewing MuSCs undergo mitochondrial elongation which in turn leads to
decreased [aKG]:[succinate] ratio status, similar to OPA1-OE MuSCs, whereas committing and
differentiating MuSCs maintain a fragmented mitochondrial network which promotes an increased

ratio status, similar to OPA1-KO MuSCs (Figure 11J).
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Figure 11. Committed and self-renewing MuSCs have opposing mitochondrial morphology
and gene expression profiles. (A) Purity assessment of Pax7-GFP MuSCs immediately following
isolation. (B) Proportion of GFP-high and GFP-low MuSCs following 72h culture. n=3 mice, mean
+ SD. (C) GFP-high and GFP-low MuSCs expressing Ki67 following 72h culture. n=3 mice, mean
+ SD. (D) qPCR of Pax7 and CD34 gene expression in GFP-high and GFP-low MuSCs following
72h in culture. n=3 mice, mean = SD. (E) qPCR of MyoD and MyoG gene expression in GFP-
high and GFP-low MuSCs following 72h in culture. n=3 mice, mean + SD. (F) Distribution of
mitochondrial length in 72-hour cultured GFP-high and GFP-low MuSCs. n=16-20 cells, mean +
SD. (G) Average mitochondrial length in GFP-high and GFP-low MuSCs following 72h in culture.
n=>600 mitochondria, mean + SD. (H) qPCR of OPA1, MFN1, MFN2 and DRP1 gene expression
in GFP-high and GFP-low MuSCs following 72h in culture. n=3 mice, mean £ SD. (I) gPCR of
IDH3, OGDH and SDHA gene expression in GFP-high and GFP-low MuSCs following 72h in
culture. n=3 mice, mean = SD. (J) Schematic demonstrating how differences in TCA cycle
enzymes in GFP"g" and GFP!* MuSCs may alter the [aKG]:[succinate] ratio.
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4.6 Succinate requires OPA1 to promote return to quiescence
Currently, with the aforementioned data, we have demonstrated that mitochondrial shape dictates

the ratio of aKG to succinate and this ratio guides MuSC fate in a mitochondrial dynamics-
dependent fashion. Our previous work has demonstrated that committed cells maintain a
fragmented mitochondrial network, whereas self-renewal requires mitochondrial re-elongation!>3,
While we observed a restoration of self-renewal in OPA1-KO MuSCs treated with succinate
(Figure 8T), given the inability of their mitochondria to re-elongate, we questioned whether these
cells were truly self-renewing and returning to quiescence. Thus, we first investigated whether
succinate treatment in WT MuSCs promoted the return to quiescence. WT EDL myofibers were
cultured for 72h with succinate and stained for Pax7 and Ki67 to delineate MuSCs that have exited
the cell cycle (Ki67-). First, we confirmed that succinate treatment significantly increased the
proportion of Pax7+ cells at 72h in culture (Figure 12A). To our surprise, in untreated fibers, we
find that all Pax7+ cells on EDL myofibers at 72h were Ki67+, indicating these cells were within
the cell cycle at the time of fixation (Figure 12B). Succinate treatment also resulted in all Pax7+

cells being Ki67+ (Figure 12B). Additionally, in untreated and succinate treated fibers, the majority
of Pax7- cells were also Ki67+ (Figure 12C). Thus, this demonstrated that the EDL myofiber
culture system at 72h may not be an appropriate assay to assess return to quiescence. We
questioned whether MuSCs need to be adherent to assume a quiescent morphology and phenotype,
which has been demonstrated in previous studies.!®%-163 To investigate this, we isolated WT MuSCs
and cultured on Matrigel coated glass slides for 72-hours with succinate. We find succinate
treatment enhanced the proportion of Pax7+ cells, indicating an increase in self-renewal, consistent
with what is observed in the EDL system (Figure 12E). Next, we quantified the proportion of
Ki67+/- cells. In contrast to EDLs where all Pax7+ cells are Ki67+ at 72h, here we find that
approximately 20% of untreated Pax7+ cells have exited the cell cycle (Figure 12F and H).
Furthermore, succinate treatment in WT MuSCs enhanced the proportion of Ki67-/Pax7+ cell at
72h, indicating enhanced return to quiescence (Figure 12F and H). Additionally, succinate bore no
effect on the percentage of differentiating MuSCs (Pax7-/Ki67-) (Figure 12G). Taken together,
our results reveal that succinate enhances the proportion of self-renewing MuSCs and return to

quiescence.
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With this assay to investigate self-renewal and return to quiescence, we then shifted our
focus to determining whether succinate supplementation in OPA1-KO MuSCs would be sufficient
to enhance their return to quiescence. To this end, we isolated OPA1-WT and OPA1-KO MuSCs
and cultured for 72h with succinate and assessed their cell cycle exit. First, we find that succinate
treatment in OPA1-WT MuSCs increased the proportion of Pax7+ cells and decreased Pax7- cells
(Figure 12I). Furthermore, as was previously seen in EDLs (Figure 8T), succinate restored the
population of Pax7+ cells in OPA1-KO (Figure 12I). However, we find that the proportion of
Pax7+/Ki67- OPA1-KO MuSCs is drastically reduced in comparison to OPA1-WT, indicating a
striking defect in their ability to exit the cell cycle and return to quiescence (Figure 12J). While
succinate rescued the self-renewing population in OPA1-KO, we observed no change in the
population of cells exiting the cell cycle (Figure 12J). In addition to this, using the Calcitonin
receptor (CalcR) as an indicator of MuSCs marked for quiescence return, we find that in both 72-
hour untreated, and succinate treated OPA1-KO MuSCs, the majority of Pax7+ cells are CalcR-,
further confirming these cells lack the ability to return to quiescence (Figure 12K). Furthermore,
pharmacological inhibition of OPA1 with MYLS22 in OPA1-WT MuSCs resulted in a phenotype
similar to OPA1-KO MuSCs, whereby these cells were predominantly CalcR- (Figure 12M).
Additionally, co-treatment of OPA1-WT MuSCs with MYLS22 and succinate did not restore
quiescence return (Figure 12M). Taken together, the above data demonstrates that succinate
promotes self-renewal and return to quiescence, however this is dependent on OPA1 being present

and functional.
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Figure 12. Succinate requires OPA1 to promote return to quiescence. (A) Quantification and
representative images of Pax7 expressing MuSCs on WT EDL myofibers cultured for 72h with
succinate. n=3 mice, mean + SD. (B) Quantification of Pax7+ MuSCs expressing Ki67 on WT
myofibers cultured for 72h with succinate. n=3 mice, mean + SD. (C) Quantification of Pax7-
MuSCs expressing Ki67 on WT myofibers cultured for 72h with succinate. n=3 mice, mean + SD.
(D) Representative image showing Ki67+ MuSCs on 72h cultured WT myofibers. (E).
Quantification of Pax7+ MuSCs expressing Ki67 following 72h culture with succinate. n=4 mice,
mean + SD. (F) Quantification of Pax7 expressing MuSCs cultured for 72h with succinate. n=3
mice, mean = SD. (G) Quantification of Pax7- MuSCs expressing Ki67 following 72h culture with
succinate. n=4 mice, mean + SD. (H) Quantification of Pax7 and Ki67 expressing MuSCs
following 72h culture with succinate. n=2 mice, mean + SD. (I) Quantification of Pax7 expressing
OPA1-WT and OPA1-KO MuSCs following 72h culture with succinate. n=4 mice, mean £ SD. (J)
Quantification of Pax7 and Ki67 expressing OPA1-WT and OPA1-KO MuSCs following 72h
culture with succinate. n=3 mice, mean = SD. (K) Quantification of OPA1-WT and OPA1-KO
Pax7+ cells expressing CalcR following 72h culture with succinate. n=3 mice, mean + SD. (L)
Quantification of Pax7 expressing OPA1-WT MuSCs following 72h culture with MYLS22 or co-
treatment with MYLS22 and succinate. n=3 mice, mean * SD.
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4.7 In vivo succinate restores the stem cell pool in OPA1-deficient mice
As previously mentioned, in vitro treatment of OPA1-KO MuSCs with succinate restores self-

renewal and prevents their bias towards commitment (Figure 8T). However, we were interested in
investigating whether in vivo administration of succinate would be sufficient to preserve the stem
cell pool in OPA1-KO mice. To address this, we utilized the cardiotoxin (CTX) injury model to
monitor muscle regeneration and MuSC function in OPA1-KO mice injected with PBS or
succinate (Figure 13A). 3-days following the last tamoxifen administration, a CTX injury was
performed to the right tibialis anterior (TA) muscle of all mice. At 7 days post-injury, the injured
TA was harvested as well as the contralateral EDL muscle. This time point was chosen given that
a significant depletion of the stem cell pool can be seen in OPA1-KO mice at 7DPI!>. Mice were
injected intraperitoneally with either 100ul of PBS or 100ul of 100mg/kg succinate at the onset of
tamoxifen and injected with PBS or succinate every other day until harvest (7DPI) (Figure 13A).
Injured TA muscle sections underwent hematoxylin and eosin (H&E) staining to assess
regenerative capacity. As previously described, OPA1-KO mice display significant regenerative
failure following CTX, as seen by decreased cross-sectional area (CSA) of centrally nucleated
fibers as well as decreased number of centrally nucleated fibers (Figure 13B-D). In vivo
administration of succinate to OPA1-KO mice was not sufficient to rescue their regenerative
capacity (Figure 13B-D). It is worth noting that in addition to their bias towards commitment which
depletes the stem cell pool, loss of OPA1 in MuSCs also significantly hinders their differentiation
ability!>. Thus, rescuing muscle regeneration may not be possible in OPA1-KO mice. Upon
examining the stem cell pool, PBS-treated OPA 1-KO mice display a significant depletion of Pax7+
cells at 7DPI, however, succinate was sufficient to significantly increase the number of Pax7+
cells, although not to WT levels (Figure 13E). Additionally, we find that untreated and succinate
treated OPA1-KO mice had a significantly increased proportion of Ki67+/Pax7+ cells at 7DPI
(Figure 13F). Although succinate treatment enhanced the population of Pax7+ cells, these cells
remain Ki67+ and do not appear to contribute to the proportion of MuSCs returning to quiescence.
Furthermore, succinate was sufficient to reduce the proportion of differentiating cells, as shown
by MyoG+ cells being returned to OPA1-WT levels (Figure 13G). Taken together, in vivo succinate
administration is sufficient to restore the self-renewing population in OPA1-KO mice, however

these cells are maintained in their proliferative stage and do not return to quiescence.
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At the time of harvest, in addition to collecting injured TAs, we also collected the contralateral
(uninjured) EDL muscle. EDL myofibers were cultured for 72h with exogenous in vitro succinate
and their fate decisions were assessed. Interestingly, compared to PBS-treated OPA1-KO mice, in
EDLs, in vivo succinate was not sufficient to rescue the self-renewal of OPA1-KO MuSCs,
however we did observe a significant reduction in commitment (Figure 13H-J). However, in EDL
myofibers isolated from PBS-treated OPA1-KO mice and further treated in vitro with succinate,
we observed a significant increase in self-renewing MuSCs and decreased commitment (Figure
13H-J). Lastly, EDLs from succinate treated OPA1-KO mice that were further supplemented with
succinate in vitro showed a further increase in self-renewal and decrease in commitment (Figure
130-Q), suggesting a possible additive effect of both in vivo and in vitro succinate treatment. In
summary, in vivo administration of succinate is sufficient to preserve the stem cell pool and rescue

the over-commitment phenotype of OPA1-KO MuSCs following an injury.
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Figure 13. In vivo succinate preserves the stem cell pool in OPA1-KO mice. (A) Experimental
paradigm for in vivo treatment of OPA1-KO mice with 100ul of PBS or succinate (100mg/kg)
every other day for 15 days at the onset of tamoxifen administration. On day 8, all mice underwent
cardiotoxin injury to the right TA muscle. Tissue was collected 7 days post-injury. (B)
Quantification of fiber cross-sectional area of centrally nucleated fibers 7 days post-injury. n=4
mice, mean £ SD. (C) Quantification of the number of centrally nucleated fibers in OPA1-WT and
OPA1-KO treated with PBS or succinate. n=4 mice, mean + SD. (D) Representative images of TA
cross-sections stained with H&E to determine regenerative capacity. (E) Quantification and
representative images of Pax7+ cells in injured TA muscle from OPA1-WT and OPA1-KO treated
with PBS or succinate. n=4 mice, mean = SD. (F) Quantification and representative images of
Pax7+ cells expressing Ki67 in injured TA muscle from OPA1-WT and OPA1-KO treated with
PBS or succinate. n=4 mice, mean * SD. (G) Quantification and representative images of MyoD+
cells in injured TA muscle from OPA1-WT and OPA1-KO treated with PBS or succinate. n=4
mice, mean £+ SD. (H) Quantification of Pax7+/MyoD- cells on contralateral EDL fibers cultured
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for 72hrs with in vitro succinate treatment. n=4 mice, mean + SD (I) Quantification of
Pax7+/MyoD+ cells on contralateral EDL fibers cultured for 72hrs with in vitro succinate
treatment. n=4 mice, mean + SD. (J) Quantification of Pax7-/MyoD+ cells on contralateral EDL
fibers cultured for 72hrs with in vitro succinate treatment. n=4 mice, mean + SD.
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Chapter 5: Discussion

5.0 Discussion

MuSC progression and balanced fate decisions are integral for muscle maintenance.
Efficient proliferation and fate decisions simultaneously ensure that the regenerative needs of
muscle are met while also preserving the stem cell pool for future insult. Our group’s previous
work identified mitochondrial shape and OPA1 as a critical regulator of MuSC quiescence,

proliferation and fate decisions!>?

. In this study, we identify a novel role for mitochondrial shape
in guiding MuSC progression and fate. Using two models of altered mitochondrial shape, via
deletion or overexpression of the fusion protein OPA1, we identified that mitochondrial shape
alters the abundance of key metabolites within MuSCs (Figure 7). These altered metabolites
contribute to metabolic pathways such as the TCA cycle, glutamine metabolism, pyrimidine
metabolism and methionine metabolism. Interestingly, all significantly altered metabolites in
OPA1-KO MuSCs were decreased in abundance while these metabolites were significantly
increased in OPA1-OE MuSCs. However, it is difficult to determine whether increases or decreases
in metabolite abundance are due to changes in biosynthesis and/or substrate utilization. In addition,
we identified multiple commonly altered metabolites in OPA1-KO and OPA1-OE MuSCs
including alpha-ketoglutarate, 2-hydroxyglutarate, methionine, succinate and uridine. Some of
these metabolites have known signalling roles in other stem cell systemg®%-196:107.1L164-170 "thyq e
questioned whether mitochondrial shape may alter MuSC progression and fate via changes in
signalling metabolites.

To determine whether metabolites regulated by OPAT1 possess the capacity to alter MuSC
progression and fate, we treated wild-type MuSCs with exogenous metabolites and monitored their
activation, cell cycle entry and fate decisions. Interestingly, we found that these metabolites are
sufficient to alter MuSC activation, cell cycle entry and fate decisions in a metabolite-specific
manner (Figure 8). We identified that treatment of WT MuSCs with methionine decreased their
cell cycle entry. We were particularly surprised at this result given that previous studies have
demonstrated that proliferating cells enter a dormant state upon methionine withdrawal'’!-!72, Tt is
important to note that these studies were done in cells already in a proliferative state, in comparison

to our study where we are monitoring entrance into the cell cycle. However, one study

demonstrated that supplementation of methionine decreased cell cycle progression in particular
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cancer cells, but not in benign cells'”?. Thus, in our model whereby methionine supplementation
decreases cell cycle entry, it is possible that this is due to cell-type differences and different
downstream mechanisms, such as disruption to the methionine cycle and the folate cycle or
alterations in the methylome, which warrants further investigation.

In particular, we noticed that «KG and succinate had opposing effects on fate whereby
oKG promoted commitment at the expense of self-renewal, whereas succinate promoted self-
renewal and decreased commitment (Figure 8). Interestingly, in other stem cell populations, aKG
and succinate have been demonstrated to be sufficient to alter cell identity?%!106-19%-111 Additionally,
their effects on fate appear to be cell-specific and context-specific. Furthermore, we find that
succinate is sufficient to rescue the fate decision phenotype of OPA1-KO MuSCs to WT levels.
Lastly, exogenous metabolite treatment was sufficient to rescue the delayed activation and cell
cycle entry phenotype of OPA1-OE MuSCs, and their fate was restored with the addition of aKG.
This highlighted to us that re-introduction of exogenous metabolites altered by OPA1 are sufficient
to rescue the fate decision phenotypes of OPA1-deficient and OPA1-overexpressing MuSCs.

We were interested in the opposing fate decision phenotypes of MuSCs treated with aKG
or succinate. This striking opposition led us to pursue these two metabolites in-depth. We
questioned whether there exists a fine-tuned balance or ratio of these two metabolites that is
responsible for dictating MuSC fate. Indeed, we found that exogenous manipulation of this ratio
was sufficient to direct MuSC fate (Figure 9). Interestingly, the ratio of aKG to succinate has been
described in other stem cell systems as a key regulator of fate and pluripotency, thus strengthening

90.106,107.157 "However, it is important to note that while exogenous aKG

the validity of our results
or succinate were added to culture, given that the intracellular concentration of these metabolites
was not evaluated following treatment, it is difficult to be certain if the observed effects are due to
these metabolites, or whether these metabolites are being utilized and converted downstream. We
did attempt to answer this by decreasing the time of treatment to only the first 24h of a 72h culture,
attempting to capture the immediate and early effects of these metabolites. These experiments
reveal that treating MuSCs for only the first 24h of a 72h culture with o KG or succinate yielded a
similar fate decision outcome as is observed when treating cells for the full 72h. This may suggest

that the fate decisions seen in MuSCs treated with aKG or succinate are specifically due to these

metabolites and not a downstream metabolite produced from aKG or succinate. We also show that
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24h treatment with aKG and succinate alters the expression of the stemness gene Pax7 and the
myogenic gene MyoD. This seemingly direct effect of these metabolites on the expression of key
genes provides insight into how they may affect MuSC fate. In other stem cell systems, aKG and
succinate, in particular the ratio of these two metabolites, alter gene expression through epigenetic

modifications!06-107

. A family of histone and DNA demethylases require aKG as a co-factor and
convert it to succinate following the demethylation reaction’!-?39%174175 nterestingly, succinate
acts as an inhibitor of these processes. In conditions when the ratio of aKG to succinate is high,
demethylation reactions can occur, however as this ratio is decreased, by increasing succinate
levels, these reactions are inhibited. In embryonic stem cells, this ratio is responsible for their fate

107 In

by altering key stemness and differentiation genes through histone and DNA demethylation
pluripotent stem cells, at later stages of pluripotency, the ratio of aKG and succinate dictates their
differentiation by inducing global histone and DNA demethylation programs!. In our system, we
identified that these metabolites are sufficient to alter gene expression and therefore presents the
possibility that these changes in gene expression are accomplished via post-translational
modifications of histones and/or DNA.

Our previous work has demonstrated that mitochondrial shape is a key driver of MuSC fate
decisions, and impairment in the dynamic nature of mitochondria alters MuSC fate!*3.
Furthermore, as previously mentioned, o KG treatment yielded similar fate as is observed in OPA1-
KO and succinate treatment led to similar fate seen in OPA1-OE MuSCs. Since mitochondrial
fragmentation pushes commitment and elongation promotes self-renewal, we questioned whether
these treatments were altering MuSC fate by promoting changes in mitochondrial shape. Time-
course analysis of mitochondrial morphology in WT MuSCs treated with aKG or succinate
revealed that mitochondria within aKG-treated cells are maintained in a fragmented state, whereas
mitochondria within succinate-treated cells undergo rapid re-elongation. It is important to note that
in either treatment, mitochondria undergo an initial fragmentation. This is in line with our previous

t!33, and no

work demonstrating mitochondrial fragmentation is necessary for quiescence exi
defects in quiescence exit or activation were observed in aKG or succinate treatments. The
divergence in mitochondrial length between these two treatments is seen as early as 12-hours in
culture. At 24-hours in culture, we observed that in Pax7+ cells, decreased mitochondrial length is

seen in aKG-treated cells, whereas an increase in length is seen in succinate-treated cells.
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However, since we had identified differences in cell identity as early as 24-hours following o KG
or succinate treatment, we questioned whether the differences in mitochondrial length were truly
due to treatment or whether these treatments were altering cell identity and the mitochondrial
length observed was a consequential effect. Assessment of mitochondrial morphology in MyoD+
cells revealed a fragmented network in oK G-treated cells, similar to what was seen in Pax7+ cells,
however the mitochondrial elongation seen in succinate-treated Pax7+ cells was no longer evident.
This suggested that differences in length may be due to cell identity and not a direct effect of these
treatments. It is important to note that this experiment was done after 24-hours in culture, but the
divergence in mitochondrial length was seen as early as 12-hours in culture. Thus, it would be of
interest to examine mitochondrial length in MyoD+ cells at 12-hours in culture to further confirm
whether changes in length precede differences in identity. We also examined the expression of
OPA1 and DRP1 in succinate and aKG treated cells after 24-hours. We identified a significant
increase in OPA1 expression in succinate treated cells, and a significant increase in DRP1
following oK G treatment. Here, similarly to our results in EDLs, this gene expression is based on
the entire population of cells following treatment. The results of this gene expression analysis
would suggest a direct effect of our treatments on the expression of fission and fusion genes, which
in turn would affect mitochondrial length. Indeed, in chicken intestinal stem cells, succinate
treatment significantly increased OPA1 protein expression and expression of the intestinal
stemness marker LGR5'7S. Thus, it appears that in a different stem cell system, succinate is
sufficient to directly alter OPA1 protein levels. To distinguish between causative and consequential
effects of succinate treatment on OPA1 expression, it would be important to utilize a different cell
system, such as C2C12s, to examine OPA1 following succinate treatment. This would eliminate
the possibility of cell identity being the causative reason for differences in mitochondrial length,
given that C2C12s are already committed to the myogenic lineage.

We also questioned whether mitochondrial fission and fusion were required for succinate
and aKG to alter mitochondrial length. To address this, we pharmacologically inhibited fission
with low dose of the Drp1-inhibitor, Mdivi-1, and fusion, with MYLS22 which inhibits the GTPase
activity of OPA1!5315%, Treatment of MuSCs with Mdivi-1 resulted in a shift towards self-renewal,
as we have previously reported, whereas MYLS22 significantly abolished the population of self-
renewing cells. In contrast to fate decisions seen in OPA1-KO MuSCs, whereby self-renewal is

inhibited, and commitment is enhanced, treatment of WT cells with MYLS22 had no effect on
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their commitment. This could be explained by a few possibilities. First, mitochondria within
OPA1-KO MuSCs are already in a fragmented state prior to culture, whereas cells treated with
MYLS22 begin with normal mitochondria. Therefore, the mechanisms by which we have
previously demonstrated as promoting commitment (i.e. mitochondrial fragmentation leading to
elevated ROS/GSH)'?, are already present in OPA1-KO MuSCs, but not in WT cells. Additionally,
MYLS22 was only added at the onset of culture. The half-life of this molecule in this context is
unknown and inhibition of OPA1 may not be achieved for the entire 72-hour culture. Thus, it is
possible that if MYLS22 was repeatedly added to culture, a complete OPA1-KO phenotype may
have been observed.

Since fission promotes commitment and fusion promotes self-renewal, we co-treated cells
with either aKG and Mdivi-1 or succinate and MYLS22. This revealed that cells co-treated with
oKG and Mdivil showed no difference in fate decisions compared to WT. Similarly, cells treated
with succinate and MYLS22 showed no effect on fate decisions. Interestingly, the results from co-
treatment of succinate and MYLS22 had similar results as what we had previously seen when
treating OPA1-KO MuSCs with succinate.

While we have demonstrated that MuSCs primed to preferentially commit or self-renew
have differences in their [aKG]:[succinate] ratio, we sought to determine whether MuSCs
undergoing commitment or self-renewal display alterations in this ratio. Thus, we utilized the
Pax7-GFP mouse line to isolate self-renewing and committing cells following 72-hours in culture
based on their GFP expression. This strategy was confirmed, showing that GFP"#" MuSCs were
more stem-like, with increased Pax7 and CD34 expression, and an elongated mitochondrial length,
consistent with our previous observations!>3. Our GFPY MuSCs were more myogenic, have
decreased Pax7 and CD34, increased MyoD and MyoG expression, and maintain a fragmented
mitochondrial network. Interestingly, these two populations had differential expression of key
TCA cycle enzymes involved in the synthesis of aKG and succinate indicative of a decreased ratio
in self-renewing cells and increased in committing cells. However, it is important to note that gene
expression profiling does not give a definitive answer as to whether these cells have differences in
this ratio. Rather, a targeted metabolomic analysis, as was done in OPA1-KO and OPA1-OE
MuSCs, would provide more concrete evidence of whether this ratio is altered in these populations
of cells. In other stem cell systems, the establishment of this ratio is accomplished through

differential utilization of substrates such as glutamine, as well as differential expression of TCA
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106,107 Recently, it was identified that OGDH is expressed in the intestine

enzymes within cell types
in a heterogenous manner, which alters the abundance of aKG in specific cell types, driving their
differentiation or maintaining their stemness'?. In addition, aKG played specific roles in these
different cell types, whereby it can be used to fuel the bioenergetic needs of a cell or have more of
a signalling role!®.

Our previous work had identified that re-instigation of mitochondrial elongation occurs in

MuSCs as they return to quiescence!>?

. In our models where elongation is inhibited, such as our
OPA1-KO or WT cells treated with MYLS22, succinate was sufficient to restore their self-renewal.
However, we questioned whether these self-renewing cells were functional and able to return to
quiescence. Our studies revealed that preventing mitochondrial elongation, either genetically
through loss of OPA1 or pharmacologically using MYLS22, prevented self-renewing cells from
exiting the cell cycle. Furthermore, a dramatic decrease in the number of self-renewing cells
expressing the quiescence marker CalcR was also observed. Interestingly, succinate treatment
alone in WT cells enhanced cell cycle exit and quiescence return. However, succinate could not
restore these defects in OPA1-KO and MYLS22-treated cells, indicating that succinate requires
OPAL to be present and functional to promote quiescence return.

Loss of the stem cell pool and their functionality!”” is a key characteristic of degenerative
muscular diseases and aging!’®. Therapeutics to preserve the stem cell pool are thus of great interest
to alleviate the burden of disease. Our previous studies have demonstrated that aged MuSCs
display fragmentated mitochondria, and depletion of the stem cell pool both in vivo following an
injury and in vitro’’3. Decreased self-renewal in aged MuSCs is also accompanied by preference
for these cells to commit, closely resembling the phenotype of OPA1-KO MuSCs!3. Therefore,
since our data highlighted that succinate promotes self-renewal and restores this population of cells
in OPA1-KO mice in vitro, we questioned whether in vivo succinate would be sufficient to restore
the self-renewing population in OPA1-KO mice. Thus, we treated OPA1-KO with intraperitoneal
injections of succinate and subjected their TA muscle to an injury to stimulate the regenerative
process. First, we found that succinate did not prevent the regenerative defects seen in OPA1-KO
mice. Our previous work has demonstrated the importance of OPA1 in the differentiation and
regeneration of muscle, whereby it plays an important role, in conjunction with SCAF1, in
mediating the metabolic switch during differentiation'>®. Here, we find that succinate enhanced

the self-renewing population while concomitantly decreasing the proportion of differentiation
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cells, in line with what we have seen in vitro. While succinate preserves the stem cell pool, these
cells are maintained in a proliferative state and thus may not contribute to the self-renewing cells
returning to quiescence. It is important to note that these quantifications were done at 7-days post-
injury, a time in which massive depletion of the stem cell pool is seen in OPA1-KO mice!*3, While
at this time point, MuSCs do begin to return to quiescence, it may not be an appropriate time to
assess the full quiescence return potential of self-renewing cells. Future studies could assess the
stem cell pool and regeneration of OPA1-KO mice treated with succinate at later time points such
as 14 or 21-days post-injury. Additionally, in this experiment, we did not treat WT mice with
succinate. It would be of interest to determine whether in vivo succinate could expand the self-

renewing population in WT mice, to corroborate our in vitro data.
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Chapter 6: Conclusion

Taken together, this project highlights a novel role by which mitochondrial shape and OPA1 alter
MuSC progression and fate. We present evidence that OPA1 alters the global metabolome of
MuSCs and specifically alters the ratio of aKG to succinate. This ratio dictates MuSC fate, in part
by altering key stemness and myogenic genes and is dependent on the plasticity of mitochondrial
shape. We identified potential differences in this ratio in self-renewing and committed cells,
consistent with our models of altered OPA1 expression (Figure 13). We present further evidence
of the importance of mitochondrial length in the re-establishment of quiescence and find that
restoring this ratio in vivo is sufficient to restore the stem cell pool but does not rescue regenerative

defects.
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Figure 14. Working Model: OPA1 and mitochondrial shape establish [aKG]:[succinate]
ratios to guide MuSC fate. In MuSCs with low OPAl and fragmented mitochondria, the
[aKG]:[succinate] is increased which promotes myogenic gene expression and pushes
commitment. Mitochondrial elongation and high OPA1l expression decreases, the
[aKG]:[succinate] ratio which increases stemness genes and promotes their self-renewal. MuSC
fate can be altered by exogenous aKG and succinate treatments.
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Chapter 7: Limitations of the study

While we have presented data highlighting this novel signalling role of mitochondrial
shape changes in regulating stem cell fate, there are important limitations to consider. First, while
we performed metabolomic analysis of OPA1-KO and OPA1-OE MuSCs and identified significant
differences in metabolites, it is important to note that this does not provide information on the
metabolic flux of these metabolites. Metabolomic analysis only provides a snapshot of global
metabolite abundances at the time of isolation. It is therefore not possible to determine whether
differences in metabolite abundance are due to changes in utilization or synthesis. To determine
the flux of metabolites, other techniques, such as stable isotope tracing, should be used. However,
the use of isotope tracing also presents its own technical considerations such as the decision of
what isotope to use, incubation time and cell number. Future studies to assess metabolic flux in
MuSCs using isotope tracing would be of great interest and would further build upon this study.

It is also important to note that the process of isolation is itself an activation stimulus. Thus,
our metabolomic analysis of MuSCs does not provide insight into the metabolome of quiescent
MuSCs, but rather cells that have already begun the activation process. Therefore, it is not clear
whether differences in metabolites and the ratio of aKG to succinate are already established in
quiescent OPA1-KO and OPA1-OE MuSCs, or whether this is a result of their activation. Current
in situ fixation procedures to isolate quiescent MuSCs involve the use of fixatives to fix MuSCs
in their quiescent state prior to isolating. However, these fixation techniques may not be compatible
with further metabolomic analysis.

Our use of exogenous metabolite treatments demonstrated significant effects on MuSC
progression and fate. While it is assumed that the resulting phenotype is due to the added
metabolite, it is possible that our data may be the result of further downstream metabolites that are
altered consequentially by the addition of exogenous metabolites. A limitation of this study is that
abundances of intracellular metabolites were not quantified following metabolite treatment. Since
this was not done, it is difficult to determine whether addition of our metabolites is increasing its
intracellular concentration.

Our gene expression analyses in MuSCs treated with aKG or succinate was done on the
entire cell population. However, it is important to note that we identified differences in cell identity

following these treatments after 24-hours. A limitation of this study is the lack of gene expression
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analysis in distinct cell populations following aKG or succinate treatment. This prevents the
determination of whether these effects are consequential to differences in cell identity, or whether
there is a direct causative effect.

Lastly, our metabolite treatments were done using supraphysiological concentrations of
these metabolites. Concentrations used in this study ranged from 0.1mM to 1mM. Therefore, an
important limitation of this study is that the effects seen on progression and fate of MuSCs may

not be entirely physiologically relevant given the high concentration of metabolites used.
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Chapter 8: Future directions

While this research presents a novel role by which mitochondrial shape alters MuSC fate
via changes in metabolites, a direct mechanism has not been identified. As previously mentioned,
metabolites altered by mitochondrial shape, alter the expression of key genes in MuSCs. However,
the link between these metabolites and changes in gene expression remains unknown. An
important and direct avenue of future study would be to determine whether these metabolites alter
gene expression via epigenetic changes. The use of techniques such as CUT+Tag following
treatment of MuSCs with metabolites would identify alterations in histone modifications and their
genomic locations. This technique could be used in combination with other techniques such as
ATACseq, to assess chromatin accessibility, and RNAseq, to identify transcriptional changes, to
build a global picture as to how metabolite treatments may affect chromatin modifications,
accessibility and subsequently gene expression. Additionally, it has been previously reported that
post-translational modifications to key transcription factors, such as Pax7, play important roles in
the myogenic lineage. It would therefore be of interest to determine whether these metabolites
might also be signalling via post-translational modifications to transcription factors, which could
also explain differences in gene expression.

As previously described, the identification of differentially altered metabolites was done
using metabolomic analysis. Future studies would benefit from the use of isotope tracing to
determine the metabolic flux of altered metabolites. Furthermore, to capture the metabolic flux of
MuSCs as close to quiescence as possible, the use of in vivo labeling would be highly beneficial.
This would eliminate the culture time of MuSCs with the labeled isotope following their isolation.

This work focused on altered mitochondrial shape via deletion or overexpression of OPA1.
It is therefore not entirely possible to determine whether our observed effects are due to altered
mitochondrial shape or due to OPA1 expression. Future studies would benefit from utilizing other
models of altered mitochondrial shape, such as DRP1-deficient and MFN1/2-deficient MuSCs.
These animal models would provide further clarity on the global scope of mitochondrial shape as

a mechanism guiding MuSC progression and fate.
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