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ABSTRACT

Skeletal muscles have a remarkable capacity to repair and regenerate in response to injury by
virtue of their unique population of resident muscle stem cells (MuSCs). Recently, several
studies have reported that mitochondria are important regulators of fate and function in various
types of stem cells including MuSCs. Furthermore, emerging evidence has shown that
accumulation of dysfunctional mitochondria leads to stem cell aging, premature commitment
and impaired self-renewal. Preliminary evidence from publicly available transcriptomics
datasets processed by our lab showed that Phosphatase and tensin homolog (PTEN)-induced
putative kinase 1(PINK1) and Parkin/PARK?2 genes, two key regulators of mitophagy are
expressed in quiescent MuSCs and are transiently down-regulated as MuSCs activate. This led
us to hypothesize that maintenance of an optimally functioning population of mitochondria
through mitophagy would be important for self-renewal and muscle repair. /n vitro single
myofiber cultures isolated from mitophagy reporter mice (mito-QC mice), show that mitophagy
is active in quiescent MuSCs and is transiently decreased upon MuSCs activation. We also
show that mitophagy is re-activated in differentiating and self-renewing MuSCs. To further
study muscle regeneration, we used a cardiotoxin (CTX) injury model of the Tibialis anterior
(TA) muscle in mouse models harboring a knockout (KO) of PINK1 and Parkin. We show that
loss of PINK1 in vivo promotes commitment of MuSCs in response to acute injury and
ultimately leads to depletion of the MuSC pool and impaired muscle regeneration compared to
wild type (WT) mice following repetitive injuries. Similarly, loss of Parkin in MuSCs in vivo
impaired their self-renewal capacity. Consistent with these results, in vitro single myofiber
cultures isolated from PINKI1-deficient mice showed increased MuSCs commitment and
impaired self-renewal. In vitro preliminary results from MuSCs-specific KO of Parkin revealed
altered lineage progression, differentiation and self-renewal of MuSCs. Together, these

findings suggest that PINK 1/Parkin-dependent mitophagy acts as an important mitochondrial

i



quality control mechanism which could be required for regulating MuSCs fate and function

during muscle regeneration.
Keywords: Mitophagy, PINK1, Parkin/PARK?2, mito-QC, mitochondria, stem cells, MuSCs,

muscle regeneration.
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1. INTRODUCTION

1.1. Adult skeletal muscle
Adult skeletal muscle is a dynamic and plastic tissue representing about 40% of the human
body weight and over 50% of all body proteins': % %#3_ 1t is primarily involved in contraction
due to its characteristic properties such as strength, flexibility and plasticity therefore allowing
organisms to generate force and facilitate voluntary movement to perform daily activities and
be functionally independent % °. Additionally, skeletal muscle also serves as a storage for
amino acids and carbohydrates, assists in the maintenance of body temperature by generating
heat and is required for oxygen and fuel consumption during physical activity>. This tissue is
mainly composed of muscle fibers, also known as myofibers due to their elongated
morphology® °. The skeletal muscle fiber is a multinucleated cylindrical cell with a varying
length of 2 to 3 ¢m to up to 50 cm and can be between 10 and 100 um thick* ©. Muscle fibers
are surrounded by a cell membrane called the sarcolemma which contains the cytoplasm termed
sarcoplasm (Fig. 1)*. Each muscle fiber is composed of myofibrils which run parallel to the
myofiber attached to the sarcolemma at each extremity thereby occupying majority of the
intracellular space*. Consequently, cellular organelles, such as mitochondria and nuclei, are
pushed towards the periphery of the sarcoplasm®. The myofibril is organized into a unique
striated pattern and contains long myofilaments mainly made up of the proteins, actin and
myosin®. These proteins are arranged into regions to form contractile units called sarcomeres
which are delineated by Z-lines* 6. Myofilaments are of two types, thick and thin filaments, the
thick one consists of myosin and the thin filament is composed of actin, troponin, and
tropomyosin® 7. Muscle fibers are classified into fiber types with different contractile and
metabolic profiles and are based on differential myosin heavy chain (MYH) gene expression®.
Slow twitch fibers, also known as Type I fibers, expressing MYH1, MYH2, MYH4, have low
maximal force, low shortening speed but are endurant and mostly oxidative with more
mitochondria while fast twitch fibers, referred to as Type II fibers, expressing MYH7, have
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high velocity and power, fast speed of fatigue and are mostly glycolytic with fewer
mitochondria® °. Myofibers are formed during myogenesis which is a highly regulated process
distinguished by a period of precursor cell proliferation followed by the expression of different

muscle-specific transcription factors and finally the fusion of myocytes into myotubes': 1°,

Mitochondrion

Myofiber [ o/ Sarcoplasm

Sarcolemma

Sarcomere

Myofibril

Thin filament Llr\ Thick filament
(actin, troponin, tropomyosin) Z-line (myosin)

Fig. 1: Structure of a skeletal muscle fiber (adapted from Cretoiu et al.*).

Muscle health impacts life quality and is pivotal for allowing an individual to carry out normal
daily activities. Therefore, research on factors influencing muscle plasticity in particular
muscle regeneration for the long-term maintenance of muscle function and adaptability, is of

great importance and scientific interest!!.

1.2. Muscle injury/degeneration and regeneration
The vital functions of skeletal muscle can be disturbed by injuries'?. Adult skeletal muscle
possesses the tremendous capacity to repair and regenerate in response to injury or muscle
loss': %3, Muscle regeneration in humans starts 7-10 days after injury or degeneration whereas
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in mice, it begins slightly earlier, during the first 4-5 days. Then, in both humans and mice, the
process peaks around 14 days and then slowly decreases by 3 to 4 weeks'! 1314 15 Significant
changes occur in muscle cells and extracellular matrix upon muscle loss'" !4, Skeletal muscle
injury or degeneration is initially characterized by a loss of intracellular calcium homeostasis
within the injured myofiber resulting in the degradation of damaged proteins's. This
degradative process is also associated with the rupture and rapid necrosis of the injured muscle
fibers which involves the disruption of the sarcolemma of myofibers resulting in increased
myofiber permeability!!. This is followed by the formation of a hematoma and the expression
of inflammatory cytokines and chemokines such as tumor necrosis factor alpha (TNF-a),
macrophage inflammatory protein-1 (MIP-1), and monocyte chemoattractant protein-1 (MCP-
1) occurring 6 hours post-injury and subsequently, the infiltration by inflammatory cells such
as neutrophils, at 24 hours post-injury and macrophages peaking at 72 hours post-injury!!: 16
17, The inflammatory response has been reported to play a role in signaling the primary
regenerative cells, a unique population of resident stem cells to participate in the regeneration
process'®. The last step of the muscle repair process involves fusion events of myogenic cells
where the size of myofibers increase and myonuclei move to the periphery of the fiber due to
the increase in contractile protein content and myofiber density to finally give the new muscle
tissue the same morphological and functional properties as an uninjured muscle. Muscle repair
can also result in fibrosis and formation of scar tissue!!> 14 16, A fine balance between these
steps are essential for complete, effective regeneration and proper functioning of the muscle

tissue'4.

1.3. Muscle stem cells
The primary regenerative cells involved in muscle regeneration are muscle stem cells (MuSCs),
also known as satellite cells!"> '®, Since all myofiber nuclei are terminally postmitotic, muscle
repair is mediated by MuSCs!. MuSCs, discovered by Alexander Mauro in 1961, reside in a

protected membrane-enclosed niche between the basal lamina and sarcolemma of muscle fibers



and comprise less than 5% of myonuclei in skeletal muscle tissue!'% 2% 2!, Skeletal muscle tissue
has a low turnover with about 1-2% myonuclei per week. Therefore, the activity of MuSCs is
more predominant during periods of remodeling secondary to physiological changes in
workload or in response to episodes of injury or disease'?!. MuSCs are mitotically quiescent
until required for growth or repair?” 22. Following muscle injury, they are activated, start to
proliferate and travel to the injury site to give rise to myoblasts that will fuse to each other or
to existing myofibers to form terminally differentiated myofibers within a few days!3: 20 2% 22
2425 During the repair response, new quiescent MuSCs are formed to replenish the MuSC
p00123; 26; 22; 24.

These different phases of MuSCs are determined by the expression of muscle-specific genes.
Quiescent MuSCs express Paired box transcription factors (Pax3 and Pax7) whereas activated
MuSCs retain the expression of Pax7 while also expressing proliferative and myogenic
transcription factors, Myogenic factor 5 (Myf5), and Myoblast determination protein
(MyoD)!%27: 28 (Fig.2). Most activated MuSCs then start to proliferate and are characterized
by the expression the markers of proliferation, Ki67 and proliferating cell nuclear antigen
(PCNA)?":2%:30 Proliferating MuSCs can give rise to committed cells thus contributing to the
regenerative process or return to quiescence thereby maintaining the MuSC pool®”: 3!, Self-
renewing MuSCs retain the expression of Pax7 and repress MyoD (Pax7"&"/MyoD!*") while
committed cells down-regulate Pax7 and express MyoD (Pax7'°%/MyoD"¢"). Committed cells,
also referred to as differentiating myoblasts, express MyoD which later form myocytes,
characterized by the expression of the late myogenic marker myogenin (MyoG)>?” 315 32,
Regenerating muscle fibers express the embryonic form of myosin heavy chain (eMyHC) and

finally, mature myofibers can be identified by the expression of adult myosin heavy chain

(MyHC/MYH) isoforms?7: 33,



MyHC+ve

Pax7'*/MyoD"ish ) .
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Fig.2: Regulation of MuSC activation and differentiation into myotubes!% 2833,

1.3.1. MuSC quiescence

Quiescent MuSCs are generally spindle-shaped cells with minimal cytoplasm and few
organelles®*3*, These cells do not undergo cell division and thus have a low metabolic demand
and are also resistant to deoxyribonucleic acid (DNA) damage compared to myogenic
progenitor cells®% 3¢, Due to their mitotically quiescent nature, quiescent MuSCs are said to be
in a Gy state which is described as a temporary and reversible cell cycle arrest within the G
phase’® *’. The quiescent state is important to maintain the pool of MuSCs since entry into the
cell cycle may result in premature differentiation and depletion of the MuSC population®.
Quiescence in MuSCs is maintained by a number of transcription factors which are involved
in maintenance of a dormancy state and the inhibition of cell cycle entry®> 38, In addition to
Pax genes, quiescent MuSCs are characterized by the high expression of cell-cell adhesion
molecules namely vascular adhesion molecule-1 (VCAM-1), neural cell adhesion molecule (N-
CAM), cluster of differentiation 34 (CD34) and endothelial cell-selective adhesion molecule
(ESAM) and low expression of cell cycle genes such as cyclins, cyclin-dependent kinases
(CDKs) and checkpoint kinases (CHKs)33 3% 38,

The molecular regulation of quiescent MuSCs has been extensively studied over the years.
Strong evidence has shown that MuSC quiescence is a highly regulated state involving a

number of critical regulators?>: 3% 36: 37: 38 39 Mourikis et al. identified the Notch signaling



pathway as the first regulator of quiescence in MuSCs?”>4°. The high expression of Notch target
genes such as Hes1, Heyl, and HeyL in quiescent MuSCs and their repression upon activation
demonstrated the critical role of the notch signaling for the maintenance of a quiescence state
in MuSCs*" 4142 Pax7 is a widely used marker for quiescent and activated MuSCs and has
been shown to be essential for normal skeletal muscle growth and repair through its role in the
maintenance and regulation of MuSCs*: * 45, Quiescent MuSCs can be distinguished as
Pax7"ie" cells since down-regulation of Pax7 has been shown to be required for commitment
and differentiation of MuSCs*2. CD34, a known marker for hematopoietic stem cells (HSCs),
has been reported to play an important role in the maintenance of quiescence in MuSCs3% 46,
Beauchamp et al. showed that quiescent cells express CD34 suggesting its role in the
maintenance of MuSC quiescence*®. Similar to Pax7, high expression of CD34 in MuSCs has
been linked to a quiescent state*’. Sproutyl (Spryl), a receptor tyrosine kinase inhibitor, is
highly expressed in quiescent MuSCs and is down-regulated as MuSCs start to activate®® 3. It
is well established that Spry1 is an important regulator of MuSC quiescence and maintenance
of the MuSC pool during muscle regeneration*®. Several other key regulators have been found
to maintain MuSC quiescence namely MicroRNAs (miRNAs), Staufenl and primary cilium-
mediated repressive Hedgehog (Hh) signaling36: 3% 4% 30,

Quiescence in MuSCs have been recently reported to exist in different states where they are
either in deep quiescence or be primed for activation or commitment’’. These states can be
distinguished by the level of Pax7 expression whereby Pax 7" cells are more likely to be in a

dormancy state and Pax7'°" cells would be poised for cell cycle entry3% 3751,

1.3.2. MuSC activation
Although MuSCs remain in their quiescent state, they are activated upon injury or any other
damage'?. MuSC activation is defined as the exit from quiescence in response to signals from
a damaged environment’. Activated MuSCs are morphologically distinct from quiescent

MuSCs, they are larger in size with an enlarged cytoplasm and more organelles?? 32, Activation



of MuSCs results in the expansion of the myogenic cell pool and thus triggers a highly
orchestrated myogenic program that is controlled by a number of myogenic regulatory factors
(MRFs) namely Myf5, MyoD, MyoG and myogenic regulatory factor 4 (MRF4), niche factors,
miRNAs molecules and signaling pathways such as the Wnt and Notch? >3, The extracellular
matrix has also been found to contribute to MuSC activation through the release of growth
factors and cytokines such as insulin-like growth factor-1 (IGF-1), insulin-like growth factor
2 (IGF-2), fibroblast growth factor 2 (FGF2), epidermal growth factor (EGF), platelet-derived
growth factor-BB (PDGF-BB) and hepatocyte growth factor (HGF)3* 3% 3% 57 Activation of
MuSCs is not only restricted to the injury site, all MuSCs on the same muscle fiber are activated

and migrate to the regeneration site® 5.

1.4. MuSC fate
MuSCs are known to have the ability to choose their fate, they can either self-renew to replenish
the MuSC pool or commit and differentiate to form a new muscle fiber® 3% 6% 61 Regulation of
MuSC fate decisions is crucial for the balance between muscle regeneration and the
maintenance of the MuSC pool®. Therefore, identifying the underlying mechanisms that
regulate MuSC fate will provide insight into potential treatment for diseases related to MuSC

pool depletion and impaired muscle regeneration.

1.4.1. MuSC self-renewal
Self-renewal of MuSCs is a crucial process required for the maintenance of the MuSC pool in
adult skeletal muscle®. During cell division, MuSCs have the ability to give rise to daughter
cells with self-renewal properties thus becoming a new stem cell to replenish the MuSC pool®*
% MuSCs may undergo both asymmetric and symmetric self-renewal to accomplish their role
to expand the MuSC pool following injury or disease state’. It is also well known that during
regenerative myogenesis, a small population of MuSC maintain an undifferentiated state and
remain quiescent®. Many researchers showed great interest in elucidating the mechanisms
regulating MuSC self-renewal. The most studied genes or pathways dictating MuSC self-
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renewal are Pax3, Pax7, Myt5, MyoD, p38 o/pf mitogen-activated protein kinase (MAPK)
pathway, miRNA 489-Dek (miR-489-Dek) pathway, Spryl and Sine oculis homeobox

homolog 1 (SIXI)43, 48; 50; 66; 67; 68; 69, 70'

1.4.2. MuSC commitment
MuSC commitment, also referred to as myogenic commitment, is described as the commitment
of a MuSC into a myogenic progenitor to ensure efficient and complete muscle regeneration?®:
1. To direct MuSC fate, MuSCs can divide asymmetrically to generate committed progeny to
allow for muscle regeneration’? 6% 64, Several factors have been implicated in regulating MuSC
commitment. Myogenic commitment is known to be directed by the myogenic regulatory
factors, Myf5, MyoD and MyoG and previously studied pathways such as the p38a/f MAPK

pathway%; 69; 72; 73'

1.4.3. Mechanisms regulating MuSC fate decisions
Cell division is an important determinant of MuSC fate’*. Generally, to regulate stem cell fate,
stem cells can divide symmetrically and asymmetrically?’: ¢ 75, Symmetric division generates
either two new stem cells allowing expansion of the stem cell pool or two committed progenitor
cells resulting in the depletion of the stem cell population while asymmetric cell division gives
rise to a new stem cell and a committed progenitor cell thereby maintaining the stem cell pool
(Fig.3)” 6% 62 Additionally, Ono and colleagues demonstrated a key role of cell division
frequency in MuSC fate whereby slow-dividing activated MuSCs produced self-renewed cells

and fast-dividing activated cells are poised towards MuSC commitment®.

Asymmetric cell division Symmetric commitment Symmetric division
New stem cell
|
—_— — —
Committed cell
Stem cell pool maintenance Stem cell pool exhaustion Stem cell pool expansion

Fig.3: Asymmetric and symmetric cell division in MuSCs (adapted from Ito and Ito.”®).
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Pax7 and the MRFs namely Myf5, MRF4, MyoD and MyoG greatly participate in MuSC fate
decisions. Numerous studies showed that MyoG down-regulates Pax7 expression at the
transcription level to favor MuSC commitment thus showing a critical role of these
transcription factors in MuSC fate determination® 77,

Scrib, a cell-polarity protein has been reported to govern MuSC fate based on its expression
level in MuSCs possibly through ERK1/2 expression and c-Jun activation’®. Scrib has been
shown to be absent in quiescent MuSCs and is expressed in activated MuSCs to modulate their
expansion’s,

miRNAs are small non-coding RNAs that control gene expression at post-transcription level.
They play a crucial role at all stages in skeletal muscle myogenesis and thus in the regulation
of fate decisions in MuSCs as well. miRNAs can influence the expression of MRFs, Pax factors
and other transcripts such as Notch signaling, Wnt signaling, Janus kinase-Signal transducer
and activator of transcription 3 (JAK-STAT3) signaling and thus participate in MuSC self-
renewal or favor myogenic commitment’. Like many other researchers, Su e al. demonstrated
the role of miRNAs in satellite fate determination. Here, the authors reported that
hyperactivation of JAK-STAT3 signaling via the miRNA 31-Interleukin 34 (miR-31-I1L34)
axis in adult MuSCs favored asymmetric cell division during muscle repair thereby regulating
MuSC fate!.

Likewise, several pathways have been found to control MuSC fate decisions. As previously
mentioned, the Notch signaling pathway, a key regulator of quiescence in MuSCs has been
found to control MuSC fate*!. Forkhead box K1 (FoxK1), a member of the forkhead/winged
helix transcription factor family, is expressed in both quiescent and proliferating MuSCs and
is thought to regulate MuSC fate?® 8% 8! Adenosine monophosphate-activated protein kinase
alpha-1 (AMPKal) has been reported to play a critical role in maintaining the balance between

self-renewal for stem cell pool replenishment and commitment for efficient muscle repair’: 82,



1.5. Mitochondria and stem cells

Mitochondria are essential organelles known to play a key role in the control of cell growth
and death therefore showing that mitochondrial fitness is crucial for cellular homeostasis’>:
83 Recently, stem cells have been reported to rely on mitochondria for stem cell identity, fate
and to maintain their normal function3® 75 84 85 8 Numerous studies demonstrated that
improved mitochondrial function maintained stemness of many stem cell populations therefore
emphasizing the importance of mitochondrial activity and metabolism in stem cell fate
decisions®”:7: 84 88:89:90:91 ‘The ]ink between mitochondria and stem cell function has attracted
many researchers in the field of regenerative medicine and healthy aging% 8. A study by
Katajisto et al. demonstrated that during asymmetric cell division, the new stem cell received
mostly young mitochondria whereas the committed cell retained aged mitochondria thus
suggesting a crucial role of mitochondrial-linked signaling in stem cell function (Fig. 4)%% 64,

Mitochondrial dynamics is thought to regulate stem cell identity and fate’>: 84 88: 8% 90:91 "The
mitochondrial network is highly dynamic and therefore constantly undergoes mitochondrial
fission and fusion to meet the specific cell requirements®?. Most stem cells, including HSCs,
mesenchymal stem cells (MSCs) and embryonic stem cells (ESCs) have few mitochondria with
low complexity and poorly developed cristae, however, as they progress further down the
lineage, their mitochondria become more complex with a more developed cristae and greater
surface area for protein accommodation thereby sustaining the higher energy demand required
for stem cell commitment and differentiation®” 8% 93 94 Mitochondrial fusion proteins,
mitofusin 1 (MFN1), mitofusin 2 (MFN2) and optic atrophy 1 (OPAT1) are known to be required
for differentiation of stem cells®>. This suggests the key role of mitochondrial dynamics in
regulating stem cell function®”: 38, Several studies demonstrated that mitochondrial dynamics
through the regulation of fission/fusion is important for the maintenance, commitment and
differentiation of stem cells including various pluripotent stem cells and cancer stem cells

(CSCS)86; 88;91;95; 96'



The remodeling of mitochondria particularly cristae structure reflects the changes in
mitochondrial bioenergetics®* 3% 87, Quiescent stem cells have a lower metabolic demand and
are known to mostly rely on glycolysis while committed progenitors use oxidative
phosphorylation (OXPHOS) therefore supporting the potential role of mitochondrial
metabolism in stem cell fate and function®?. A variety of stem cells including HSCs, ESCs and
MSCs have been shown to have fewer and immature mitochondria at early stages due to their
low energy demand and reliance on glycolysis®?. However, some studies have shown that there
are some exceptions whereby some stem cell types such as embryonic mouse neural stem cells
(NSCs), MSCs, HSCs and CSCs utilize glycolysis for energy demands despite their fused and

elongated mitochondrial morphology®% 86 92 97; 98

. A metabolic shift from glycolysis to
OXPHOS for energy production has been reported to be important for commitment and
differentiation of several stem cells. Khacho et al. have shown that glycolytic uncommitted
NSCs with elongated mitochondria undergo a metabolic shift to mitochondrial OXPHOS upon
progenitor commitment as well as mitochondrial fragmentation and increase in mitochondrial
oxygen consumption. The changes in mitochondrial dynamics in this study has been reported
to regulate stem cell fate by modifying reactive oxygen species (ROS) signaling®*. Many
researchers speculated that decreased mitochondrial metabolism in quiescent stem cells serve
as a protective role to maintain low levels of ROS and therefore actively regulate stem cell fate
and function by conserving their stemness properties irrespective of their proliferative

85; 88; 92; 99; 100; 101; 102

features . Numerous studies demonstrated that improved mitochondrial

function maintained stemness of many stem cell populations therefore emphasizing the

importance of limited mitochondrial activity and metabolism in stem cell fate decisions® 87

103;104; 105 106: 107 R OS exert different roles at different stages of stem cell lineage progression.
Low levels of ROS have been shown to maintain quiescence and the self-renewing capacity of
stem cells while higher levels of ROS act as a signal and participate in stem cell fate

determination by driving stem cell proliferation and differentiation®* 3. The role of

mitochondria in stem cell commitment and differentiation has been greatly investigated where
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the authors show increased mitochondrial activity, increased mitochondrial content and
mitochondrial cytosolic distribution and efficiency in differentiating stem cells®* 96 98; 108; 109
Additionally, mitochondria are primary sites of fatty acid oxidation (FAO) and mitochondrial
FAO is known to be involved in the maintenance of the stem cell pool and function!!% 1 112,
Fatty acid metabolism driven by mitochondrial bioenergetics and mitochondrial dynamics has
been reported to be important for maintenance of the self-renewal trait of stem cells including
NSCs and HSCs!''% '3, Wang et al. reported that fatty acid synthesis via regulation of
mitochondrial dynamics is pivotal for maintaining pluripotency of stem cells!!'?. Alteration of
FAO has been shown to result in symmetric commitment of HSCs thereby leading to a decline
in the stem cell pool!'!.

Mitochondria might be crucial for regulation of intracellular calcium for stem cell homeostasis
since it plays a role in cell death and physiological signaling pathways®?. Excessive calcium
accumulation into the mitochondria can lead to apoptosis through the release of cytochrome ¢
in the cytoplasm. Enhanced mitochondrial membrane potential (MMP) caused by increased
intracellular calcium resulted in loss of HSCs after cell division thereby suggesting the
important role of calcium-mitochondria axis in the maintenance of stem cells.!'*. The
regulation of mitochondrial calcium has also been reported to be vital for the differentiation of
stem cells including MSCs and NSCs.*2.

While many researchers have focused on growing evidence showing how mitochondrial

structure, content and activity in stem cells dictate cell fate, the role of mitochondria in MuSCs

fate is poorly understood and still needs to be explored.

1.6. Mitophagy
Emerging evidence has shown that accumulation of damaged and dysfunctional mitochondria
leads to stem cell aging, premature commitment and impaired self-renewal and that timely
64; 115;

degradation of aged and dysfunctional mitochondria is pivotal for cellular homeostasis

116 1t is therefore crucial to have optimally functional mitochondria for the proper functioning

12



and maintenance of stem cells. Mitophagy acting as an essential mitochondrial quality control
mechanism by selectively degrading damaged mitochondria, could thus play a major role in

the regulation of stem cell homeostasis(Fig. 4).'!3
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Fig.4: Fate of stem cells with two different mitochondrial properties®.

Mitophagy is a cargo-specific form of autophagy, also known as mitochondrial autophagy
which was first described by Lemasters and colleagues as a mitochondrial turnover mechanism
that selectively targets and degrades damaged and dysfunctional mitochondria following
reduced MMP83% 117 118 Mitophagy involves the sensing, sequestration, and trafficking of
defective mitochondria to the lysosome for degradation'!®-!2°, The two recognition signals
necessary for mitochondrial clearance are ubiquitin (Ub)-adaptor- and receptor-driven

mitochondrial interaction with LC3 (light chain 3) on the autophagosomes'?!.



Mitochondrial priming is required for mitophagy to take place and this is mediated by
mitophagy receptors which are essentially mitochondrial proteins. All known mitophagy
receptors contain an LC3-interacting region (LIR) motif, which is responsible for their
interaction with the LC3 protein and its homologs on the autophagosome!??. Mitochondrial
fission is also thought to be an important step in mitophagy whereby a typical mitochondrion
needs to be structurally altered to fit within an autophagosome thus making mitochondrial
dynamics pivotal for mechanics of mitophagy'??. Upon mitochondrial fission, the mitochondria
with reduced membrane potential is unlikely to rejoin the mitochondrial network and is more
prone to mitophagy!??. Mitophagy is normally initiated in response to cellular stresses such
as depolarization, oxidative stress, starvation, hypoxia and several other damaging
conditions!?* 124, Impaired mitophagy has also been shown to occur under physiological and

pathological processes such as differentiation, aging and diseases'?*.

1.6.1. Pathways of mitophagy

1.6.1.1.  Phosphatase and tensin homolog (PTEN)-induced putative kinase 1
(PINK1)/Parkin-mediated mitophagy

So far, the best characterized mechanism of mitophagy is initiation of the PINK1/Parkin-
mediated mitophagy upon sensing of loss of MMP, a key indicator of mitochondrial health
and injury!?3 126127 PINK 1/Parkin mediated mitophagy is also recognized as the main pathway
of mitophagy activated under stress conditions'?8. PINK1 was isolated as one of the genes
induced by the tumor suppressor PTEN and contains eight exons spanning 18 kb on
chromosome 1p36.12. This gene encodes a protein of 581 amino acid residues with a
mitochondrial targeting motif and a serine/threonine protein kinase domain'?> 126, Parkin also
known as Parkinson disease 2 (PARK?2), is an E3 Ub ligase which is directly phosphorylated
by PINKI and acts as a signaling pathway to activate mitophagy in response to mitochondrial
damage'?®. Under resting conditions, PINK1 is rapidly degraded after import into healthy
mitochondria by the mitochondrial protease, presenilin-associated rhomboid-like protein

14



(PARL) in the inner mitochondrial membrane (IMM) (Fig.5). Conversely, loss of MMP leads
to impairment of PINKI1 proteolysis. Unprocessed PINK1 accumulates specifically at the
outer mitochondrial membrane (OMM) of damaged mitochondria. PINK1 then promotes the
recruitment of the E3-ligase, Parkin by phosphorylating it. Accumulated and activated Parkin
on the OMM surface initiates the polyubiquitination of some proteins in the mitochondria
membrane that act as an elimination signal. Different mitophagy adapters such as nucleoporin
62 (p62), neighbor of breast cancer gene 1 (BRCA1) gene 1 (NBRI1), nuclear domain 10
protein 52 (NDP52), and optineurin recognize and bind these polyubiquitinated chains and
simultaneously bind to LC3 to recruit the autophagic limiting membrane and finally engulf

the targeted damaged mitochondria(Fig.5)!3°.

(Import and cleavage) (Import failure)

Fig.5: Schematic diagram of PINK 1/Parkin mediated-mitophagy'3'.
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PINK1 is known to play an important role in cell respiration, protein folding, and degradation,
and in various mitochondrial functions, such as fission/fusion dynamics, trafficking and

calcium signaling'?’

. PINK1 loss of function has been also reported to impair the mitochondrial
respiratory chain and adenosine triphosphate (ATP) production'?’. The same study stated that
PINKI deficiency results in calcium overload within mitochondria, causing excessive ROS
production in the mitochondria and cytosol. PINK1 has been widely linked with mitochondrial
function where its deficiency in both D. melanogaster and mice was reported to lead to
mitochondrial dysfunction and specific reduction of Complex I (CI) activity'32. In addition, in
mouse cell cultures, PINK1 deficiency was shown to affect MMP and fragmentation, and
increase ROS in substantia nigra dopaminergic neurons '3*. Transient PINK1 knockdown has
also been reported to cause a decrease in mitochondrial potential and to promote ROS levels
125 Loss of PINK1 has been reported to lead to mitochondrial fragmentation, increased
mitophagy in various mouse and human cell cultures and also influenced stem cells
regenerative ability by causing a dramatic decrease in the speed and efficiency of induced
pluripotent stem cell (iPSC) reprogramming!2> 127 133 134,

Even if other pathways could still maintain fidelity of mitochondria by inducing mitophagy of
dysfunctional mitochondria, a reduction in PINKI-mediated mitophagy is nevertheless

detrimental for cellular function and homeostasis and was reported to result in increased cell

death 133,

1.6.1.2. PINKI1/Parkin-independent mitophagy pathways
Although PINKI1/Parkin-driven mitophagy has dominated the field in the recent years,
PINK1/Parkin-independent mechanisms of mitophagy have also been of increasing interest to

researchers in the context of cellular homeostasis.

1.6.1.2.1. BNIP3 and NIX-dependent mitophagy
B-cell leukemia/lymphoma 2 (BCL2) interacting protein 3 (BNIP3), encoded by the BNIP3
gene belongs to the BCL2 family of cell-death-regulating factors and is located at the OMM 3¢,
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BNIP3 plays various key roles in cells as a signaling molecule in mitochondrial dysfunction,
mitophagy and apoptosis'*®. The primary role of BNIP3 is the regulation of mitochondrial
fragmentation and mitochondrial clearance through its interaction with LC3 and its related
molecular receptors, therefore acting as a mitophagy receptor!2! 136,

Similar to BNIP3, NIX also known as BCL2 Interacting Protein 3 Like (BNIP3L), is an OMM
protein belonging to the BH3 only domain proteins of the BCL2 family'?3. NIX is known to
play a role in hypoxia-mediated mitophagy'?’. NIX has a LIR motif allowing its direct
interaction with the LC3 protein or the LC3 homolog, y-Aminobutyric acid type A (GABAA)
receptor-associated protein (GABARAP)!?% 137, This interaction mediates the recruitment of

autophagosome to the damaged mitochondria!?* 137,

1.6.1.2.2. FUN-14 domain containing protein 1 (FUNDC1)-mediated

mitophagy

FUNDCI is localized to the OMM and functions as a mitophagy receptor in mitochondrial
uncoupling-, and hypoxia-induced mitophagy'?*. FUNDC1 needs to be dephosphorylated by
mitochondrial phosphatase PGAM family member 5 (PGAMS) therefore allowing the LIR
domain of FUNDCI to interact with LC3 and also increase mitochondrial fission!?% 137,

FUNDCI then mediates the colocalization of LC3 to the targeted fragmented mitochondria

thereby promoting mitophagy!'*’.

1.6.1.2.3. Other mitophagy receptors
Over the years, researchers have gained significant interest in exploring other mitophagy
pathways. These include autophagy and beclin 1 regulator 1 (AMBRAL1), Unc-51 like
autophagy activating kinase 1 (ULK1) which is critical for PINK1/Parkin-mediated mitophagy
as well as during hypoxia, adenosine monophosphate-activated protein kinase (AMPK)
through AMPK/mitochondrial fission protein 1 (FIS1)-mediated mitophagy, mitochondrial E3

ubiquitin protein ligase 1 (MULI1) which is an E3-Ub ligase and Cardiolipin!?% 131: 138,
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1.6.2. Mitophagy in stem cells

Recently, basal autophagic activity has been reported in quiescent MuSCs, which sustain
skeletal muscle regeneration suggesting a potential role of mitochondrial autophagy in the
maintenance of MuSCs in their healthy quiescent state!*®. Furthermore, failure of autophagy
led to an accumulation of damaged mitochondria in MuSCs at old age, resulting in increased
ROS levels and failure of MuSCs to regenerate with aging therefore suggesting a role of
mitochondrial autophagy in muscle regeneration. Garcia-Prat, L. et al. reported that defective
autophagy in MuSCs increased mitochondrial dysfunction and oxidative stress, resulting in a
decrease in the function and number of MuSCs!2% 149,

It has been previously demonstrated that traumatic muscle damage results in impaired
mitochondrial content and is accompanied by an induction of mitophagy'4’. Mohiuddin et al.
reported changes in mitophagy as assessed by mtKeima expression at different stages of muscle
repair following injury thus suggesting its potential role in muscle regeneration'4!.

Emerging evidence has highlighted an important role of mitophagy in stem cell homeostasis'#.
Vazquez-Martin and colleagues have demonstrated a key role of PINK1-mediated mitophagy
in stem cell fate decisions whereby loss of PINK1 led to impaired mitochondrial rejuvenation
and decreased the speed and efficiency of nuclear reprogramming of somatic cells into
iPSCs!*. This study therefore suggested a potential role of PINK1-mediated mitophagy in
stemness acquisition in stem cells. Additionally, Ito ef al. found that PINK 1 and Parkin genes
are up-regulated to promote the expansion of a purified Tie2+ HSCs population and thus
maintain its pool. The authors demonstrated that silencing of PINK1 and Parkin attenuated the
expansion and maintenance of this unique HSCs population by in vitro means as well as after
transplantation where PINK1 knockout (KO) HSCs failed to survive'*. Similarly, Pei et al.
further supported the role of mitophagy in stem cell self-renewal by showing that up-regulation
of FIS1-mediated mitophagy through AMPK activation facilitated the clearance of stressed
mitochondria and thus preserved stemness in Leukemia stem cells (LSCs)'*8. In a recent study,

BNIP3L/NIX-mediated mitophagy was stimulated by transforming growth factor beta 1 (TGF-
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B1) and resulted in increased HSC growth and thus accelerated erythroid differentiation thus
further suggesting a crucial role of mitophagy in stem cell differentiation!#>.

Recent studies have emphasized on the protective role of mitophagy in stem cells.
PINK1/Parkin-mediated mitophagy has been shown to protect transplanted bone marrow
MSCs (BMSCs) against stress-induced apoptosis and senescence>®. Moreover, modulation of
PINK1/Parkin-mediated mitophagy protected MSCs from hyperglycemia-induced injury by
rescuing mitochondrial dysfunction and decreasing apoptosis in endothelial cells of diabetic
rats'#®, SIRT3 activated mitophagy attenuated mitochondrial dysfunction in amniotic fluid
stem cells (AFSCs) and increased its survival against high glucose-induced apoptosis'4’. Yoon
et al. also demonstrated that inducing mitophagy increased the survival of human MSCs
exposed to oxidative stress therefore supporting its protective role in stem cells'*®,

While up-regulation of mitophagy has been shown to be beneficial in stem cells, hyperactivated
mitophagy has also been found to be detrimental to these cell populations, thus, a proper
balance in the regulation of mitophagy is essential for the optimal stem cell function. Jin et al.
have shown that hyperactivation of PINK 1-mediated mitophagy increased HSC pool, impaired
their differentiation and disturbed HSC homeostasis suggesting that a certain level of
mitophagy is required for proper functioning of stem cells!*’. A recent study by Yin and
colleagues supported this hypothesis by showing that regulation of mitophagy via the MAPK
signaling pathway was required to increase the efficiency of transplanted BMSCs and
subsequently to repair kidney injury!'>°.

While recent studies have shown how different pathways of mitophagy play a crucial role in
the maintenance and proper functioning of various stem cells, the specific role of mitophagy
as a mitochondrial quality control mechanism in MuSCs remains unclear and still needs to be

investigated.



1.7. Hypothesis and Objectives
Mitochondria are important regulators of fate and function in various types of stem cells
including MuSCs. Accumulation of damaged and dysfunctional mitochondria has been
reported to lead to stem cell aging, premature commitment and impaired self-renewal. Thus,
we hypothesized that maintaining an optimally functioning population of mitochondria is
pivotal for stem cell homeostasis and that mitophagy acting as a mitochondrial quality control
mechanism by selectively degrading damaged and dysfunctional mitochondria, could play an

important role in MuSC fate determination during muscle regeneration.

The aim of this thesis was to examine the role of mitophagy in MuSC fate and function during

muscle repair. The following three objectives were set to achieve our aim:

Objective 1:

Determine the response of mitophagy to muscle injury in MuSCs.

Objective 2:

Determine the effect of PINK1 loss of function on MuSC fate and function during muscle
regeneration.

Objective 3:

Determine the effect of Parkin deficiency on MuSC fate and function in response to injury.
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2. MATERIALS AND METHODS

2.1. Mouse model

2.1.1. Mito-QC mice
Mitophagy reporter mice (Mito-QC) mice were developed and obtained from Dr. Ian Ganley’s
Laboratory from the University of Dundee. 6-8 weeks old mice of both genders were used for
MuSCs isolation. 10 weeks old mice of both genders were used for all other experimental
procedures. Genotyping was confirmed at the time of weaning. DNA isolated from tail snips

was amplified using primers as described in Table 1.

2.1.2. PINKI1 KO mice
Germline PINK1 KO mice were obtained from Dr. David Park from the University of Ottawa
to study the effect of PINK1 deficiency in MuSCs fate and function in response to cardiotoxin
(CTX)-induced injury. 6-8 weeks old mice of both genders were used for MuSCs isolation. 10
weeks old mice of both genders were used for all other experimental procedures. Genotyping
was confirmed at the time of weaning. DNA isolated from tail snips was amplified using

primers as described in Table 1.

2.1.3. Parkin KO mice
Parkin™™¥* mice, in which exon 7 was flanked by loxP sites, were developed and obtained
from Lexicon Pharmaceuticals. to study the effect of loss of Parkin in Pax7+ adult MuSCs. Our
lab developed a Cre-flox conditional Parkin exon 7 KO model by crossing the Parkin™™¥* mice
with Pax7 CreER™ *- mice'>!. At 9 weeks of age, 200mg/kg of tamoxifen (Sigma T5648,
50mg/mL dissolved in corn oil) was administered to ParkinVT'%T Pax7 Cre*" mice (wild type
(WT)) and Parkin'™*x, Pax7 Cre*~ mice (Parkin KO) via gavage for five consecutive days to

activate cre-recombinase, followed by three days of rest for efficient gene deletion. Both

genders were used for all experimental procedures.



Genotyping was confirmed at the time of weaning. DNA isolated from tail snips was amplified
using primers as described in Table 1. Confirmation of Parkin KO in MuSCs was performed

by immunostaining on isolated cultured MuSCs and in vitro single fiber cultures.

2.2. CTX Preparation and Injections

CTX (Latoxan L8102) was prepared in saline (0.9% NaCl) at a final concentration of
10 uM™2, PINK1 KO, Parkin KO and corresponding WT mice were injected with
Buprenorphine subcutaneously prior to subsequent procedures and anesthetized by gas
inhalation 30 minutes prior to CTX injection. Using an insulin-type disposable syringe, 50 ul
of 10 uM CTX was injected 1-2 mm deep into the right tibialis anterior (TA) muscle. The
contralateral uninjured muscle was used as a control. The injured mice were allowed to recover
in a heated room and transferred to a clean cage until time of harvest.
All procedures were approved by the Animal care and veterinary service (ACVS) committee
at the University of Ottawa and complied with the guidelines of the Canadian Council on

Animal Care and the Animals for Research Act.

2.3. Muscle Tissue Harvest for Histology

At the time of harvest, mice were sacrificed by cervical dislocation. The TA muscle
was immediately dissected, weighed and cut in half at the center in a cross-sectional
orientation. Half of the TA was flash frozen in ice-cold isopentane using liquid nitrogen for 30
seconds and immediately stored at -80°C for sectioning and subsequent staining procedures.
The other half of the TA muscle was dropped in freshly prepared cold 2% (w/v)
paraformaldehyde (PFA) (Sigma P6148) and fixed for 30 minutes, shaking on ice. Following
fixation, TA muscles were washed twice with phosphate buffered saline (PBS) for 5 minutes
and twice with glycine for 10 minutes, then left in 5% (w/v) sucrose for 2 hours, followed by
20% sucrose (w/v) for 2-3 days to allow for cryopreservation of the tissue. TA muscle was
frozen in ice-cold isopentane using liquid nitrogen for 30 seconds and immediately stored at -

80°C for sectioning and subsequent staining procedures.
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2.4. Single Myofiber Isolation
For in vitro single myofiber cultures, the extensor digitorum longus (EDL) muscles
were harvested immediately following cervical dislocation and digested in 0.5% (w/v)
collagenase B (Roche 11088815001) approximately 30-40 minutes at 37°C.

0.5 hours post isolation (T0.5) for mito-QC mice: Each digested EDL muscle was immediately

transferred to 800uL of 4% (w/v) PFA for 10 minutes on the shaker followed by three PBS
washes to remove residual PFA!53. The EDL muscle was then triturated in PBS using fetal
bovine serum (FBS)-coated tips and plates to release individual muscle fibers. The isolated
single myofibers were stored in PBS at 4°C until any subsequent staining procedures.

All other timepoints for all mice: The digested EDL muscle was then triturated in wash media

(Dulbecco’s Modified Eagle’s Medium (DMEM) containing 4.5 g/L glucose and 1% (v/v)
penicillin-streptomycin) to release single myofibers. Single myofibers were then washed three
times in wash media to clean the myofibers from cellular debris. For T1 (timepoint 1 hour post
isolation) for the PINK1- and Parkin- deficient mice, after trituration, the single myofibers were
fixed in 2% (w/v) PFA for 10 minutes followed by three PBS washes to remove residual PFA.
For timepoints 24, 48, 72 hours post isolation (T24, T48 and T72 respectively), after trituration,
myofibers were allowed to recover in wash media for 45 minutes before being transferred to
single myofiber culture media (DMEM 4.5 g/L glucose, 20% (v/v) FBS, 2% (v/v) chicken
embryo extract, 1% (v/v) penicillin-streptomycin, 9.3ng/mL basic fibroblast growth factor
(bFGF)). Cultured fibers were then incubated at 37°C, 5% CO: for 24, 48 and 72 hours. After
desired culture time, single myofibers were fixed in 2% (w/v) PFA for 10 minutes followed by
three PBS washes to wash off any residual PFA and stored in PBS at 4°C until any subsequent

staining procedures!'3% 134,
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2.5. MuSC Isolation

2.5.1. Standard Isolation of MuSCs, 3 hours post isolation (T3 MuSCs)

MuSCs were i1solated by fluorescence activated cell sorting (FACS) using a published
protocol'>>. Following cervical dislocation, hindlimb muscles were harvested and digested in
1% (w/v) Collagenase-B (Roche 11088831001) and 0.4% (w/v) Dispase II (Roche
04942078001) using the Milteny MACS Octo-dissociator SLICE _FACS program for 27
minutes. Following digestion, muscle slurry was filtered and centrifuged to obtain a cell pellet,
which was then incubated with red blood cell lysis (Sigma R7757) for 30 seconds to remove
any red blood cells, followed by a wash with 10 mL of PBS and subsequent spin at 600g for
10 minutes. The cell pellet was then resuspended in 1 mL of FACS buffer (3mM
ethylenediaminetetraacetic acid (EDTA), 10% (v/v) FBS in 1xPBS) with conjugated antibodies
(phycoerythrin (PE)-conjugated antibodies: stem cell antigen-1 (Sca-1) (BD Pharmingen,
553108), cluster of differentiation 45 (CD45) (BD Pharmingen, 553081), cluster of
differentiation 31 (CD31) (BD Pharmingen, 553373) and cluster of differentiation 11b
(CD11b) (eBiosciences, 12-0112-82) to remove non-MuSCs present in the population, and o.-
integrin-7 (Ablab, 67-0010-05) and VCAM-1 (Biolegend, 105720) to mark MuSCs). a-
integrin-7 and VCAM-1 positive cells were finally sorted by FACS at the Flow Cytometry

facility at the Ottawa Hospital Research Institute.

2.5.2. In situ fixed MuSCs (T0 MuSCs)

TO MuSCs were isolated by FACS using a modified version of a published protocol'>®.
Following cervical dislocation, hindlimb muscles were harvested and dropped in 0.5 % (w/v)
PFA. The muscle was rapidly cut to 1-5 mm pieces. The PFA was then replaced with fresh 0.5
% (w/v) PFA and the muscle was chopped to a slurry followed by 1 hour gentle rotation at 4°C.
After fixation, the tube was centrifuged at 4°C for 5min/600g and the supernatant was

discarded.
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The fixed chopped muscles were washed twice in PBS with centrifugation at 4°C for
5min/600g to remove any residual PFA. The muscles were then digested in 2% (w/v)
Collagenase-B (Roche 11088831001) and 0.8% (w/v) Dispase II (Roche 04942078001) using
the Milteny MACS Octo-dissociator SLICE FACS program for 27 minutes. Following
digestion, muscle slurry was filtered using a 100 pm cell strainer and centrifuged at 4°C for
10min/600g. The cell pellet was resuspended in ice-cold DMEM and filtered using a 70 um
cell strainer followed by centrifugation at 4°C for 5min/50g. The supernatant containing
MuSCs was then passed through a 50 um cell strainer and centrifuged at 4°C for 5min/600g.
The cell pellet was then resuspended in 1 mL of FACS buffer 3mM EDTA, 10% (v/v) FBS in
1xPBS) with conjugated antibodies (PE-conjugated antibodies: Sca-1 (BD Pharmingen,
553108), CD45 (BD Pharmingen, 553081), CD31 (BD Pharmingen, 553373) and CDI11b
(eBiosciences, 12-0112-82) to remove non-MuSCs present in the population, and a-integrin-7
(Ablab, 67-0010-05) and VCAM-1 (Biolegend, 105720) to mark MuSCs). a-integrin-7 and
VCAM-1 positive cells were finally sorted by FACS at the Flow Cytometry facility at the

Ottawa Hospital Research Institute.

2.6. Histology

2.6.1. Tissue Sectioning
Tissue was sectioned in a cross-sectional orientation at a thickness of 14 pum using the
HM525NX Cryostat (University of Ottawa Histology Core) at -28°C and placed on a charged

slide (Fisher Scientific 12-550-15). Slides were stored at -80°C until further processing.

2.6.2. Hematoxylin & Eosin Staining

Previously flash frozen muscle sections were immediately fixed in PFA for 30 minutes
followed by three washes with PBS. The fixed tissue sections were stained for hematoxylin
and eosin (H&E) by the Histology Core at the University of Ottawa. The stained tissues were

imaged on the EVOS FLAuto2 microscope at the University of Ottawa.
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2.6.3. Cytochrome c oxidase (COX)/Complex IV (CIV) Staining
Previously flash frozen muscle sections were allowed to dry at room temperature for about 1
hour. Tissue sections were stained with S50uL COX buffer (1X 3,3'-diaminobenzidine (DAB)
and 100 uM cytochrome c in 0.1 mM sodium phosphate buffer (SPB) pH=7.0, 2 pg bovine
catalase) for 45 minutes at 37°C. After incubation, slides were washed thrice with SPB followed
by dehydration in ethanol. Slides were then cleared with xylene for 10 minutes and mounted
using dibutylphthalate polystyrene xylene (DPX)!57. Stained tissue sections were imaged on

the EVOS FLAuto2 microscope at the University of Ottawa.

2.6.4. CI Staining
Flash frozen muscle sections were allowed to dry at room temperature for about 1 hour. Tissue
sections were stained with 50uL CI buffer (0.625mg/mL 1,4-Dihydronicotinamide adenine
dinucleotide (NADH) in 1.875nM nitro blue tetrazolium (NBT)) for 45 minutes at 37°C. After
incubation, slides were washed thrice with SPB followed by dehydration in ethanol. Slides
were then cleared with xylene for 10 minutes and mounted using DPX'8, Stained tissue

sections were imaged on the EVOS FLAuto2 microscope at the University of Ottawa.

2.6.5. Immunofluorescence Staining

2.6.5.1.  Tissue sections

Tissue sections were sent for antigen retrieval (citrate buffer at pH=6.0) to the
University of Ottawa Histology Core, followed by 1 hour blocking in 3% (w/v) bovine serum
albumin (BSA) and primary antibody incubation overnight at 4°C (Table 2). Secondary
antibody staining was performed using a Biotin-Strepdavidin interaction (Biotin: Jackson
Immunoresearch, 115-065-205, Strepdavidin: Jackson Immunoresearch, 016-160-084) and/or
fluorescence-conjugated secondary antibody incubation (Refer to Table 2 for antibody
information). Slides were mounted using Invitrogen™ ProLong™ Gold Antifade Mountant
with 4',6-diamidino-2-phenylindole (DAPI) (ThermoFisher Scientific P36935). Stained tissue

sections were imaged on the EVOS FLAuto2 microscope at the University of Ottawa.
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2.6.5.2.  Single Myofibers
Single myofibers were permeabilized (0.1% (v/v) triton, 0.1M glycine in PBS) for 10 minutes
at room temperature and blocked in 5% (v/v) horse serum, 2% (w/v) BSA and 0.1% (v/v) triton
in PBS for 5 hours at room temperature. Following blocking, permeabilized individual
myofibers were incubated with primary antibody overnight at 4°C (Antibody concentration
listed in Table 2). Secondary antibody was then added for 1 hour at room temperature, and then
fibers were mounted using Invitrogen™ ProLong™ Gold Antifade Mountant with DAPI
(ThermoFisher Scientific P36935) or Immumount (ThermoFisher 9990402) on a charged glass
slide (Fisher Scientific, 12-550-15). Mito-QC myofibers were imaged on the LSM880 Airyscan
Confocal Microscope, and all other stained fibers were imaged on the EVOS FLAuto2

microscope at the University of Ottawa.

2.6.5.3. FACS sorted isolated MuSCs

2.6.5.3.1. Mito-QC T0 MuSCs
Following FACS sorting, TO mito-QC MuSCs were cytospined onto charged slides (Fisher
Scientific, 12-550-15) and mounted using Invitrogen™ ProLong™ Gold Antifade Mountant
with DAPI (ThermoFisher Scientific P36935). TO mito-QC MuSCs were imaged on the
LSM880 Airyscan Confocal Microscope at the Cell Biology Image Acquisition Core at the

University of Ottawa.

2.6.5.3.2. Mito-QC T3 MuSCs
Following FACS sorting, isolated MuSCs were cytospined onto charged slides (Fisher
Scientific, 12-550-15) and fixed with 4% (w/v) PFA for 15 minutes at room temperature.
Any residual PFA was washed off with three PBS washes 5 minutes each. The slides were then
mounted using Invitrogen™ ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher
Scientific P36935). T3 mito-QC MuSCs were imaged on the LSM880 Airyscan Confocal

Microscope at the Cell Biology Image Acquisition Core at the University of Ottawa.
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2.6.5.3.3. PINK1 KO, Parkin KO, WT MuSCs
Following FACS sorting, isolated MuSCs were cytospined onto charged slides (Fisher
Scientific, 12-550-15) and fixed with 4% (w/v) PFA for 15 minutes at room temperature. Any
residual PFA was washed off with three PBS washes 5 minutes each. Fixed MuSCs were
permeabilized (0.3% (v/v) triton in PBS) for 7 minutes at room temperature and blocked in 2%
(w/v) BSA for 20 minutes at room temperature. Following blocking, permeabilized cells were
incubated with primary antibody overnight at 4°C (Antibody concentration listed in Table 2).
Secondary antibody was then added for 1 hour at room temperature, and then slides were
mounted using Invitrogen™ ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher
Scientific P36935) on a charged glass slide (Fisher Scientific, 12-550-15). Stained MuSCs were

imaged on the EVOS FLAuto2 microscopeat the University of Ottawa.

2.7. Statistical analysis
Statistical analyses were realized using GraphPad Prism 8. Quantitative results were presented
as means = standard error of the mean (SEM). Statistical differences were assessed using an
unpaired t-test for two groups and one-way analysis of variance (ANOVA) for multiple
comparisons. Statistical significance is displayed as ns: not significant, *p <0.05, **p <0.01,
*E%p <0.001, ****p <0.0001. Minimum number of replicates per experiment varied across

study (Please see individual figure legends).
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Table 1. Primers for genotyping and quantitative polymerase chain reaction (qPCR).

Primer Sequence (5°-3’)
Name Forward 1 Reverse Method
PINNL | AQASOATOCTAGTCCCTOTG | ACCAAAGAAGGGAGCTTG | Genotyping
WT AGAGGATGCTAGTCCCTGTG | ACACTCAGTCCTTGGGCAA Genotyping
PINK1 | AAGGG TGCTA
Parkin | AATGGATGAGTTCAAGGTTG | AACTCCAGAGCTAGGATAG Genotyping
KO CACAG GGCATA
P::']lrfin TTACGTCCATCGTGGACAGC | TGGGCTGGGTGTTAGCCTT | Genotyping
Cre GAACCTGATGGACATGTTCA | AGTGCGTTCGAACGCTAGA Genotyping
GG GCCTGT
CAAAGACCCCAACGAGAAGC
. CCCAAGGCACACAAAAAACC .
Mito-QC | CTCTTCCCTCGTGATCTGCAACTCC Genotyping
CATGTCTTTAATCTACCTCGATGG
) Forward primer GAGCTTCCGAATCACCTGAC
Parkin . qPCR
Reverse primer CCATCTGGGAGCTAGGAATG
Table 2. Antibodies used for FACS and Immunofluorescence (IF).
Antibody Name Company/Cat no. Dilution Assay
PE rat anti-mouse CD31 BD Pharmingen 553373 2 uL/mouse | FACS
PE rat anti-mouse CD45 BD Pharmingen 553081 2 uL/mouse | FACS
PE rat anti-mouse CD11b eBiosciences 12-0112-82 2 uL/mouse | FACS
PE rat anti-mouse Scal BD Pharmingen 553108 2 uL/mouse | FACS
PE-Cy7 conjugated CD106 Biolegend 105720 10 uL/mouse | FACS
(VCAM-1)
647 conjugated alpha integrin-7 | Ablab 67-0010-05 10 uL/mouse | FACS
(rat)
Pax7 (mouse) DHSB PAX7-S 1:8 IF Primary
Pax7 (rabbit) Invitrogen PA1-117 1:100 IF Primary
MyoD (mouse) SantaCruz sc-32758 1:50 IF Primary
MyoG (mouse) DHSB F5D 1:6 IF Primary
Ki67 (rabbit) Abcam ab15580 1:500 IF Primary
eMyHC (mouse) DHSB F1.652-s 1:5 IF Primary
Parkin (mouse) ab77924 1:200 IF Primary
Alexa-Fluor 488 (rabbit) Invitrogen A11008 1:1000 IF Secondary
Brilliant Violet 421 (mouse) Jackson 115-675-146 1:200 IF Secondary
Alexa-Fluor 647 (mouse) Abcam AB-150107 1:200 IF Secondary
Alexa-Fluor 594 (mouse) Invitrogen A11005 1:200 IF Secondary
Cy3 (mouse) Jackson 715-165-150 1:1000 IF Secondary
Biotin Jackson 115-065-205 1:200 IF Secondary
Cy3-Conjugated Streptavidin Jackson 016-160-084 1:500 IF Secondary
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3. RESULTS

3.1. Mitophagy is active in quiescent MuSCs
To determine the response of mitophagy to muscle injury in MuSCs, our lab processed three
transcriptomics datasets obtained from publicly available GEO (Gene Expression Omnibus)
datasets (GSE70376'%°, GSE47177"°, GSE55490°") which were acquired by expression
profiling by array. Here we compared quiescent MuSCs to activated MuSCs after CTX or
Barium chloride (BaCly)-induced injury to assess any gene expression changes upon muscle
injury. In Fig. 6A, we revealed that the two Ub-dependent mitophagy genes, PINK1 and
Parkin/PARK?2 are expressed in quiescent MuSCs and are transiently decreased as MuSCs
activate in response to injury suggesting that PINK1/Parkin-dependent mitophagy could be
required for the maintenance of quiescence in MuSCs. Interestingly, we show that receptor-
dependent mitophagy genes such as BNIP3, BNIP3L and FUNDCI1 are up-regulated as PINK1
and Parkin/PARK?2 are repressed indicating that alternative pathways of mitophagy may be
involved in MuSCs activation or lineage progression in the absence of PINK 1/Parkin-mediated

mitophagy.
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Fig. 6: PINK1 and Parkin/PARK2 are expressed in quiescent MuSCs

A, Heat maps of mitophagy genes obtained from expression profiling by array generated from
GEO datasets GSE70376'3° (MuSCs in homeostatic conditions (QSC) or after CTX injury (72
hours)), GSE47177'% (quiescent MuSCs (QSC) isolated from hindlimb muscles of uninjured
mice and activated MuSCs isolated from hindlimb muscles of BaCl-injured mice (36, 60 and
84 hours after injury) of 2-3 months of age, GSE55490°' (uninjured quiescent MuSCs (QSC)

and activated MuSCs from contralateral BaCl,-injured muscle).
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3.2. Changes in mitophagy are detectable from MuSC quiescence to differentiation
Single myofibers isolated from the EDL muscle allow for the visualization and quantification
of MuSC:s in their physiological niche and can be used to analyse MuSC fate occurring during
skeletal muscle regeneration as per described by Brun et al.'>*.

For this experiment, we used a previously developed mitophagy reporter mouse, mito-QC
which is a transgenic mouse with a pH-sensitive fluorescent mitochondrial signal allowing the
assessment of mitophagy through a binary-based fluorescence assay. This assay is based on the
expression of mCherry-green fluorescent protein (GFP) tag fused to the mitochondrial targeting
sequence of the OMM protein, FIS1''°. Under steady-state conditions, the mitochondrial
network expresses both mCherry and GFP markers. However, upon mitophagy, damaged
mitochondria are engulfed by phagophores to form mitophagosomes which are then delivered
to lysosomes where the fluorescence of mCherry remains stable but the GFP fluorescence
becomes quenched by the acidic microenvironment. This eventually results in structures with

a punctate mCherry-only fluorescence termed mitolysosomes (Fig. 7)'1°.

mito-QC

phagophore mitophagosome lysosome

H+

fi H+ |
|
\ H* H*

H+ /

mitolysosome

Fig.7: Principle of the mito-QC mouse model'¢°.
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As a positive control for the assessment of mitophagy using the mito-QC mice, we first
mimicked mitochondrial damage by experimentally depolarizing mitochondria to induce
mitophagy in MuSCs from single myofiber cultures at T72 with 20uM uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP) for 1 hour at 37°C. We then assessed mitophagy
by mitolysosomes quantification. CCCP significantly induced mitophagy as assessed by an
increase in the number of mitolysosomes thus validating the mito-QC mouse model as an
effective tool to assess mitophagy (Fig. 8A-B).

To assess changes in mitophagy after injury in MuSCs, we isolated in vitro single myofiber
cultures from the mito-QC mice at different timepoints (0.5 hour post isolation (T0.5), T1, T24,
T48, T72) as the MuSCs exit quiescence (T0.5, T1) to activate (T24), proliferate, commit and
differentiate or self-renew (T48-T72). MuSCs were identified by immunolabeling with the
MuSC specific transcription factor, Pax7. Changes in mitophagy rates were readily detectable
from MuSC quiescence to MuSC differentiation/self-renewal as observed by a statistically
significant difference among the different timepoints (£(4,10) = 8.833, p = 0.0026) (Fig. 8D).
We reported that mitophagy is active in quiescent MuSCs (T0.5, T1) and is transiently down-
regulated during MuSC activation (T24) followed by a gradual increase during early
differentiation (T72) and self-renewal (T72) (Fig. 8C-D). As previously described by Brun et
al. and Rocheteau et al., at T72, two populations of MuSCs can be identified based on their
expression of Pax73% 134, Rocheteau and colleagues described Pax7"¢" MuSCs as self-renewing
MuSCs and Pax7"°" MuSCs as differentiating MuSCs>? (Fig. 8E). We therefore quantified the
number of mitolysosomes in these two different populations at T72 and found that self-
renewing MuSCs have a significantly higher degree of mitophagy than differentiating MuSCs
(Fig. 8F). These findings suggest that mitophagy plays a considerable role in the maintenance

of a quiescence state in MuSCs and potentially for their differentiation and self-renewal.
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Fig. 8: Mitophagy is active in quiescent, differentiating and self-renewing MuSCs

A, Representative confocal images of MuSCs on mito-QC EDL muscle fibers at T72 with and
without 20uM CCCP. Magnification: 63X. B, Quantification of number of mitolysosomes per
MuSC area (n/um?) at T72 with and without 20uM CCCP assessed by the mito-QC counter on
ImagelJ (n=1 independent experiment). C, Representative confocal images of MuSCs on mito-
QC EDL muscle fibers at different isolation timepoints (T0.5, T1, T24, T48 and T72).
Magnification: 63X. D, Quantification of number of mitolysosomes per MuSC area (n/pm?) at
different isolation timepoints assessed by the mito-QC counter on ImageJ (n=3 independent
experiments). Statistically significant difference among timepoints as determined by one-way
ANOVA (F(4,10) = 8.833, p = 0.0026). E, Representative confocal image of Pax7"i¢" and
Pax7'% labelled MuSCs on mito-QC EDL muscle fiber at T72. Magnification: 63X. F,
Quantification of number of mitolysosomes per MuSC area in Pax7"¢" and Pax7'°" labelled
MuSCs (n/um?) assessed by the mifo-QC counter on ImageJ (n=3 independent experiments).
Statistics in D were realized using one-way ANOVA followed by an unpaired t test. Statistics
in F were realized using an unpaired t test and statistical significance is displayed as *p <0.05,
*Ep <0.01, ***p <0.001, ****p <0.0001. Data are presented as mean = SEM (at least 10 cells

analyzed per each timepoint).
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3.3. Quiescent MuSCs exhibit a higher degree of mitophagic degradation than
activated MuSCs

Next, we wanted to verify the level of mitophagy in quiescent MuSCs. We thus isolated mito-
QC MuSCs by FACS. To analyze true quiescent MuSCs, we fixed the muscle immediately
after dissection (TO MuSCs) and compared it to 3 hours post isolated-MuSCs (T3 MuSCs).
Gating of MuSCs was performed based on a double positive cell population of VCAM-1-PE-
Cy7 and Integrin a7-Alexa Fluor 647, two commonly used MuSC surface markers (Fig. 9A-
B). We first assessed changes in the length and area of the nuclei of TO MuSCs and T3 MuSCs
and found that as previously described by Machado et al., truly quiescent MuSCs have a
slightly more elongated nuclei than activated MuSCs (Fig. 9C-E) and that they maintained
their spindle-like shape while activated MuSCs started to adopt a round-shaped morphology!3¢
(Fig. 9F). Furthermore, consistent with our in vitro single myofiber cultures data from the mito-
QC mice (Fig. 8), we observed active mitophagy in TO MuSCs followed by a relative decrease
as the MuSCs activate, 3 hours post isolation through quantification of mitolysosomes therefore

indicating that mitophagy may be necessary to maintain quiescence in MuSCs (Fig. 9F-G).
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Fig. 9: Mitophagy is required for maintenance of quiescence in MuSCs

A-B, Scatter plots representing the gating strategy used to identify MuSCs represented by a
double positive cell population of VCAM-1-PE-Cy7 and Integrin a7-Alexa Fluor 647. C,
Representative confocal images of nuclei of FACS-sorted, in situ-fixed (TO MuSCs) and 3
hours post isolation-fixed (T3 MuSCs) mito-QC MuSCs. Magnification: 63X. D,
Quantification of length of nuclei of TO and T3 MuSCs (um) (n=1 independent experiment).
E, Quantification of area of nuclei of TO and T3 MuSCs (um?) (n=1 independent experiment).
F, Representative confocal images of TO and T3 isolated mifo-QC MuSCs. Magnification: 63X.
G, Quantification of number of mitolysosomes per MuSC area (n/um?) of TO and T3 MuSCs

assessed by the mito-QC counter on ImageJ (n=1 independent experiment).
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3.4. Loss of PINK1 impairs muscle regeneration upon chronic injury
To study the importance of mitophagy in muscle regeneration, we used a CTX injury model of
the TA muscle in mice harboring a KO of PINK1 gene, an important regulator of mitophagy.
CTX 1is a purified snake venom toxin which causes myonecrosis thereby triggering muscle
regeneration and it has been widely used to examine cellular and molecular players in muscle

regeneration?’s 16!

. CTX acts as a protein kinase C-specific inhibitor which causes membrane
depolarization of myofibers and muscle contraction resulting in changes in ion fluxes, loss of
protein content, degradation of organelles and eventually extensive necrosis of muscle fibers®*
27:162Several studies have reported that the toxicity of CTX is specific to muscle fibers and
thus does not affect the basal lamina and the activity of MuSCs therefore making it an ideal
injury model to study satellite cells during muscle regeneration'* %7,

First of all, we observed no difference in the mean myofiber size of the uninjured muscles
between WT and PINK1 KO mice, however, a significant decrease in the number of bigger
myofibers (8000-9000 pm?) was seen in the fiber distribution suggesting that PINK 1 deficiency
at the germline level had little to no effect on muscle fiber morphology at baseline (Fig. 10B-
E). Surprisingly, our data revealed a significant increase in the number of myofibers at 4 days
post injury (DPI) in PINK1-deficient mice compared to WT mice indicating that impaired
PINK1-mediated mitophagy could be possibly leading to increased regenerative capacity (Fig.
10M). Nevertheless, we observed no changes in mean muscle fiber size at 4DPI and no changes
in myofiber number or mean muscle fiber size at later timepoints, 7DPI and 14DPI indicating
that PINK1 loss of function could be influencing the fate decisions of the MuSCs and not
muscle differentiation (Fig. 10B, D, M). To have a more detailed assessment of the size of
myofibers, we analysed the distribution of the muscle fiber size. Here we observed no
difference in the size distribution of myofibers at 4DPI between WT and PINK 1 KO mice (Fig.
10F), but we revealed a trend towards a decrease in the number of smaller myofibers and

relative increase in the number of bigger myofibers at 7DPI in the PINK1 KO mice vs WT

possibly showing increased differentiation (Fig. 10G). Although no difference was observed
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in the myofiber size distribution at 14DPI (Fig. 10H), our theory of increased differentiation
and regenerative capacity in the PINK KO mice correlates with our data at 14DPI where we
observed a slight decrease in the number of central nuclei per fiber in PINK1 KO muscle fibers.
This data suggests that the PINK 1-deficient MuSCs moved to the periphery of the muscle fiber
faster than WT MuSCs thus displaying increased differentiation and regenerative capacity (Fig.
10B, L). Moreover, loss of PINK1 in response to acute CTX injury after 21 days resulted in a
trend towards an increase in TA muscle weight (compared to contralateral uninjured muscle)
(Fig. 10A) and significantly greater mean cross-sectional area (CSA) of muscle fibers (Fig.
10C, D) compared to the WT mice indicating that PINK 1 KO injured muscles regenerated with
greater efficiency therefore in line with the trends observed at 4DPI, 7DPI and 14DPI.
Additionally, further quantification of fiber distribution at 21DPI showed significant decrease
in the number of small myofibers and increase in the number of larger myofibers (Fig. 10I).
Here, we thought that impaired PINKI-mediated mitophagy may have favored MuSC
differentiation at the expense of self-renewal thus resulting in muscle hypertrophy and fewer
MuSCs for future muscle regeneration. To test this possibility, we used a repetitive injury
model (three cycles of CTX-injury) each separated by 21 days and found that the regenerative
advantage in response to acute injury was gradually lost in the PINK1 KO mice. Indeed, after
a significant increase in CSA of PINK1 KO muscle fibers after a 1% injury at 21DPI, the size
of the muscle fibers gradually decreased after a 2" injury to finally result in a significant
decrease in the CSA of the myofibers after a 3™ injury thereby indicating a significant

impairment in muscle regeneration following repeated injuries (Fig. 10A, C, D, I, J, K, M).
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Fig. 10: Loss of PINKI1 in vivo impairs muscle regeneration following repetitive injuries

A, TA Muscle regeneration relative to contralateral uninjured muscle (%) at 21DPI 15,214 3t
hit of WT vs PINK1 KO injured mice (n>3 mice). B-C, Representative H&E images of TA
muscle sections of uninjured, 4DPI, 7DPI, 14DPI, 21DPI 15,27 3™ hit WT vs PINK1 KO
mice. Magnification: 20X. D, Quantification of mean CSA of muscle fibers (um?) of uninjured,
4DPI, 7DPI, 14DPI, 21DPI 15,27 31 hit WT vs PINK1 KO mice (4DPI, 7DPI: n>2 mice;
14DPI, 21DPI 1%t 2731 hit: n>3 mice). E-K, Fiber size distribution of muscle fibers of
uninjured, 4DPI, 7DPI, 14DPI, 21DPI 15,27 37 hit WT vs PINK1 KO mice (4DPI, 7DPI: n>2
mice; 14DPI, 21DPI 15,2314 hit: n>3 mice). L, Quantification of central nuclei per myofiber
at 14DPI WT vs PINK1 KO mice. M, Quantification of number of fibers/mm? of 4DPI, 7DP]I,
14DPI, 21DPI 1%t 2731 hit WT vs PINK1 KO mice (4DPI, 7DPI: n>2 mice; 14DPI, 21DPI
st 2nd 31 hit: n>3 mice). Statistics were realized using an unpaired t test. Statistical
significance is displayed as ns: not significant, *p<0.05, **p<0.01, ***p<0.001,

*E*%p <0.0001. Data are presented as mean = SEM.
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3.5. PINK1 deficiency in vivo promotes commitment and impairs self-renewal of
MuSCs

To test our theory that impaired PINK 1-mediated mitophagy may have caused an imbalance in
MuSC stem cell fate by favoring MuSC commitment and impairing self-renewal, we performed
immunostaining with muscle-specific transcription factors, Pax7 as a marker for
undifferentiated MuSCs with proliferative potential, Ki67 as a proliferation marker, MyoD as
a commitment marker, MyoG as a marker of MuSCs committed to differentiation and eMyHC
as a marker for early differentiation of MuSCs. Here, we observed no significant difference in
the muscle specific markers (Pax7, MyoD, MyoD, eMyHC) at baseline in uninjured TA
muscles of WT and PINK1 KO mice (Fig. 11A). Compared to WT mice, a slight increase in
the number of Pax7+ve cells was observed at 4DPI in the PINK 1 KO mice, this correlated with
a significant increase in MuSC proliferation as assessed by Pax7+ve, Ki67+ve MuSCs (Fig.
11B, C, H, I). At a later timepoint, 7DPI, we observed a trend towards a decline in the number
of Pax7+ve cells and a robust increase in proliferating MuSCs (Pax7+ve, Ki67+ve) (Fig. 11B,
D, H, J). At 14DPI, the number of Pax7+ve cells were similar in both mice (Fig. 11B, E).
Assessment of the myogenic progenitor markers, MyoD and MyoG revealed a significant
increase in MyoD at 14DPI and high number of MyoG+ve cells at 4DPI which then leveled
out at later timepoints (7DPI and 14DPI) (Fig. 11K-P). Our data also showed a trend whereby
a higher proportion of myofibers turned off the early differentiation marker, eMyHC at 7DPI
in the PINK1 KO mice compared to the WT mice (Fig. 11Q-R). These results suggest that
PINK1 deficiency promotes MuSC proliferation, myogenic commitment and differentiation
compared to the WT mice in response to acute injury which is in line with our H&E data. At
21DPI, after full regeneration of the muscles, we observed a significant decrease in the number
of self-renewing MuSCs as assessed by Pax7+ve cells (Fig. 11F-G). The MuSC pool was
further depleted as observed with a significant decrease in the number of Pax7+ve cells after

two and three cycles of injury (21DPI 2" hit and 21DPI 3™ hit) (Fig. 11F-G).
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Together, these findings show that PINKI1-deficient MuSCs in vivo exhibit increased
proliferation, commitment and differentiation in response to acute injury but ultimately leads
to depletion of the MuSC pool as observed with a decrease in the number of self-renewing

MuSCs following repetitive injuries.
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Fig. 11: Loss of PINK1 in vivo promotes commitment and impairs self-renewal of MuSCs
A, Immunostaining analysis of uninjured TA muscle of WT vs PINK1 KO mice stained with
MuSC markers Pax7, MyoD, MyoG, eMyHC (n=3 mice) B, Representative immunostaining
images of TA muscle sections stained with Pax7 and DAPI at 4DPI, 7DPI, 14DPIL.
Magnification: 20X. C-E, Immunostaining analysis stained with Pax7 and DAPI at 4DPI,
7DPI, 14DPI (n=3 mice). F, Representative immunostaining images of TA muscle sections
stained with Pax7 and DAPI at 21DPI 1% hit, 21DPI 2™ hit and 21DPI 3™ hit. Magnification:
20X. G, Immunostaining analysis stained with Pax7 and DAPI at 21DPI 1% hit, 21DPI 2"¢ hit
and 21DPI 3™ hit (n>3 mice). H, Representative immunostaining images of TA muscle sections
stained with Pax7, Ki67 and DAPI at 4DPI and 7DPI. Magnification: 20X. I-J,
Immunostaining analysis stained with Pax7, Ki67 and DAPI at 4DPI and 7DPI (n>3 mice). K,
Representative immunostaining images of TA muscle sections stained with MyoD and DAPI
at 14DPI. Magnification: 20X. L, Immunostaining analysis stained with MyoD and DAPI at
14DPI (n=4 mice). M, Representative immunostaining images of TA muscle sections stained
with MyoG and DAPI at 4DPI, 7DPI and 14DPI. Magnification: 20X. N-P, Immunostaining
analysis with MyoG and DAPI at 4DPI, 7DPI and 14DPI (n>3 mice). Q, Representative
immunostaining images of TA muscle sections stained with eMyHC and DAPI at 4DPI, 7DPI,
14DPI and 21DPI 1% hit. Magnification: 20X. R, Immunostaining analysis stained with
eMyHC and DAPI at 4DPI, 7DPI, 14DPI and 21DPI 1* hit (n>3 mice). Statistics were realized
using an unpaired t test. Statistical significance is displayed as ns: not significant, *p <0.05,

*p <0.01, ***p <0.001, ****p <(0.0001. Data are presented as mean + SEM.
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3.6. Loss of PINKI1 in vitro promotes commitment and impairs self-renewal of MuSCs
To confirm whether PINK 1 deficiency affects MuSC fate, in vitro single myofiber cultures
from PINK 1-deficient mice were isolated at different timepoints (1, 24, 48 and 72 hour(s) post
isolation). We found no significant difference in the number of cells per cluster at T72 showing
that the proliferation rate in in vitro cultures is similar in both mice (Fig. 12A-B). At T1, both
WT and PINK1 KO MuSCs expressed only Pax7 (Fig. 12A, C, D). Consistent with our in vivo
data, we observed that at T24, WT MuSC:s still express Pax7 only while PINK1 KO MuSCs
display increased activation (Pax7+ve, MyoD+ve) and enhanced commitment (MyoD+ve
only) (Fig. 12A, E). At T48, PINK1-deficient MuSCs showed a trend towards an increase in
commitment (MyoD+ve only) and reduced self-renewal capacity as observed by a low count
of Pax7+ve only cells compared to WT MuSCs (Fig. 12A, G). At T72, PINK1-deficient
MuSCs revealed increased commitment and impaired self-renewal as observed with an
increase in MyoD+ve only cells and decrease in Pax7+ve only cells (Fig. 12A, I). No difference
in MyoG+ve cells was seen at all timepoints between both mice (Fig. 12A, D, F, H, J).
Furthermore, the data analysis from our Pax7/MyoG staining at T48 and T72 revealed a
population of PINK1 KO MuSCs which were neither expressing Pax7 nor MyoG indicating
that these cells could be MyoD+ve only cells as per our Pax7/MyoD staining results (Fig. 12A,

G-J) further confirming an increase in myogenic commitment in the PINK1 KO mice.
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Fig. 12: PINKI1 deficiency in vitro promotes commitment and impairs self-renewal of
MuSCs

A, Representative epifluorescence images of WT vs PINK1 KO MuSCs on EDL single fibers
at different isolation timepoints. (T1, T24, T48, T72) stained with Pax7/MyoD/DAPI and
Pax7/MyoG/DAPI. Magnification: 20X. B, Number of cells per cluster in WT vs PINK1 KO
EDL single fibers at T72. C-J, Quantification of muscle specific transcription factors,
Pax7/MyoD and Pax7/MyoG in WT vs PINK1 KO EDL single fibers at T1, T24, T48, T72.
Statistics in B was realized using an unpaired t test (n=3 independent experiments). Statistical
significance is displayed as ns: not significant, *p<0.05, **p<0.01, ***p<0.001,

*E*%p <0.0001. Data are presented as mean = SEM.
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3.7. Loss of PINK1 promotes MuSCs activation
We next wanted to see whether alterations in MuSC fate can be observed in freshly isolated
PINK1-deficient MuSCs. We thus isolated MuSCs by FACS from WT and PINK1 KO mice.
Gating of MuSCs was performed based on a double positive cell population of VCAM-1-PE-
Cy7 and Integrin a7-Alexa Fluor 647, two commonly used MuSC surface markers (Fig. 13A).
In line with our in vivo and in vitro data, WT MuSC:s still express Pax7 only while PINK1 KO
MuSCs displayed increased activation, as assessed by the presence of Pax7+ve, MyoD+ve

MuSCs suggesting that PINK 1 MuSCs rapidly enter the cell cycle (Fig. 13B-C).
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Fig. 13: PINK1-deficient MuSCs rapidly enter the cell cycle

A, Representative scatter plot demonstrating the gating strategy used to identify MuSCs.
Gating of MuSCs is represented by a double positive cell population of Integrin a7-Alexa Fluor
647 and VCAM-1-PE-Cy7. B, Representative epifluorescence images of freshly isolated WT
and PINK1 KO MuSCs stained with muscle specific marker, Pax7 and MyoD. Magnification:
100X. C, Quantification of Pax7 and MyoD expression in freshly isolated MuSCs from WT

and PINK1 KO mice (n=1 independent experiment).
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3.8. PINK1 KO mice exhibit CI and CIV deficiency in uninjured TA muscle fibers
To examine whether impairment in PINK 1-mediated mitophagy results in muscle fibers with
mitochondrial defects, we assessed mitochondrial dysfunction in flash frozen TA muscle
sections at 21DPI by CI and COX/CIV histochemistry. Here, we revealed CI (Fig. 14A-B) and
CIV (Fig. 14C-D) deficiency in uninjured TA muscle fibers of PINK1 KO mice indicating that
basally PINK1-deficient muscle fibers may have dysfunctional mitochondria. However, no

difference in both mitochondrial complexes was seen in injured TA muscle fibers of both mice

at 21DPI (Fig. 14A-D).
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Fig. 14: PINK1 KO mice exhibit CI and CIV deficiency in uninjured TA muscle fibers

A, Representative epifluorescence images of WT and PINK1 KO flash frozen uninjured vs
21DPI TA muscle fibers stained for CI. Magnification: 20X. B, Quantification of CI staining
in WT vs PINK1 KO EDL flash frozen uninjured vs 21DPI TA muscle fibers (n=3 mice). C,
Representative epifluorescence images of WT and PINK 1 KO flash frozen uninjured vs 21DPI
TA muscle fibers stained for CIV. Magnification: 20X. D, Quantification of CIV staining in
WT vs PINK1 KO EDL flash frozen uninjured vs 21DPI TA muscle fibers (n=3 mice).
Statistics were realized using an unpaired t test. Statistical significance is displayed as

*p<0.05, ¥*p <0.01, ***p <0.001, ****p <0.0001. Data are presented as mean = SEM.
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3.9. Parkin deletion in MuSCs results in loss of MuSCs in both uninjured
contralateral muscle and injured TA muscle

Several studies in different models have shown that developmental compensation for PINK1-
dependent mitophagy can occur!6% 164 165:166; 167 Thyg we suspected that defects in PINK -
deficient MuSC function may be masked by compensatory up-regulation of alternative PINK1-
independent mitophagy pathways such as Parkin-driven mitophagy, BNIP3/NIX-mediated
mitophagy and FUNDCI1-dependent mitophagy, which remain functional in PINK1-deficient
mice!63 164 165 166; 167 Therefore, our lab developed a tamoxifen-inducible conditional KO of
Parkin in the Pax7+ adult skeletal MuSCs (Fig 15A-B). Validation of Parkin KO was
confirmed by immunofluorescent staining in cultured WT and Parkin KO MuSCs for the
absence of Parkin (Fig. 15C). There was no difference in the TA muscle weight between both
mice at 21DPI (Fig. 15E). Next, we immunostained TA muscle fibers of Parkin KO mice with
Pax7 marker to quantify self-renewing MuSCs at 21DPI. Analysis of the number of fibers per
tissue area showed significant differences between WT and Parkin KO mice in both uninjured
and injured muscles (Fig. 15F). Thus, analysis of Pax7+ve MuSCs was performed relative to
the number of fibers. Interestingly, we revealed a significant loss of MuSCs in uninjured
contralateral muscles of Parkin KO mice and a decrease in the self-renewal capacity of Parkin-

deficient MuSCs at 21DPI suggesting that muscle-specific KO of Parkin had a detrimental

effect on the MuSC pool and self-renewal ability of MuSCs (Fig. 15D, G).
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Fig. 15: Loss of Parkin in vivo leads to a decrease in the number of MuSCs in the
contralateral uninjured muscles and results in impaired self-renewal of MuSCs in
response to acute injury

A, Breeding strategy to generate tamoxifen-inducible conditional KO of Parkin/PARK2 in
Pax7+ adult skeletal MuSCs. B, Injury model paradigm. C, Validation of Parkin KO in MuSCs
by immunostaining of cultured isolated WT and Parkin KO MuSCs. D, Representative
immunostaining images of TA muscle sections stained with MuSC marker, Pax7 at 21DPI.
Magnification: 20X. E, TA Muscle regeneration relative to contralateral uninjured muscle (%)
at 21DPI WT vs Parkin KO injured mice (n>4 mice). F, Quantification of the number of
fibers/tissue area in TA muscle of WT and Parkin KO mice at 21DPI. G, Immunostaining
analysis stained with MuSC marker, Pax7 at 21DPI normalized to number of fibers given the
significant difference seen in Fig. 14F. Statistics were realized using an unpaired t test (n=4
mice). Statistical significance 1is displayed as *p<0.05, **p<0.01, ***p<0.001,

*E*%p <0.0001. Data are presented as mean = SEM.



3.10. Loss of Parkin in vitro shows decreased proliferation, increased
commitment and impaired differentiation of MuSCs

To investigate whether muscle-specific deletion of Parkin affects MuSC fate, in vitro single
myofiber cultures from Parkin-deficient mice were isolated at different timepoints (T1, T24,
T48, T72). Our preliminary results demonstrated a trend towards a decline in the number of
cells per cluster at T72 showing that the proliferation rate in in vitro cultures is impaired with
loss of Parkin in MuSCs (Fig. 16B). At T1, WT and Parkin KO MuSCs express Pax7 only
(Fig. 16A, C-D). Our data revealed that Parkin KO MuSCs display decreased proliferation
(Pax7+ve MyoD+ve) and increased commitment (MyoD+ve only) at T24, T48 and T72 (Fig.
16A, E, G, I). At T48 and T72, our results pointed towards an impairment in MuSC
differentiation as assessed by a decrease in the number of MyoG+ve cells (Fig. 16A, H, J).
However, this decrease did not affect muscle regeneration as seen in our in vivo data (Fig.15).
Parkin KO MuSCs also showed impaired self-renewal as assessed by the absence of Pax7+ve
only cells at T72 (Fig. 16A, I). These preliminary findings reflect a potential role of Parkin-

mediated mitophagy in fate decisions, lineage progression and differentiation of MuSCs.
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Fig. 16: Parkin deficiency in vitro results in decreased proliferation, increased
commitment and impaired differentiation of MuSCs

A, Representative epifluorescence images of WT vs Parkin KO MuSCs on EDL single fibers
at different isolation timepoints. (T1, T24, T48, T72) stained with Pax7/MyoD/DAPI and
Pax7/MyoG/DAPI. Magnification: 20X. B, Number of cells per cluster in WT vs Parkin KO
EDL single fibers at T72. C-J, Quantification of muscle specific transcription factors,
Pax7/MyoD and Pax7/MyoG in WT vs Parkin KO EDL single fibers at T1, T24, T48, T72

(n=1 independent experiment).
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4. DISCUSSION

168

MuSCs are the main contributors of skeletal muscle regeneration'®®. A fine balance between

myogenic commitment for proper regeneration and self-renewal for the maintenance of the

62, 71 Therefore,

MuSC pool is critical to ensure long-term maintenance of skeletal muscle
dissecting the mechanisms regulating MuSC fate has gained significant interest and attention
in the field of stem cell biology and regenerative medicine, particularly to develop new
therapeutic approaches for the prevention and treatment of muscle diseases such as Duchenne
muscular dystrophy and sarcopenia which are characterized by impaired regeneration and
depletion of the MuSC pool'®: 170 In this study, we investigated the role of mitochondrial
quality control, particularly mitophagy, on MuSC function. Using our mitophagy reporter
mouse, we provide evidence that mitophagy is active in quiescent MuSCs and is transiently
down-regulated during early activation before increasing again during differentiation or self-
renewal, suggesting its dynamic role in MuSC fate decision and lineage progression.
Furthermore, we show that interfering with mitophagy through genetic inactivation of the

PINK1/Parkin pathway promotes MuSC commitment at the expense of self-renewal, which

ultimately leads to a progressive decline of the MuSC pool and tissue regeneration.

4.1. Role of mitophagy in maintenance of stemness in MuSCs
To date, direct measurement of mitophagy in MuSCs is lacking. Our work is the first
to directly assess the natural course of mitophagy in MuSCs through the quantification of
mitolysosomes using previously developed mitophagy reporter mice, mito-QC mice''. Firstly,
to ensure that this mouse model was a reliable tool to accurately assess mitophagy in MuSCs,
we treated in vitro single muscle fibers with 20uM of CCCP, an uncoupler of electron transport

chain, to stimulate membrane depolarisation and mitophagy'”!

. As a result, mitophagy was
successfully induced and resulted in an increase in the number of mitolysosomes in MuSCs.

Our in vitro single myofiber cultures isolated from the mito-QC mice revealed that mitophagy

is active in in-situ fixed quiescent MuSCs. Interestingly, we also found that mitophagic events
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were more frequent in MuSCs expressing high levels of Pax7 after 72 hours in culture. As cells
expressing high levels of Pax7 were previously identified as self-renewing MuSCs capable of
reverting back to quiescence *?, our data suggest that mitophagy remains active in MuSCs
that are poised towards self-renewal.

To monitor mitophagy in a truly quiescent state, MuSCs were also purified from muscles
that were fixed in situ prior to the normal cell dissociation procedure which, although relatively
short (3h), is sufficient to initiate activation'>®. Our preliminary assessment of mitophagy in
truly quiescent MuSCs (TO MuSCs) obtained from in situ fixed muscle provide further
evidence that active mitophagy is an inherent property of MuSC quiescence. Interestingly, as
previously described by Machado et al., TO MuSCs retained their in vivo spindle-like shape
with several branches emanating from their poles suggesting that the fixation procedure was
effective at preserving the native morphology of truly quiescent MuSCs?% 156, This could be
confirmed by transcriptomic profiling in future studies.

To gain insights on the potential mechanisms involved in the regulation of mitophagy, we
examined three transcriptomics datasets taken from previous murine studies comparing MuSCs
in the quiescent state and early after (i.e., 2-3 days) in vivo activation induced by the
intramuscular injection of CTX or BaCl,. Importantly, in all three datasets, the expression of
PINK1 and Parkin was enriched in quiescent MuSCs and down-regulated in 2-3 days activated
MuSCs, supporting the idea that the PINK1/Parkin pathway could play a role in sustaining
mitophagy in quiescent MuSCs and driving the acute changes in mitophagy observed during
early activation.

To address this question, we studied a whole-body KO of the PINK1 gene in vivo and
revealed a significant decrease in the number of Pax7+ve MuSCs at 21DPI, suggesting an
impairment in the self-renewal capacity of MuSCs. Indeed, several studies have previously
established that a loss of Pax7+ve cells in newly regenerated muscle is indicative of an
impairment in the self-renewal capacity of MuSCs!7% 173 174175 " Self-renewal being a key

aspect for the maintenance of muscle repair capacity on the long term, we next examined
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muscle regeneration after three serial CTX injuries to the TA muscle each separated by 21
days!”>. After two and three cycles of injury/regeneration, we observed a decline in the number
of Pax7+ve MuSCs, a gradual reduction in the CSA of regenerated fibers in the PINK1 KO
mice and progressive loss of tissue regenerative capacity which further points to a defect in the
self-renewal capacity of PINK1-deficient MuSCs and a progressive depletion of the MuSC
pool. Consistent with these results, single myofiber culture experiments revealed a decrease in
the number of MuSCs expressing only Pax7 after 72 hours in culture, again pointing to a
reduction in the number of self-renewing MuSCs'”? in absence of PINK1.

Previous studies have shown that a degree of compensation is observed in germline
deletion of PINK 1 and Parkin!76 177 178: 179: 180 Tpy hoth mouse models, only mild mitochondrial
dysfunctions are present in tissues and loss of dopaminergic neurons, the hallmark of
Parkinson’s disease, is minimal and only occurs in aged mice suggesting the existence of
developmental compensation!’% 177178 In line with this hypothesis, inducible KO of Parkin in
the adult brain was shown to precipitate the loss of dopaminergic neurons'”® while deletion
from the heart in neonates, blocked the metabolic maturation in cardiomyocytes and
precipitated dilated cardiomyopathy'®°. In order to limit the contribution of compensatory
mechanisms and avoid the potential confounding effect of knocking out the PINK1/Parkin
pathway in other tissues, we therefore sought to validate our findings in an inducible MuSC
specific model of Parkin deficiency.

In line with our results obtained with PINK 1-deficient mice, we found that deletion of
Parkin in MuSCs led to a significant decrease in the number of Pax7+ve MuSCs following a
single round of CTX-induced injury and regeneration. Interestingly, and in contrast to what
was observed in the PINK1 model, these mice also presented a lower number of Pax7+ve
MuSC in the contralateral uninjured muscle, which could be indicative of a defect at baseline.
Furthermore, preliminary studies monitoring lineage progression in the single EDL fiber
culture model at T72 showed a more rapid loss of MuSCs expressing Pax7 only in absence of

Parkin indicative of a potential defect in MuSC self-renewal. Although further experiments
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are required to fully characterize the regenerative response, the muscle phenotype at baseline,
and fate decisions, these preliminary results validate the observations made in the germline
PINK1 KO mice, and suggest that interfering with PINK 1/Parkin-mediated mitophagy impairs
the capacity of MuSCs to self-renew.

While limited data is available on the PINK1/Parkin pathway in MuSCs, evidence
obtained in other types of stem cells bring support to our observations. For instance, loss of
PINK1-dependent mitophagy was reported to impair mitochondrial rejuvenation associated

with the nuclear reprogramming of somatic cells into iPSCs!4

. Furthermore, Ito et al. reported
that PINK1 and Parkin were highly expressed in HSCs under steady state conditions and that
silencing these genes impaired the expansion and maintenance of HSCs'*. Another study
showed that knockdown of PINK1 in LSCs impaired their capacity to self-renew and that
PINK1 mRNA expression was higher in subpopulations of LSCs emitting low amounts of ROS

138 Tn combination with our results, these

compared to subpopulations emitting larger amounts
data!®®: 143 144 thys provide evidence for an important role in PINKI/Parkin-mediated
mitophagy in the maintenance of multiple types of stem cells.

An interesting study by Katajisto et al. * brings additional insight on the importance
of mitophagy for the preservation of stemness properties. In this study, the authors used SNAP-
tag labelling of the OMM protein Omp25 to label “old” mitochondria in red and more recently
synthesized “young” mitochondria in green prior to cell division. Using this approach they
monitored the distribution of the labelled mitochondria upon asymmetric division and found
that self-renewing stem cells predominantly retained “young” mitochondria, while stem cells
with “older” mitochondria were more prone to commit and differentiate®*. The authors also
reported that mitophagy, as assessed by immunolabeling with the autophagy marker light chain
3B (LC3B), was higher in self-renewing stem cells with “younger” mitochondria. Furthermore,
knock-down of Parkin was shown to deplete the population of cells displaying high stemness

properties. Collectively, these results support the idea that by actively clearing mitochondria,

mitophagy allows to clear “old” mitochondria and maintain a pool of recently synthesized
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organelles in cells with high stemness properties. Conversely, reduced mitophagy and
asymmetric segregation of “old” mitochondria appears to poise stem cells towards
commitment. Therefore, changes in the rate of mitophagy appear to affect stem cell fate
decisions by modulating the functional/structural properties of their mitochondrial population.
The mechanisms linking active mitophagy to the maintenance of self-renewal capacity
in MuSCs are currently unclear. However, the link between mitophagy and the maintenance of
stemness in other types of stem cells can provide interesting insights. For instance, Liang and
colleagues found that subpopulations of HSCs with high stemness properties generally harbor
mitochondria with a low MMP'®!, Interestingly, these cells also display a more fragmented
mitochondrial network (due to a greater recruitment of dynamin-related protein 1 (DRP1) to
mitochondria), enhanced activity of the PINKI1/Parkin pathway, and increased lysosomal
degradation of mitochondria compared to cycling-primed HSCs presenting high membrane
potential and lower stemness properties'®!. Based on these results and our data we could
speculate that low MMP, which is a well-known trigger of Parkin recruitment to mitochondria,
could allow for sustaining mitophagy in quiescent MuSCs, thereby enabling active pruning
of the mitochondrial pool, and maintenance of metabolic stemness traits!8!:182,
Consistent with a low MMP, quiescent stem cells, including MuSCs, have very low

88; 92;105; 106; 183

metabolic rates . This allows to limit the production of ROS, which, apart from

inducing oxidative damage, also act as a potent trigger for stem cell differentiation'8% 185 186,
Therefore, active elimination of mitochondria through mitophagy could act as a protective
mechanism to maintain a limited pool of healthy mitochondria with low OXPHOS activity and
low levels of ROS, which would in turn favor survival and maintenance of stemness
properties!0% 106 108: 144 T gupport this claim, recent studies have shown that mitophagy
protects various stem cells (e.g. HSCs, BMSCs and MSCs) against oxidative damage and
rescues them from ROS-induced apoptosis through elimination of damaged and dysfunctional

mitochondrial“(’; 147;26; 59; 148'
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As outlined in the introduction of this thesis, although intermediary metabolism and rates of
OXPHOS are low in stem cells, their ability to oxidize fuels, particularly fatty acids, is crucial

for the maintenance of stemness properties'!% 112

. As a result, promoting FAO using treatments
such as peroxisome proliferator-activated receptor 6§ (PPARS) (a master regulator of FAO)
agonists were shown to enhance self-renewal capacity in HSCs'!% 144, Conversely, inhibiting

FAO was shown to trigger differentiation'% '!!

. Interestingly, PINK1 expression was recently
shown to be transcriptionally regulated by peroxisome proliferator-activated receptor
(PPAR)'*. Moreover, in this study, the authors showed that PPARS agonists not only
stimulated FAO but also activated mitophagy through the recruitment of Parkin to
mitochondria'#*. Although much remains to be learned, these results suggest the existence of a
potential regulatory mechanism linking mitophagy to the reliance of FAO, which appears to be

a distinctive metabolic characteristic of stemness!''% 112,

4.2. Mitophagy during MuSC activation

Our analysis of mitophagy in the mifo-QC mouse model revealed that a rapid and transient
inhibition of mitophagy naturally occurs in MuSCs upon activation. This was observed in
single EDL fiber culture experiments, where a robust decrease in the number of mitophagic
events was found in MuSCs at 24h vs 0.5 and 1 h post isolation. Moreover, mitophagic events
were also less frequent in 3h-activated compared to in situ fixed quiescent MuSCs, suggesting
that the decay kinetics of mitophagy upon activation may in fact be rapid. This was further
corroborated by our analysis of transcriptomics datasets which indicated a rapid down-
regulation in the expression of PINK1 and Parkin transcripts in in vivo activated vs quiescent
MuSCs!3% 159, Altogether, these data suggest that physiological down-regulation of mitophagy
plays a role in MuSC activation.

Although these results clearly indicate that mitophagy is rapidly inhibited upon MuSCs
activation, the underlying regulatory mechanisms remain obscure. The strong and consistent

decrease in PINK1 and Parkin transcripts observed across multiple transcriptomic datasets
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available in the literature suggest that a transcriptional mechanism may be involved. It is also
possible that Parkin recruitment to mitochondria naturally becomes inhibited in response to the
rise in MMP, and the activation of oxidative metabolism that occurs as MuSCs become
activated'®”: 188, Further studies will however be required to address these questions.

An increase in ROS is thought to be required for MuSCs to exit the cell cycle'®% ¥, L'honoré
et al. demonstrated the crucial role of ROS for cell cycle entry of MuSCs whereby activation
of MuSCs during muscle regeneration was accompanied by an increase in intracellular ROS
content through activation of p38a MAP kinase!®®. A recent study showed that freshly isolated
MuSCs with decreased expression of Pax7 displayed high levels of ROS therefore allowing for
cell cycle entry'®. Since mitophagy plays an essential role in ROS reduction through the

clearance of damaged mitochondria'%% 1°1: 192

, we believe that a decrease in mitophagy would
be necessary to allow for ROS production and consequently MuSC activation.
Interestingly, studies in MuSCs have established that macroautophagy increases upon

193:194 This is also

activation and is in fact required to meet the nutrient demand of proliferation
accompanied by a metabolic shift from glycolysis to OXPHOS, and an activation of
mitochondrial biogenesis signaling to support the energy requirements of MuSC activation!%
195196 " 1n this context, we speculate that inhibition of mitophagy during this period may allow
to spare mitochondria from being degraded through macroautophagy. In conjunction with the

activation of mitochondrial biogenesis, transient inhibition of mitophagy could thus constitute

a mechanism to better meet the energy requirements of MuSC activation.

4.3. Mitophagy in myogenic commitment
Furthermore, our results show that in the EDL fiber culture model, MuSCs were more prone to
express the myogenic progenitor markers (e.g. MyoD and MyoGQG) in absence of PINK1 or
Parkin, which was accompanied by a reduced population of self-renewing cells expressing
solely Pax7 compared to WT controls. Moreover, in our in vivo model of CTX injury, MuSCs

expressing these MRFs (MyoD or MyoG) were more numerous in PINK1-deficient mice vs
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WT at 4DPI and 14DPI, while the number of Pax7+ve self-renewing MuSC was reduced once
the muscle was fully regenerated, suggesting that commitment was favored at the expense of
self-renewal. Our findings therefore suggest that impairing PINKI1/Parkin-dependent
mitophagy influences MuSCs fate decisions by pushing MuSCs towards commitment thereby
resulting in the exhaustion of the MuSC pool. This is in line with our theory that mitophagy is
required to maintain stemness of MuSCs and thus lack of mitochondrial quality control poises
MuSCs towards commitment and differentiation rather than reverting them back to quiescence
due to their poor mitochondrial profile. Our results are also supported by a recently published
study in which Western blotting of whole muscle lysates was used to examine muscle
regeneration in germline Parkin-deficient mice!®’. In this study the authors reported that Parkin
deficiency led to increased myogenic commitment as assessed by an increase in the expression

of the cell cycle marker, Cyclin D1 at 3 days post-CTX injury'®’.

4.4. Role of mitophagy in MuSC differentiation
Previous studies in C2C12 myoblasts have shown that mitophagy is enhanced during

differentiation 9% 197: 198

. For instance, Sin et al. reported that mitophagy was activated during
early myogenic differentiation, as indicated by a decrease in the abundance of the Parkin target,
translocase of outer mitochondrial membrane 70 homolog A (TOMM70A), and an increased
colocalization of the autophagy adaptor protein p62/sequestosome 1 (SQSTMI1) at day one
into differentiation and beyond '%>. The authors suggested that activation of mitophagy, in
conjunction with the activation of mitochondrial biogenesis, was required to replace immature
mitochondria by more elaborated and oxidatively competent organelles that are better suited to
meet the high energy requirement of differentiated muscle cells. More recently, another study
performed in C2C12 myoblasts reported that mitophagy was activated during differentiation
as evidenced by an increased colocalization of the autophagosome markers LC3B to

mitochondria. Furthermore, the authors reported that deletion of the mitophagy receptor BNIP3

severely impaired myoblast differentiation'®®,
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Our time course analysis of mitophagy in single EDL fiber culture concur with these results
and indicate that following a transient reduction during the early activation step (e.g., 24h time
point), the number of mitophagic events increases progressively over the following 48h, which
corresponds to a period where a proportion of MuSCs have engaged along the myogenic path.
However, the results we obtained in PINK1-deficient mice, suggest that there is no apparent
defect in MuSCs differentiation or capacity to regenerate muscle fibers in vivo. In fact, PINK1-
deficient mice were able to mount a more robust regenerative response in response to the first
injection of CTX, as evidenced by an increased proliferation of MuSC, a greater tendency to
commit to the myogenic lineage, and an increased CSA of newly regenerated fibres. It is only
upon repeated injury (2 and 3 CTX injections) that regenerated fibers became smaller in PINK 1
KO mice, which we believe is attributable to a progressive loss of the MuSC pool rather than
impaired differentiation.

Interestingly, a recently published study by Esteca et al. '°7 reported that the CSA of
fibers was reduced in germline Parkin KO mice compared to WT after a single round of CTX
injury-regeneration, suggesting that the MuSC phenotype could be different and/or more severe
compared to PINK1-deficient mice. This would be compatible with previous studies in the
drosophila model'*® and in mammalian cell lines which showed that in absence of PINK1, the
expression of endogenous Parkin is enhanced and may retain some mitophagic activity 20% 201,
It should be noted that in their study, Esteca ef al. concluded that differentiation was impaired
in Parkin-deficient MuSCs, which was not observed in our PINK1 KO mouse model. However,
the experimental evidence to support their claim is open for discussion as impaired
differentiation was based on the sole evidence that the proportion of MuSC expressing MyoG
was reduced in Parkin KO mice muscle at 3DPI'®’. Furthermore, the expression of
developmental myosin, MYH3 was enhanced in Parkin-deficient mice vs WT at 10DPI, which
is not compatible with a gross differentiation defect'®’. The experiments initiated in this thesis
using MuSC-specific inducible Parkin KO mice should allow to address these pending

questions in the near future. It should also be mentioned that alternate pathways involving
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mitophagy receptors could also play a role, as suggested by the dramatic effect of silencing
BNIP3 on the ability of C2C12 myoblasts to differentiate '°®. These pathways deserve to be

investigated in future studies.

4.5. Mitochondrial quality of PINK1-deficient muscle fibers
To examine whether defective mitophagy results in mature muscle fibers with mitochondrial
defects, we assessed mitochondrial dysfunction in PINK1-deficient muscle fibers with and
without injury. Our data showed that PINK1 deficiency impaired mitochondrial function as
assessed by a reduction in CI and CIV activity in uninjured muscle fibers at 10 weeks of age.
This data correlates with previous research and our theory that our PINK1-deficient mice
display reduced mitophagy and thus an accumulation of damaged and dysfunctional
mitochondria'?”; 20!, PINK1 has been widely linked with mitochondrial function where its
deficiency in both D. melanogaster and mice was reported to lead to mitochondrial dysfunction
and specific reduction of CI activity 27 13% 201 Surprisingly, no change in CI or CIV activity
was seen in newly regenerated muscle fibers of PINK1-deficient mice at 21 DPI suggesting that
loss of PINK1 at this specific timepoint does not result in the generation of muscle fibers with
gross mitochondrial defects. Here we may speculate that the C1 and CIV defects observed in
uninjured mature fibers at 10 weeks of age may take time to establish in newly regenerated
fibers as they accumulate dysfunctional mitochondria over time due to impaired PINKI-
mediated mitophagy. Further studies are required to gain more insights on the accumulation of
mitochondrial dysfunction over time in PINK1 KO regenerated muscle fibers. These results
thus suggest that mitophagy prevents the accumulation of mitochondrial defects and
consequently promotes the maintenance of key mitochondrial properties that are essential to

maintain MuSC function.
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5. CONCLUSION

In conclusion, the experimental work performed in this thesis enabled us to document for
the first time, the natural course of mitophagy in MuSCs under various states. These data and
our analysis of the literature in other types of stem cells provide evidence that active mitophagy
is a property of quiescent MuSCs and MuSCs that are more poised towards self-renewal. In
self-renewing MuSCs, mitophagy likely contributes to maintain the metabolic properties of
stemness through selective pruning of the mitochondrial pool. Our data also show that
mitophagy is rapidly and transiently inhibited in MuSCs upon activation, possibly to avoid
degradation through non-specific macro-autophagy and to facilitate the up-regulation of
aerobic ATP production required to support the energy demand of activating MuSCs.
Importantly, our data also reveal that chronic impairment of mitophagy through genetic
inactivation of the PINK1/Parkin pathway predisposes MuSCs to commitment at the expense
of self-renewal, thus inducing an imbalance in fate decisions and a progressive loss of muscle

regenerative capacity.
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Fig. 17: Working model

A, Hypothesized role of mitophagy in the maintenance of MuSC stemness, lineage
progression and MuSCs differentiation'*'. Mitophagy is relatively active in quiescent and self-
renewing MuSCs to preserve the mitochondrial profile of stemness in MuSCs and is transiently
down-regulated upon MuSCs activation to allow for cell cycle entry. Up-regulation of
mitophagy is also required during lineage progression and differentiation of MuSCs to meet
the bioenergetic requirements of the differentiating MuSC. B, Mitophagy is actively involved
in the modulation of MuSC fate decision during muscle regeneration by maintaining a delicate
balance between MuSC commitment and self-renewal through the maintenance of a healthy

pool of functional mitochondria.
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6. LIMITATIONS

A limitation to our study is that we used a conventional KO of the PINK1 gene which often
leads to developmental compensation®’?. Based on previous research, germline loss of PINK1
has been shown to be compensated by other mitophagy receptors such as Parkin, BNIP3, NIX
and FUNDCI1, which are still able to maintain the fidelity of mitochondria by inducing
mitophagy of dysfunctional mitochondria in the absence of PINK1!97: 200; 201; 200; 163; 164 199,
Therefore, the use of mice harboring conditional KO of mitophagy genes would provide further
insight on the specific role of mitophagy in MuSC function.

Additionally, since MuSCs are a relatively rare population of cells in skeletal muscle,
experiments requiring a large number of cells such as mitochondrial respiration activity assays
using Seahorse XF Analyzer were challenging. To our knowledge, the yield of MuSCs that can
be isolated from FACS experiments is approximately 120,000 cells per mouse. Thus, to
overcome these limitations, the number of animals needs to be increased to obtain the desired
number of cells or primary myoblast cultures could be used as an alternative model.
Moreover, while PINK1/Parkin-mediated mitophagy is the best characterized pathway of
mitochondrial clearance, alternative pathways of mitophagy namely BNIP3/NIX-mediated
mitophagy, FUNDCI1-dependent mitophagy and many others as listed in Fig.6B have been
shown to play an important role in stem cell homeostasis!®% 1%, Thus, to better understand the
role of mitophagy in MuSCs, it would be worth examining PINKI1/Parkin-independent

pathways of mitophagy.
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7. FUTURE DIRECTIONS

Further work is required using our mice harboring MuSC-specific KO of Parkin to look into
the specific role of mitophagy in MuSC fate determination during regenerative myogenesis.
Similar experiments performed in this thesis would thus be done to achieve this.

To provide additional and distinct information regarding mitochondrial dysfunction in MuSCs
with impaired mitophagy, ROS measurement by MitoSOX™ Red staining, ATP measurement,
quantification of mitochondrial length by Tom20/Pax7 staining and oxygen consumption assay
by Seahorse would be performed.

To provide further insight into the role of mitophagy in truly quiescent MuSCs, MuSCs would
be isolated from in situ fixed muscle and sorted for a-integrin-7+ve, CD34+ve double positive
population (marker of quiescent MuSCs*) by FACS. Experiments such as qPCR, ribonucleic
acid (RNA) sequencing would further explore different mitophagy genes (BNIP3,
BNIP3L/NIX, FUNC1) in the maintenance of quiescence in MuSCs. Transcriptomics analysis
could also be performed on quiescent MuSCs harboring a KO of mitophagy genes to examine
the expression of quiescence markers like Notch ligand Delta-like protein 1 (DLL1), Spryl and
SIX1.

Further research is required to identify the mechanisms underlying the role of PINK1/Parkin-
dependent mitophagy in the regulation of MuSC fate during muscle repair. As mentioned in
our discussion, potential targets would be the assessment of MMP in FACS-sorted MuSCs by
staining with tetramethylrhodamine, ethyl ester (TMRE) dye or 1st J-aggregate-forming
cationic (JC-1) dye. Quantification of ROS in MuSCs using MitoSOX™ Red dye would also
shed some light on the involvement of mitophagy through ROS signaling in dictating MuSC

fate.
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