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Abstract

Skeletal muscle has a tremendous capacity to regenerate in healthy individuals.
However, there is a dramatic impairment in regenerative potential in Duchenne muscular
dystrophy (DMD) resulting in progressive muscle degeneration, weakness, and ultimately
muscle wasting. Duchenne muscular dystrophy (DMD) is the most common lethal genetic
disorder among children affecting every 1:3600-1:6000 male births. While it is known that
DMD is caused by the loss of the structural protein dystrophin, the mechanisms that perpetuate
the disease progression are poorly understood. Unfortunately, no cure exists for DMD and
affected individuals succumb to the disease between the second and third decades of life,
highlighting the importance of discovering new therapeutic strategies for DMD patients. Our
laboratory has shown that expression of pannexinl (Panxl in rodent; PANX1 in human) is
increased during myogenesis in vitro and muscle development and regeneration in vivo, while
its levels are reduced in muscles from severely dystrophic mice. Here we demonstrated that
loss of Panx1 in male mice reduces progenitor number and fusion, decreases muscle fiber size,
and significantly impairs muscle strength. Notably, these effects were more prominent in male
than in female mice demonstrating a sex-dependant role for Panx1 in skeletal muscle. Using
cell lines isolated from muscles of healthy donors and dystrophic patients, we found that
PANX1 channel function is reduced in DMD myoblast cell lines. To investigate how Panx1
dysregulation contributes to DMD, a dystrophic (mdx) mouse model that lacks Panx1 (Panx1-
"Imdx) was generated. Panx1”/mdx mice have significantly reduced lifespan, impaired muscle
strength, decreased muscle stem cell population, and increased signs of myofiber specific
damage. Like myoblasts from healthy male mice, Panx1 channel inhibition reduced mdx

myoblast fusion. Interestingly, overexpressing PANX1 in patient derived DMD myaoblast cell



lines increased their differentiation and fusion, further suggesting that increased PANX1
protein levels may hold therapeutic benefits in dystrophic muscles. Overall, we demonstrate
for the first time that Panx1 exerts sex-dependant roles in muscle maintenance regeneration,
and strength. Furthermore, we found that absence of Panx1 exacerbates dystrophic features
and significantly reduces the lifespan of dystrophic mice. Moreover, these findings suggest a

potential therapeutic benefit of increasing Panx1 levels in the muscles of dystrophic patients.
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Chapter 1 : General Introduction

1.1 Skeletal Muscle Development and Regeneration
1.1.1 Development of Skeletal Muscle and Satellite Cell Specification

Skeletal muscle is one of the largest organs in the body as it accounts for approximately
40% of total body weight (Frontera and Ochala 2015). Skeletal muscle contributes to a vast number
of bodily functions through the conversion of chemical energy into mechanical force. Most known
are its functions in posture and movement however, skeletal muscle is also critical for metabolism
and maintenance of body temperature (Frontera and Ochala 2015). Skeletal muscle is comprised
of long multinucleated cylindrical cells known as muscle fibers. These fibers bundle together and
are interlaced with a complex network of blood vessels, nerves and the extracellular matrix (ECM)
which typically consists of fibrous proteins (collagen, laminin, and proteoglycans) (Frontera and
Ochala 2015; Dumont, Bentzinger, et al. 2015).

During embryonic development, three germ layers are formed namely the endoderm,
ectoderm, and mesoderm (Dumont, Bentzinger, et al. 2015; Anne-Gaélle Borycki et al. 1999). All
skeletal muscle originates from the mesoderm which is subdivided into the lateral, intermediate,
and paraxial mesoderm. Somites are bilateral divisions that form from the paraxial mesoderm
along the anterior-posterior axis. It is the dorsal-ventral region of the somite, termed the
dermomyotome, that gives rise to the majority of skeletal muscle (Tajbakhsh et al. 1998; Dumont,
Bentzinger, et al. 2015; Buckingham 2001). Limb muscle develops in the hypaxial part of the
dermomyotome from which myogenic precursors migrate, proliferate, and differentiate.

During development, myogenic precursors express the Paired-box transcription factor
Pax3 and eventually express the Paired-box transcription factor Pax7. While Pax3 is indispensable

for embryonic myogenesis, Pax7 is more important during late fetal and post-natal muscle



development. This is demonstrated in Pax3-null embryos which display segmentation defects in
the somites and loss of the dermomyotome (Tajbakhsh et al. 1998; Tremblay et al. 1998). In
consequence, Pax3 mutant embryos exhibit muscle abnormalities specifically failure to form limb
muscles (Goulding, Lumsden, and Paquette 1994). Conversely, Pax7-null mice fully develop
skeletal muscle and appear normal but die within 2-3 weeks after birth. However, lethality in the
Pax7 mutant mouse was associated with neural crest defects rather than muscular defects
(Mansouri et al. 1996).

In the majority of myogenic precursors, Pax3 activates myogenic factor 5 (Myf5) which
leads to the downregulation of Pax3 and initiation of differentiation (Goulding, Lumsden, and
Paquette 1994; Tremblay et al. 1998). As myogenesis progresses, a small subset of Pax3-positive
progenitors turn on Pax7giving rise to the eventual pool of adult muscle stem cells termed satellite
cells (Seale et al. 2000; Zammit et al. 2006). In adult muscle tissue, a subset of Pax3 positive cells
remain however the full extend to how Pax3 influences adult tissue is unknown. Interestingly,
Pax3 binds to only 6.4% of Pax7 targets, indicating independent roles for Pax3 and Pax7
(Soleimani et al. 2012). In adult SCs, Pax3 has been associated with activation of the myogenic
lineage and SC survival however the role of Pax7 in adult tissue has been further elucidated. (Der

Vartanian et al. 2019; Relaix et al. 2006).

1.1.2 Skeletal Muscle Regeneration

Skeletal muscle has remarkable regenerative capacity as it can repair itself within a few
weeks following injury (Dumont, Bentzinger, et al. 2015; Hernandez-Hernandez et al. 2017;
Collins et al. 2005). The process of muscle regeneration relies on satellite cells (SCs), which are

named after their location between the sarcolemma membrane and basal lamina of muscle fibers.



SCs are identified by their ubiquitous expression of Pax7 (Seale et al. 2000; Seale, Polesskaya,
and Rudnicki 2003). While not required for embryonal myogenesis, Pax7-positive SCs are the
primary cell population required for adult muscle regeneration. Several studies have demonstrated
that inducible knockout of Pax7 in adult mice impairs muscle regeneration following cardiotoxin
injury (Von Maltzahn 2013; Kuang et al. 2007). Conversely, Pax7 overexpression in myogenic
precursors prevents differentiation and maintains cells in a stem cell state (Zammit et al. 2006;
Olguin et al. 2007).

In healthy tissue, Pax7 expressing SCs exist in a quiescent state which is maintained via
active Notch signaling however, following injury they become activated and proliferate. During
the proliferation stages SCs can divide either symmetrically to give rise to two identical daughter
cells or asymmetrically giving rise to one Myf5* committed progenitor and one Myf5 stem cell
which repopulates the SC pool (Kuang et al. 2007; Dumont, Wang, et al. 2015). This ability to
both self-renew giving rise to additional SCs and to differentiate to repair muscle was best shown
in 2008 when Sacco and colleagues transplanted a single Pax7-positive SC cell into SC-deficient
mice (Sacco et al. 2008). Luciferase based tracing of the single SC revealed its ability to establish
a new SC pool and to give rise to new fully differentiated myofibers (Sacco et al. 2008).

Committed progenitors initiate a series of sequential transcription factor activations
allowing for the differentiation and maturation of muscle. This involves the family of basic helix-
loop-helix (bHLH) transcription factors referred to as the myogenic regulatory factors (MRFs).
The MRFs include Myf5, MyoD, myogenin (MyoG), and myogenic regulatory factor 4 (MRF4)
(Hernandez-Hernandez et al. 2017; Dumont, Bentzinger, et al. 2015; Zammit et al. 2006). Pax7
positive quiescent SCs become activated in part by switching off Notch signaling. Canonical Notch

targets, specifically the Hes/Hey family of proteins. inhibit expression of the later MRFs MyoD



and MyoG (Wen et al. 2012; Buas, Kabak, and Kadesch 2010). In the absence of Notch signaling
in the activated SCs, Pax7 initiates the expression of Myf5 and/or MyoD which signal in part for
proliferation. It is this proliferative stage in which the progenitors are referred to as myoblasts
(Figure 1). Eventually, Myf5/MyaoD triggers the expression of MyoG which down regulates Pax7,
marking a point of no return for SCs as prior to MyoG expression they may return to a SC state
(Fichtbauer and Westphal 1992; Hernandez-Hernandez et al. 2017). Upon MyoG activation,
progenitors exit the cell cycle, and eventually express MRF4. These MyoG/MRF4 expressing
progenitors are referred to as myocytes (Figure 1). Additionally, outside of its role in myogenic
differentiation MRF 4 (also known as Myf6) has recently been identified to be involved in myokine
production (Lazure et al. 2020). One myokine under regulation of MRF4 is EGF (epidermal
growth factor), which has known roles in promoting SC expansion (Lazure et al. 2020). Therefore,
it is likely that MRF4 also regulates earlier stages of myogenesis via regulation of myokine
secretion.

Myocytes will fuse together to form new myofibers or fuse into existing myofibers (Proulx,
Merrifield, and Naus 1997). This process of fusion requires the presence of fusogen proteins two
of which have been discovered to date, myomaker and myomerger (Quinn et al. 2017; Millay et
al. 2013). Expression of these fusogens is specific to the myoblast/myocyte stage as they are no
longer detected after formation of myofibers/myotubes. This stringent expression is critical for the
maintenance of muscle tissue as their membrane remodelling abilities are thermodynamically
unfavourable (Leikina et al. 2018). Indeed, forced expression of either myomaker or myomerger
outside of this window is associated with muscle damage and atrophy (Witcher, Sun, and Millay
2023). These proteins have roles independent from that of each other as myomerger has identified

roles in fusion pore formation and myomaker is suspected to be involved in hemifusion of the



membranes. However, loss of either myomaker or myomerger significantly prevents myoblast
fusion thus impeding differentiation (Quinn et al. 2017; Millay et al. 2013; Leikina et al. 2018).
Following fusion, these now multi-nucleated cells can be identified by the presence of
centrally located nuclei. These myofibers eventually mature with the nuclei migrating to the
periphery of the fiber. Further maturation allow myofibers to take on either a fast or slow twitch
phenotype by expressing the respective isoforms of myosin heavy chain (MHC) (Schiaffino et al.
2015). Naive myofibers typically express MHC3 or MHC4 which will eventually be
downregulated and replaced by Type Il (Fast twitch) MHC isoforms. In order of slowest to fastest,
the fast-twitch isoforms include MHC type lla, 11X, and Ilb (not expressed in humans). Slow twitch
or type | fibers will continue to mature and later turn on MHC type | (Schiaffino et al. 2015). While
each muscle is comprised of multiple MHC isoforms, the percentage at which they express slow
and fast twitch MHC isoforms will determine the twitch type of the muscle (Schiaffino et al. 2015).
As evident by this complex series of events, muscle regeneration is a tightly regulated
process. Indeed, failed muscle regeneration is associated with a variety of diseases, further
emphasising the importance of this process and associated MRFs. Failed cell cycle exit of
myoblasts is speculated to give rise to myogenic sarcomas such as rhabdomyosarcoma (Fu et al.
2014; Keller and Guttridge 2013). While incomplete differentiation and exhaustion of the SC pool
has been linked to muscular dystrophy (Dumont and Rudnicki 2016; Hernandez-Hernandez et al.
2017; Kuang et al. 2007). In all, adult muscle regeneration is a complex series of events, and its

tight regulation is critical for the maintenance of muscle health.
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Figure 1.1: Myogenic Lineage.

Muscle regeneration relies on a population of adult muscle stem cells termed satellite cells (SC),
which are identified by their ubiquitous expression of Pax7. Following injury, activated SCs
express Myf5 and proliferate to generate Myf5/ MyoD positive myoblasts. These progenitors may
either return to a SC state in a process known as self-renewal or differentiate by exiting the cell
cycle, down-regulating Pax7, and turning on myogenin (MyoG). Differentiated progenitors or
myocytes fuse together to form new myotubes which express MRF4 and eventually mature to
express various isoforms of myosin heavy chain (MHC). Figure was generated in BioRender.

1.2. Duchenne Muscular Dystrophy
1.2.1 Duchenne Muscular Dystrophy Discovery and Cause

Duchenne muscular dystrophy (DMD) is the most common lethal genetic disorder
affecting every 1:3600-1:6000 male births (Bushby et al. 2016; Baxter 2010; Dumont and

Rudnicki 2016). DMD was first documented in the 1860°s by the French neurologist Guillaume



Duchenne. At that time, DMD was known only by its early symptoms of delayed motor milestones
during toddler ages such as standing and walking. As the disease advances, there is progressive
muscle wasting displayed by the loss of ambulation before or within the teenage years. This is
accompanied by respiratory and cardiac complications that worsen into adulthood (Bushby et al.
2016; Baxter 2010). Life expectancy of affected individuals lies between the second and third
decade of life. The milder allelic form of DMD, Becker’s muscular dystrophy (BMD), usually has
improved outcomes and delayed disease milestones which vary from patient to patient based on
disease severity and response to clinical interventions (Baxter 2010).

It wasn’t until the 1980°s that the underlying cause of DMD was discovered and identified
to be an X-linked loss of function mutation in the dmd gene which encodes for the structural protein
dystrophin (Baxter 2010; Bushby et al. 2016; Campbell and Kahl 1989). The dmd gene is the
largest gene in the genome comprising of 2.4Mb (Annemieke Aartsma-Rus, leke B Ginjaar, and
Kate Bushby 2016; Campbell and Kahl 1989). As evident from its large size, the dmd gene is
subject to a spectrum of mutations. While the majority of mutations are exon deletions (~68 %) or
insertions (11 %), small base-pair mutations have also been reported in ~20 % of patients
(Annemieke Aartsma-Rus, leke B Ginjaar, and Kate Bushby 2016). These mutations may occur
anywhere in the gene however a mutation hot spot exists between exons 45-55 for deletions and
between exons 2-10 for insertions. DMD is associated with the complete loss of dystrophin
whereas in BMD, a partially functional version of the dystrophin protein remains. Commonly,
BMD is associated with mutations which preserve the reading frame of dmd resulting in the
production of a truncated or malformed dystrophin protein (Bushby et al. 2016; Annemieke

Aartsma-Rus, leke B Ginjaar, and Kate Bushby 2016; Duan 2019).



Nonetheless, complete or partial loss of dystrophin results in failure to form the dystrophin
associated glycoprotein complex (DAGC) (Gumerson J. 2011). In healthy muscle, the DAGC acts
as a structural support system by connecting the actin cytoskeleton of myofibers to the lower part
of the ECM known as the basal lamina. This structure is thought to aid muscle by absorbing force
during muscle contractions and thus preventing contraction-induced myofiber damage (Gumerson
J. 2011). Loss of the DACG leaves muscle susceptible to repetitive rounds of damage leading to
the accumulation of inflammation, fibrosis, and fat deposits within the muscle (Klingler et al. 2012;

Campbell and Kahl 1989; Gumerson J. 2011).

1.2.2 Cellular Implications of Dystrophin Absence

Aside from its structural role, many cell signaling pathways use the DAGC as a foundation.
For instance, syntrophin, a DAGC protein, has been shown to bind to nitric oxide synthase (nNOS)
and to regulate the production of nitric oxide in myofibers (Garbincius and Michele 2015; Dumont
and Rudnicki 2016). Nitric oxide has been demonstrated to directly affect SC proliferation and
differentiation through non-canonical Wnt signaling (Buono et al. 2012). While mutations in
syntrophin itself have not been linked to any dystrophies, dystrophin-deficient myofibers have
substantially reduced levels of nNOS which may contribute to disease progression (Rando 2001).
The loss of NNOS s just one example of how the DAGC is required for proper cell signalling as
the AMP-activated protein kinase (AMPK), Notch, mitogen-activated protein kinase (MAPK) and
several G-protein signaling pathways also rely on the DAGC for efficient signaling (Constantin
2014; Rando 2001; Dumont and Rudnicki 2016).

The notion that dystrophin acts as a center for cell signaling is reflected in its structure and

evolutionary conservation. Dystrophin has been detected in evolutionarily early appearing species



such as sponges which have evolved prior to the appearance of skeletal muscle (Mirouse 2023) .
Indeed, the presence of dystrophin is not restricted to skeletal muscle and many alternatively
spliced dystrophin variants have been identified in other tissues (Mirouse 2023; Constantin 2014).
Dystrophin in its full form contains an N-terminal actin binding domain followed by a rod domain
comprised of 24 spectrin repeats (SR) (Mirouse 2023; Blake, Tinsley, and Davies 1996). Specific
SRs have been identified to bind to several cell signaling components including phospholipids
(SR1-3), Mark2/Parlb (SR8-9), actin (SR11-14/17) nitric oxide synthase (SR 16-17) and
microtubules (SR 20-22)(Mirouse 2023). Dystrophin further connects to DAGC components via
a WW and Zinc finger domains which are responsible for dystroglycan binding and the C-terminal
domain which is required for attachment to syntrophin and dystobrevin (Mirouse 2023; Blake,
Tinsley, and Davies 1996). As is evident by the multiple points of attachment to signaling
molecules, partial or full loss of dystrophin largely disrupts cell signaling.

One study of interest demonstrated that dystrophin affects SC function as well. Dumont
and colleagues demonstrated that dystrophin is required for the establishment of cell polarity
during asymmetric SC division (Dumont, Wang, et al. 2015). In this role, dystrophin established
SC polarity by sequestering the microtubule affinity regulating kinase (Mark2; also known as
Parlb) allowing for the partitioning defective 3 (Pard3) protein to polarize to the opposite side of
the cell. Absence of dystrophin lead to a loss of polarity, impaired mitotic spindle organization,
and significantly reduced the number of successful asymmetric divisions (Dumont, Wang, et al.
2015). Furthermore, the DAGC has been shown to indirectly influence Pax7 activity. In healthy
SCs, the activation of Myf5 via Pax7 is dependent on the methylation of Pax7 by the arginine
methyltransferase Carml (Chang et al. 2018). However, phosphorylation of Carml via P38y

prevents its translocation into the nucleus and subsequently prevents methylation of Pax7. The



DAGC has been shown to sequester P38y to the myofiber membrane allowing for the eventual
activation of Myf5. In the absence of the DAGC, P38y was free to phosphorylate Carm1 preventing
Pax7 methylation and Myf5 activation (Chang et al. 2018). Both this study and the one by Dumont
et al. (2015) linked DAGC disruption in SCs to the loss of committed progenitors which
subsequently impaired differentiation. These mechanisms are thought to in part contribute to the
reduced regenerative capacity of dystrophic muscle.

In all, dystrophin and the DAGC are critical for protecting myofibers from damage and in
regulating various pathways of myogenic cell signaling controlling processes such as proliferation
and differentiation to maintain overall muscle homeostasis. This panoply and breadth of roles
dystrophin holds is maintained in both mature skeletal muscle and myogenic precursors and
highlights the multi-factorial pathogenesis of DMD. It is this multi-factorial role of dystrophin that
leaves the exact mechanisms that perpetuate the disease progression poorly understood and
emphasizes the need for new clinical interventions to improve the quality of life for patients with

dystrophies.

1.2.3 Current and Exploratory Therapies for DMD

Current clinical interventions for DMD are centered around the use of the corticosteroids
prednisone and deflazacort (Baxter 2010). Long-term and early (2-6 years of age) administration
of corticosteroids improves limb strength and postpones cardiac decline in dystrophic patients.
However, the mechanism of action of these drugs are still poorly understood and adverse effects
including bone weakness, obesity, and hypertension often outweigh many of the benefits

(Sienkiewicz et al. 2015; Baxter 2010). With the adverse effects of current treatments and the poor
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outcome DMD patients have despite treatment, it is of upmost importance for current research to
discover new therapeutic avenues for DMD.

Ongoing clinical trials for DMD cover a vast range of approaches including
gene/translation therapy, cell therapy, and pharmacological interventions. Typically, gene
therapies focus on either repairing or replacing dystrophin. While the large dmd gene does not
incorporate well into genetic vectors, many genetic approaches are focused on delivering truncated
micro-dystrophin to mimic the less severe Becker’s muscular dystrophy (Okada and Takeda 2013;
Duan 2019). Translational therapies utilize exon-skipping technology such as oligonucleotides or
morpholinos to omit the mutated exon (Dunckley et al. 1993; Okada and Takeda 2013; McGreevy
et al. 2015). However, these therapies require the knowledge of exactly where in the dmd gene the
mutation occurred. Consequently, translation targeted therapies require a large degree of
optimization and exclude patients in which large deletions or insertions are the cause of dystrophin
absence (McGreevy et al. 2015).

On the other hand, cell therapies usually involve the use of stem cells to deliver dystrophin-
containing muscle precursors to dystrophic muscles. In fact, early SC transplant pre-clinical trials
have been encouraging with transplanted cells successfully giving rise to mature dystrophin-
positive myofibers (Skuk, Goulet, and Tremblay 2006). Despite this, challenges including getting
clinically relevant levels of dystrophin expression, having transplanted cells reaching all muscles
especially those of the respiratory system, and reducing the risk of uncontrolled proliferation
leading to sarcoma formation all contribute to their lack of success in clinical trials (Miller et al.
2018; Sienkiewicz et al. 2015).

In addition to those targeting exon-skipping, pharmacological interventions have many

potential targets with the majority centered around either SC differentiation or muscle protection
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through the improvement of altered processes such as fibrosis, inflammation, Ca?* homeostasis,
and muscle atrophy(Dumont and Rudnicki 2016; Sienkiewicz et al. 2015; Yao et al. 2021). Some
approaches have focused on repairing the comprised function of SCs. Indeed, Wang and colleagues
(2019) have demonstrated that stimulation of epidermal growth factor receptor (EGFR) promoted
in vivo asymmetric division and improved muscle strength of mdx mice (Y. X. Wang et al. 2019).
Another potential target is transforming growth factor beta (TGF-f), which is involved in the
regulation of fibrotic tissue (Yao et al. 2021; Allen et al. 2013). One clinical study has shown that
blocking the TGF-B activator, angiotensin type 1 receptor (AT1), with Losartan or targeting its
production using the angiotensin converting enzyme inhibitor lisinopril, significantly improved
cardiac function in dystrophic patients but had minimal effects on skeletal muscle fibrosis (Allen
etal. 2013).

Another potential therapeutic approach to DMD is upregulation of the dystrophin
homologue, utrophin (UTRN). While dystrophin acts as a structural foundation throughout the
myofiber sarcolemma, utrophin has a similar role in the myotendinous and neuromuscular
junctions. However, during embryonic myogenesis and in some myopathies including DMD,
UTRN can be localized throughout the sarcolemma (Blake, Tinsley, and Davies 1996; Gramolini
and Jasmin 1999). It is thought that this increase or re-distribution of UTRN found in myopathies
may indicate a potential compensatory role for the protein. Indeed, dystrophic patients with higher
levels of UTRN tend to have less aggressive disease pathology leading to the notion that increasing
UTRN levels may be a promising therapeutic avenue for DMD (Duan 2019; Blake, Tinsley, and
Davies 1996; Perkins and Davies 2002). In C2C12 cells, metformin has been demonstrated to
increase utrophin levels via AMPK signalling (Ljubicic and Jasmin 2015). Additionally,

metformin treatment in dystrophic patients has been associated with improved insulin sensitivity
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and subsequently decreased adipose tissue (Ljubicic and Jasmin 2015). Furthermore Celecoxib,
an FDA approved NSAID (Non-steroidal anti-inflammatory drug) currently used for rheumatoid
arthritis, increases grip strength, decreases inflammation, and promotes a fast to slow fiber type
transition in the mdx mouse model of DMD (Péladeau, Adam, and Jasmin 2018). These effects are
thought to be linked to increased UTRN levels following celecoxib treatment (Péladeau, Adam,

and Jasmin 2018).

1.3 Pannexins

Pannexins (Panx in rodents; PANX in humans) are a relatively new discovery as they were
first reported in 2000 by Panchin and colleagues (Panchin et al. 2000). This small family of
proteins consists of three members (Panx1-3) and were discovered by their sequence homology
(25-33%) to innexins, invertebrate gap junction proteins (Panchin et al. 2000; Penuela, Gehi, and
Laird 2013). Despite their similarities, there is no in vivo evidence of pannexins forming gap
junctions. Instead, they form functional single transmembrane channels permeable to small
molecules <1 kDa in size (Penuela, Gehi, and Laird 2013; Medina et al. 2020). Pannexins are best
characterized in mouse and humans where pannexins share over 94 % conserved homology
between the two species (Penuela, Gehi, and Laird 2013). Pannexin 1 (Panx1) is the most highly
studied pannexin and it is ubiquitously expressed throughout the body. Panx2 was thought to be
restricted to the central nervous system but, more recently Panx2 has been detected in murine skin
where it promoted UVB-induced keratinocyte apoptosis highlighting that Panx2 may have more
undiscovered roles in tissues outside the nervous system (Sanchez-Pupo et al. 2022). The least
studied pannexin is Panx3, likely due to difficulty detecting it at both the transcript and protein

levels. Despite this, Panx3 has been found in select tissues including skin, bone, cartilage, skeletal

13



muscle, liver, kidney, and spleen (Penuela, Gehi, and Laird 2013; Bruzzone et al. 2003; Baranova
et al. 2004, 3; Ambrosi et al. 2010). Commonly, Panx3 has roles similar to Panx1 and may even
compensate for the absence of Panx1 under certain conditions (Whyte-Fagundes et al. 2018;
Abitbol et al. 2019). This may be linked to the homology in structure Panx1 and Panx3 share,
whereas Panx2 shares the least amount of structural homology with the other pannexins (Baranova

et al. 2004; Penuela, Gehi, and Laird 2013).

1.3.1 Pannexin 1 Channel Structure and Expression

Recent cryo-electron microscopy revealed that PANX1 channels are comprised of seven
monomers (Michalski et al. 2020; Z. Deng et al. 2020). Pannexin monomers consist of four-pass
transmembrane domains with one intracellular loop, as well as an intracellular amino (N-) and
carboxy (C-) termini. This generates two-extracellular loops which contain glycosylation sites.
Panx1 glycosylation creates three distinct species with different molecular weights. The
unglycosylated Gly-0 species which typically localizes to endoplasmic reticulum, the moderately
glycosylated Gly-2 species which associates with a few organelles including the golgi and
mitochondria, and the heavily glycosylated Gly-3 species most commonly found at the plasma
membrane (Ruan et al. 2020; Boassa et al. 2007; Gehi, Shao, and Laird 2011). These extracellular
loops are also the suspected binding sites of most channel inhibitors. The C-terminus of Panx1 is
longer than the N-terminus and thought to be the site with the most Panx1-protein interactions.
Additionally, the C-terminus likely forms a plug in the channel pore allowing for these protein
interactions to govern channel function (Ruan et al. 2020; Jin et al. 2020; Michalski et al. 2020).
Conversely, the shorter N-terminus is thought to also play a role in channel permeability (Ruan et

al. 2020; Gehi, Shao, and Laird 2011).
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Pannexin channels are activated by various stimuli including mechanical stretch, high
extracellular K* concentrations, low intracellular Ca?* levels, receptor-induced signaling
pathways, and proteolytic cleavage of the C-terminus (Penuela, Gehi, and Laird 2013; Silverman
et al. 2009; Ruan et al. 2020). Similarly, changes in Ca?*, K*, and extracellular adenosine
triphosphate (ATP) concentrations can prevent channel opening. Aside from the cellular
environment, there are several Panxl inhibiting compounds that prevent channel activity.
Commonly used inhibitors include probenecid (PBN), 18a glycyrrhetinic acid, spironolactone,
and carbenoxolone (CBX). CBX is of particular interest as it has been shown to bind to and block
the extracellular pore of Panx1, however like all these inhibitors it may also bind to other channels
such as connexins (Ruan et al. 2020; Penuela, Gehi, and Laird 2013). With regards to Panx1 there
is one commonly used specific inhibitor, the mimetic peptide °Panx1.

Panx1 channel function is also governed by several post-translational modifications
including phosphorylation of intracellular located tyrosine residues via SRC non-receptor kinase,
serine phosphorylation via serine/threonine kinases, and S-nitrosylation of cystine residues
(DeLalio et al. 2019; Langlois et al. 2023; Lohman et al. 2012). Interestingly, these modifications
may either promote or inhibit channel opening depending on their location on the protein and what
other modifications are present at that time. Finally, Panx1 channels are also modified by
ubiquitination, which is thought to mark the channel for degradation allowing for Panx1 turnover
(Boyce et al. 2018).

Pannexin channels have a large array of functions, which are reflected by the diverse
locations of their expression. Panx1 can be found in cell membranes ubiquitously throughout the
body. Panx1 has many reported roles including those in inflammasome activation (Silverman et

al. 2009), apoptosis (Chekeni et al. 2010), carcinogenesis (Jiang and Penuela 2016), and cellular
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proliferation and differentiation (Wicki-Stordeur and Swayne 2013). Interestingly, Panx1 channel
function differs between cell types. For instance, in ectopically expressed Panxl significantly
impairs differentiation of rat epidermal keratinocytes and encourages structural changes promoting
their differentiation (Penuela et al. 2014; Celetti et al. 2010). Conversely, inhibition of Panx1l
channels reduces the malignant properties of neuroblastoma, a neural precursor originated cancer
by inhibiting the proliferation and promoting differentiation of neural precursors (Langlois et al.

2023; Wicki-Stordeur and Swayne 2013; Wicki-Stordeur et al. 2012).

1.3.2 Pannexinl in Cell Signaling

Pannexins have primarily been studied as ATP-release channels, suggesting that signaling
affected by pannexin channel activity is typically indirect and in a paracrine fashion. As the field
of pannexin research grows, more evidence linking pannexin channels directly to cell signaling
has become available. Roles for PANX1/Panx1 have now been identified in purinergic, TNF-a,
and Wnt/B-catenin pathways, to name a few (H. Liu et al. 2019; Seref-Ferlengez et al. 2019; Celetti
et al. 2010).

One of the most common signaling pathways Panx1 channels have been shown to work
through is purinergic signaling, which relies on P2 receptors. Purinergic (P2) receptors are split
into two families: 1) the ligand gated P2X (ionotropic) receptors, and 2) the G-protein coupled
P2Y receptors (Burnstock 2018; Burnstock, Arnett, and Orriss 2013). Several groups have
demonstrated an interaction between pannexin 1 and various P2 receptors (Buvinic et al. 2009;
Riquelme et al. 2013; 2015; Arias-Calderdn et al. 2016). In almost all cases, Panx1-mediated ATP
release stimulates the opening of the associated P2 receptor allowing for an influx of Ca?* into the

cell. For example, in CD4" cells ATP release via Panx1 was shown to activate P2Y2 receptors,

16



which in turn led to kinase activation, membrane depolarization, and increased susceptibility to
HIV-1 viral entry (Séror et al. 2011). Panx1 activation of P2 receptors has been involved in many
additional processes including vasodilation/vasoconstriction (Locovei, Bao, and Dahl 2006),
cardiac muscle function (Ju et al. 2003), and apoptosis (Chekeni et al. 2010).

In addition to the P2 receptors, PANX1/Panx1 has been shown to interact with a large
variety of proteins. For example, in the mouse neuro-crest derived N2a cell line, in silico cross-
analysis revealed that Panx1 interacts with cytoskeletal proteins, mitogen-activated protein kinases
(MAPK), heat shock proteins, and components of the mitochondrial electron transport system
(Frederiksen et al. 2019). In rhabdomyosarcoma, a sarcoma thought to originate from skeletal
muscle, our laboratory has identified AHNAK, UTRN, and myosin heavy chain 9 as some of the
most highly enriched protein interactors by both Bio-1D and co-immunoprecipitation approaches
(Xiang et al. 2021). While there were some overlapping hits between these two studies, the
variance in the top hits were attributed to differences in cell types highlighting how the PANX1
interactome and subsequently Panx1/PANX1 based signaling would differ between cells and
tissues, as well as in the context of health versus diseases. Interestingly, our group also shown that,
similar to wild-type PANX1, channel-defective PANX1 mutants are also able to elicit tumour
suppressive effects in rhabdomyosarcoma (Xiang et al. 2018), suggesting that Panx1 can regulate
cellular processes through mechanisms that are independent from its canonical channel functions.
This further implies a role for Panx1 interacting proteins in the regulation of Panx1 downstream

signaling and functions.

1.3.3 Pannexinl in the Skeletal Muscle
Panx1/PANX1 is expressed at the protein level in both satellite cells and skeletal muscle

myofibers at the sarcolemma membrane and in t-tubules (Langlois et al. 2014, Pham et al 2018).

17



During murine myogenesis, Panx1 can be detected as early as E14.5 and continues to increase
until its highest levels are reached around 4 weeks of age and are then maintained until at least 12
weeks (Pham et al. 2018). Similarly, Panx1 levels also increase during muscle regeneration
following acute muscle injury induced by cardiotoxin in vivo (Pham et al. 2018). In adult muscle
differentiation, Panx1 protein is detected early in SC and myoblasts, however it is most highly
expressed in mature muscle tissue (Langlois et al. 2014). Our laboratory has reported that
overexpression of PANX1 in human primary myoblasts promote their differentiation and fusion
while pharmacological inhibition of PANX1 impaired these processes (Langlois et al. 2014; Pham
et al. 2018). Additionally, Panx1 channel inhibition in the C2C12 murine myoblast cell line
prevented the increase of MyoD expression and subsequently the myogenic commitment of
reserve cells, which typically remain in a progenitor state following the induction of differentiation
(Riquelme et al. 2015). Moreover, a recent report suggested that Panx1 promotes cytoskeletal
changes that allows for bleb-based myoblast migration and fusion (Suarez-Berumen et al. 2021).

While the exact mechanism by which Panx1 may influence muscle health is not yet known,
it is postulated that Panx1 mediates ATP release from skeletal muscle fibers functioning as a
signaling molecule. Findings from Buvinic and colleagues (2019) demonstrated that ATP release
following electrical stimulation of myofibers was blocked following the addition of the 1°Panx1
peptide, thus implicating this response was mediated through Panx1 channels (Buvinic et al. 2009).
Furthermore, they demonstrated that ATP release from the myofibers was reciprocated by changes
in MRNA levels of interleukin-6 and the c-fos transcription factor, both genes implicated in
myoblast proliferation and differentiation (Buvinic et al. 2009). The ability of Panx1 mediated
ATP release to induce transcriptional changes has also been reported in fast to slow fiber type

transitions. Specifically, in response to electrical stimuli, caveolin-1 activates Panx1 in the t-tubule
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system of myofibers initiating an influx of Ca?* into the t-tubule network via Panx1 mediated
activation of P2Y channels. This series of events was associated with increased transcription of
slow twitch isoforms of troponin, a protein involved in muscle contraction (Jorquera et al. 2013).

When activated, P2X receptors allow for an influx of calcium (Ca?*) into the myofiber
where Ca?* has the ability to regulate myogenic proliferation, differentiation, and fiber-type
specification (Tu et al. 2016; Morishima and Nakanishi 2015). Interestingly, this relationship
between Panx1 and P2 receptors has also been implicated in contraction potentiation of skeletal
muscle. Repetitive electrical stimulation of skeletal muscle typically leads to enhanced contractile
force caused by increased ATP release and a flux of intracellular Ca?* (Riquelme et al. 2013).
Importantly, blockade of either Panx1 or P2 receptors, impaired this process further implicating a
cell signaling mechanism involving both Panx1 channels and P2 receptors (Riquelme et al. 2013).
Similarly, this Panx1-P2 receptor relationship has been reported to regulate inflammation in the
diabetic model of high-fat diet fed mice. Here, the skeletal muscle of mice on a high-fat diet had
increased Panx1 mediated activation of P2 receptors resulting in the overstimulation of the NF-kB
pathway and subsequently increased inflammation and insulin sensitivity when compared to mice
on a regular diet (Jorquera et al. 2021). Together these findings demonstrate that the influence of
Panx1 in muscle occurs likely through P2 receptor signaling and the associated outcomes differ
depending upon where in the muscle these events are occurring and the specific stimuli initiating

this sequence.
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Figure 1.2: Panx1 signaling in skeletal muscle.

Panx1 channels are comprised of seven monomers which are four pass transmembrane proteins
containing an intracellular amino (N-) and carboxy (C-) termini. ATP release via Panx1 channels
activates the P2X and G-protein coupled- P2Y receptors leading to Ca2+ influx and accumulation.
Ca2+ accumulation is involved in several signaling pathways leading to transcriptional changes
that regulate progenitor proliferation and differentiation, alongside fiber-type specification.
Additionally, Ca2+ accumulation via the Panx1-P2 pathway is required for contraction
potentiation. Figure generated in BioRender.

1.3.3 A Potential role for Panx1 in DMD pathogenesis

With the emerging roles of Panx1 in skeletal muscle, Panx1 may play a role in muscular

diseases such as DMD. A previous report from our laboratory showed that Panx1 protein levels

20



decreased in the severely dystrophic utrophin’-/dystrophin’- mouse model, but not in the mildly
dystrophic C57BI/10-mdx (mdx) mouse model leading to the impression that Panx1 protein levels
may correlate with disease severity (Pham et al. 2018). Indeed, Panx1 has been implicated in many
processes that are altered in DMD including inflammation (Jorquera et al. 2021; Silverman et al.
2009), fibrosis (Crespo Yanguas et al. 2018), apoptosis (Chekeni et al. 2010), progenitor fusion
and differentiation (Langlois et al. 2014; Suarez-Berumen et al. 2021). Panx1 has also been
suggested to be the primary route of ATP release in myofibers isolated from mdx mice (Valladares
et al. 2013). Interestingly, in normal skeletal muscle, Panx1 resides with dystrophin in a multi-
protein complex indicating that Panx1 channel formation and/or function may be altered following
loss of dystrophin (Arias-Calderdn et al. 2016). These findings implicate that Panx1l may be
dysregulated in DMD and that loss of Panx1 channel function may have deleterious effects in
dystrophic muscle. However, before Panx1 can be considered as a therapeutic target for DMD the

exact role of Panx1 in healthy and dystrophic muscle must be determined.

1.4 Rationale and Hypothesis

Despite several studies demonstrating that Panx1 levels are upregulated during muscle
differentiation in vitro and during in vivo muscle development and regeneration, the specific role
of Panx1 in skeletal muscle has yet to be investigated. Taking into consideration its proposed role
in skeletal muscle and evidence supporting an interaction with dystrophin, it is possible that Panx1
signaling in the absence of dystrophin may be impaired contributing to the pathogenesis of DMD.
Notably, our laboratory has previously reported that Panx1 protein levels are decreased in severely
dystrophic mice further suggesting that Panx1 is dysregulated in DMD. Together, with evidence

supporting a functional role for Panx1 in myogenesis, muscle contraction, and fast-to-slow muscle
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fiber transition, these data suggest that the down-regulation of Panx1 levels seen in DMD muscles
may contribute to disease progression by facilitating processes such as muscle damage,

degeneration, and weakness. Therefore, | hypothesized:

1) Panxl plays a significant physiological function in skeletal muscle maintenance and

regeneration by regulating myogenic differentiation and SC function.

2) Loss of Panxl function in dystrophic muscles exasperates dystrophic symptoms,

worsening disease progression of Duchenne muscular dystrophy.

1.5 Objectives

1) To assess the effect of Panx1 loss on skeletal muscle maintenance regeneration, and SC function

using female and male global Panx1 knockout mice compared to wild-type animals.

Results from this objective will establish the role of Panx1 in skeletal muscle maintenance and
regeneration, as well as in myoblast differentiation and SC function, and identify any potential

sex-differences.

2) Evaluate the dystrophic hallmarks of a novel dystrophic (mdx) mouse model that lacks Panx1
(Panx1”-/mdx) compared to those of mdx mice and use clinical specimens and cells derived from

DMD patients to assess PANX1 levels and function.

This objective will determine the role of Panx1 in the pathogenesis of DMD.
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Chapter 2 : General Materials and Methods

2.1 Experimental Animals

As described in Freeman et al 2022 (Freeman et al. 2022) Panx1 knockout (KO; Panx1)
mice and their wild-type (WT) controls were generated from Panx1*" breeding pairs generously
provided by Dr. Leigh-Anne Swayne (University of Victoria). Original Panxl KO mice were
generated by Dr. Valery Shestopalov (Dvoriantchikova et al. 2012) and were backcrossed a
minimum of six times prior to our use (Sanchez-Arias et al. 2019). To generate mdx mice lacking
Panx1, male Panx1’- mice were crossed with female mdx (DMD™ ™) mice to generate Panx1*"
/IDMD™™Y male mice. Male Panx1*-/DMD™ " mice were then crossed with female mdx mice.
Resulting Panx1*/DMD™Y male mice and Panx1*-//DMD™m female mice were crossed to
generate the experimental male Panx1”/mdx (Panx1”’/ DMD™Y) mice and their control
Panx1**/mdx (Panx1**/ DMD™") mice. The mdx (C57BL/10ScSn-Dmd™®/J) mice were
purchased from The Jackson Laboratory (strain #001801). Mice were genotyped as described by
Sanchez-Avrias et al 2019 (Sanchez-Arias et al. 2019) and for the nonsense mutation in exon 23 of
the dystrophin gene as described by Shin et al., (2011) (Shin et al. 2011). Mice were housed under
a 12h light/dark cycle with food and water ad libitum. All experiments were conducted in
accordance with the University of Ottawa Animal Care Guidelines and the Canadian Council of
Animal Care Guidelines. Body weights were recorded and for the Panx1”- /mdx mice survival was

also tracked. All measurements and assessments were done in a blinded fashion.
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2.2 Tissue Specimens and Patient-derived Cell Lines

After institutional ethics board approval (CHEO Research Ethics Board, protocol
CHEOREB# 19/49X), archived frozen pediatric muscle samples were obtained, as secondary use
of clinical samples, from the Department of Pathology and Laboratory Medicine, Children’s
Hospital of Eastern Ontario (CHEOQ), Ottawa, Ontario, Canada. Experiments were carried out in
accordance with the CHEO Ethics Board guidelines and regulations.

All healthy (Ctl) and dystrophic (DMD) HSMM cell lines were kindly generated by the
Dr. Chazaud laboratory (Universitié de Lyon) and were isolated as previously described (Massenet
et al. 2020). HSMM cells were culture in were cultured in Ham’s F14 media supplemented with
30 % FBS, 10 pum/ml of insulin (16634, Sigma-Aldrich, St. Louis MO, USA), 25 ng/ml FGF-2
(SRP4037, Sigma-Aldrich), 10 ng/ml hEGF (E9644, Sigma-Aldrich), 2 pg/ml amphotericin B

(A2942, Sigma-Aldrich), and 1 % penicillin/streptomycin.

2.3 Tissue Specimens and Processing

For murine samples, male and female mice (12-week-old) were euthanized and the tibialis
anterior (TA), extensor digitorum longus (EDL), soleus (Sol), gastrocnemius (Gastroc) and
quadriceps (Quad) were harvested, weighed and either flash frozen in liquid nitrogen for
homogenization or embedded in Tissue-TeK OCT compound (Fisher Health Care, Rockford IL,
USA) and frozen in isopentane pre-cooled in liquid nitrogen. Samples were stored at -80 °C until
use. Cross-sectional area (CSA), fiber number, and central nuclei analysis were completed in
frozen muscle sections stained with Hematoxylin and Eosin while Masson trichrome staining was

done on paraffin embedded sections. Paraffin embedding, tissue processing, and staining of
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paraffin-embedded tissue were performed at the Louise Pelletier Histology Core Facility at the
University of Ottawa.

For degeneration/regeneration experiments, 25 pl of 10> M cardiotoxin (Millipore) was
injected into the TA muscle of 6-week-old Panxl KO or WT male and female mice to induce
muscle degeneration and regeneration as previously described (Pham et al. 2018; Condrea 1974;
Clow and Jasmin 2010; Ravel-Chapuis et al. 2014). At different time points after injection, mice
were euthanized, TA muscles were harvested, embedded in Tissue-Tek OCT compound. Samples

were stored at -80 °C until use.

2.4 Forelimb Grip Strength, Kondziella’s Inverted Screen Test, EchoMRI and Pole Test

Forelimb grip strength measurements of 12-week-old mice were completed using the
Chatillon DFE 11 digital meter (Columbus Instruments, Columbus, USA), as we have previously
described (Freeman et al. 2022). Following acclimatization to the workspace, each mouse was
allowed to grip the grid firmly and then gently pulled horizontally relative to the grid until release.
The maximum peak force value was recorded. This was repeated for a total of five times for each
mouse with 10-15 seconds intervals between trials.

Kondziella's inverted screen test was performed on 12-week-old mice (Bonetto,
Andersson, and Waning 2015) Following acclimatization to the work area, mice were placed on a
flat wire-mesh screen, which was then inverted such that mice use all four limbs to hang on the
screen. Time to fall, an indicator of overall strength and endurance (Graber et al. 2013) was
recorded with a maximum hanging time of 600 seconds. Each mouse had three trials and rested
for 10 minutes between each trial. Data are presented as the average latency to fall of the three

trials.
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EchoMRI was performed by a technician at the Animal Behavior Core Facility at the
University of Ottawa on the EchoMRI-700 body composition analyzer and associated software
(Houston, TX, USA). For the pole descending test, 12-week-old mice were placed near the top of
a textured metal pole (diameter: ~8 mm; height: ~55 cm) with their nose facing upwards. The time
taken to turn completely around (time to turn) and to climb down the pole face down were recorded
(time to descend). If the animal fell from the pole, the maximum value of 120 seconds was given.
Mice were tested in 5 consecutive trials. (Giraldo et al. 2018). All tests were performed at the

Animal Behavior Core Facility at the University of Ottawa.

2.5 Maximum Force and Force Frequency Curve

Control solution contained (in mM): 118.5 NaCl, 4.7 KCI, 2.4 CaClz, 3.1 MgClz, 25
NaHCOs, 2 NaH2POg4, and 5.5 d-glucose. Solutions were continuously bubbled with 95 % O2>-5
% CO:2 to maintain a pH of 7.4. Experiments were performed at room temperature. Total flow of
solutions in the muscle chamber was 15 ml/minute being split just above and below the muscle to
prevent any buildup of reactive oxygen species.

Mice (12-week-old) were euthanized, and their soleus and diaphragm were then dissected
out. For force measurements, 5-7 mm wide diaphragm strips were used. Muscle length was
adjusted to give maximal tetanic force. Muscles were positioned horizontally in a Plexiglas
chamber. One end of the muscle was fixed to a stationary hook, whereas the other end was attached
to a force transducer (model400A; Aurora Scientific Canada). Similarly to methods described in
Ammar et al (2015) the transducer was connected to a data acquisition system (KCP13104;
Keithley), and data were recorded at 5 kHz (Ammar et al. 2015). Electrical stimulations were

applied across two platinum wires (4 mm apart) located on opposite sides of the fibers. They were
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connected to a Grass S88 stimulator and a Grass SIU5 isolation unit (Grass Technologies, Cheshire
UK). Tetanic contractions were elicited with 200-ms trains of 0.3-ms, 10-V (supramaximal
voltage) pulses. Stimulation frequencies were set to give maximum tetanic force: 140 Hz for soleus
and 200 Hz for diaphragm during maximization and equilibrium stages. The force—frequency
relationship was measured after a 30 min equilibrium period over a range from 1- 200 Hz for both
soleus and diaphragm. Twitch and tetanic force, defined as the force developed following a single
stimulation pulse or a train of pulses, respectively, was calculated as the difference between the
maximum force during a contraction and the force measured 5 ms before the contraction was

elicited. Forces are presented in N/cm?.

2.6 Lung Function Analysis

Prior to lung function analysis 12-week-old mice were euthanized with an intraperitoneal
injection of Dorminal (Pentobarbital Sodium Injection, BP, Rafter & Products, AB, Canada). The
pressure-volume (PV) curve was performed 10-15min following euthanasia via a small animal
ventilator (FlexiVent, Scireq). As described in Kang et al 2020, an 18-gauge cannula attached to
the flexiVent was secured to the trachea in a supine position (M. H. Kang et al. 2020). At regular
intervals the lungs were inflated to a maximum pressure of 30 mm H20 then deflated with regular
intervals thus generating the PV curve. The PV curve represents that of the entire chest cavity and
was normalized to total body weight of the animal. The residual volume (RV), and compliance

were then calculated from the PV curve.
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2.7 Hematoxylin & Eosin and Masson Trichrome Staining

Muscles cross sections (12 um) were stained with Hematoxylin and Eosin (Sigma-Aldrich,
ST. Louis, MO, USA) dehydrated though ethanol washes (70 %, 95 %, 100 %), cleared with
xylene, and mounted with Fluoromount G (Thermo Fisher Scientific, Carlsbad CA, USA). The
Masson trichrome staining was done according to manufacturer’s protocols at the Louise Pelletier
Histology Core Facility. Entire tissue sections were scanned using the EVOS FL Auto (Thermo
Fisher Scientific, Ontario, CA) under 10X magnification. CSA was measured from randomly
selected fibers (100-250 fibers for the Sol and 200-500 for the TA). Fiber number counts were
performed on the entire section and represented as fibers per mm2. Central nuclei counts were
performed on entire muscle scans and data represents the average of three serial sections. For the
Masson trichrome staining, data represents the percentage of muscle section stained in blue
(collagen) (Van De Vlekkert, Machado, and d’Azzo 2020). All measurements were calculated

using the ImageJ (FI1JI) software.

2.8 Rhodamine Phalloidin stain

Snap frozen TA and Sol sections were first stained for laminin following the
Immunofluorescence protocol listed in the “Immunofluorescence” section of this chapter. One
modification to this protocol was the blocking buffer which was replaced with 1 % bovine serum
albumin diluted in PBS. Before mounting, samples were incubated 30-60 minutes with rhodamine

phalloidin (R415, Invitrogen Whitby ON, CA) prepared in DMSO following manufacturer’s
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guidelines.  Slides were mounted with DAPI-fluoromount as described in the
“Immunofluorescence” section of this chapter.

Slides were imaged with the Olympus Fluoview FVV1000 confocal microscope under the
40X objective. As many fields of views possible for each muscle where imaged (any signs of
freezing damage or tissue tears were excluded as this would interfere with cytoskeletal
measurements). All imaging parameters were kept consistent between each tissue. Image analysis
was performed following the methods described by Romanelli et al 2020 (Romanelli, Varela, and
Benech 2020). Percentage of area stained with rhodamine phalloidin, laminin and DAPI were
assessed using ImageJ maintaining the same threshold settings for all images. F-actin occupied
area was calculated as the area in each section stained with rhodamine phalloidin minus the area
labeled for laminin and for DAPI, as F-actin does not typically occupy these areas. Final numbers

for each animal were the average of all considered field of views.

2.9 Ex Vivo Single Myofibers Isolation and Culture

EDL myofibers were dissected from 8-week-old mice as previously described Brun, Wang,
& Rudnicki (2018) (Brun, Wang, and Rudnicki 2018; Freeman et al. 2022). Isolated EDLs were
incubated in filtered 0.2 % collagenase type | (Worthington, Lakewood NJ, USA) dissolved in
Delbecco’s modified eagle’s medium (DMEM) (supplemented with 1 % penicillin/streptomycin
and 110 mg/L sodium pyruvate) (Cytiva Logan, UT, USA) supplemented with 1 %
penicillin/streptomycin, at 37 °C for 1 hour. Myofibers were released from the tendons by gently
titrating the EDLs in a 10 cm dish containing DMEM with a wide bore glass pasture pipette coated
in fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA). Fibers were then washed 3 times by

transferring into a new 35 mm dish with 4 ml of DMEM. A 5-10 min recovery period at 37 °C was

29



allocated between each wash with a final recovery period of 1 hour prior to placement into culture.
All dishes were coated with FBS and allowed to dry to prevent attachment of myofibers. Myofibers
were cultured in 1 % Chick embryo extract (MP biomedicals, Solon, OH, USA) and 20 % FBS in
DMEM (supplemented with 1 g/L glucose, L-glutamine, and 110 mg/ml sodium pyruvate).

Myofibers were cultured at 37 °C, in 5 % COe..

2.10 Myoblasts Isolation and Culture

Primary myoblasts were isolated from 8-week old all hindlimb muscles following a
protocol adapted from Yoshioka et al 2020 (Yoshioka et al. 2020). Muscles were minced and
digested for 2 hours in 0.2 % Type | collagenase (LS004194, Worthington, Lakewood, NJ, USA)
dissolved in DMEM supplemented with 1% penicillin/ streptomycin. Homogenates were diluted
in PBS and filtered through a 100 um nylon mesh strainer (Thermo Fisher Scientific). The flow-
through was centrifuged at 1200 RPM for 5 minutes and the resulting cell pellet was resuspended
in growth medium (DMEM supplemented with 30 % FBS, 1% Chick embryo extract (2850145,
MP biomedicals, Solon, OH, USA), 2.5 ng/ml of basic fibroblast growth factor (bFGF/FGF-2)
(SRP4037, Sigma-Aldrich) and 1 % penicillin/streptomycin). Fibroblasts and remaining debris
were removed by pre-plating 3-5 times for 2 hours each on non-coated dishes. Cells were then
cultured on dishes coated in 100 ug/ml of collagen (354236, Corning, Bedford, MA, USA) diluted
in PBS. The purity of each cell line generated was assessed by immunostaining for Pax7. Only cell
preparations with >85 % of nuclei being Pax7 positive were utilized. In addition, only cells below
passage number 7 were used in effort to reduce fibroblast contamination and to ensure minimal

phenotypic shifts due to cell age.
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2.11 Differentiation Assays

For the differentiation assays, primary myoblasts (50 000 cells/well) were seeded in
collagen coated IBIDI 8-well chamber slides. When confluence reached at least 80 %, cells were
serum-starved to induce differentiation by switching to differentiation media (DMEM
supplemented with 5 % horse serum, 1 % penicillin/streptomycin) which marked day 0 of the time
course. Myoblasts were treated with either PBS (Ctl) or 25 pg/ml of carbenoxolone (CBX; Sigma-
Aldrich, C4790) starting upon the switch to differentiation conditions (day 0) and refreshed every
24 hours.

HSMM (70 000 cells/well) were seeded in 24-well dishes containing one collagen coated
glass cover slip. Cells were transduced with a lentivector containing either GFP or PANX1 (Xiang
et al. 2018) one day prior to induction of differentiation as stated above. Cells were fixed in 3.7 %
PFA every day for 3 days for primary myoblasts and on day 5 of differentiation for HSMM. Cells
were stained for myosin heavy chain (MHC) and either mounted with Fluoromount-DAPI
(Southern Biotech, Birmingham, AL, USA) or stained with Hoechst-33342 (10 pg/ml)
(Invitrogen). Cells were imaged with the EVOS FL Auto fluorescent microscope (Thermo Fisher
Scientific) under 20X magnification. The differentiation index (number of MHC positive cells/
total number of nuclei) and fusion index (number of nuclei in myotubes/total number of nuclei)

were analyzed from days 3-5.

2.12 Dye Uptake Assays

The low [K*] solution (145 mM NaCl, 5 mM KCI, 1.4 mM CaClz, 1 mM MgClz, 10 mM

HEPES diluted in ddH20) and high [K*] solution (60 mM NaCl, 50 mM KCI, 1.4 mM CaClz, 1
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mM MgClz, 10 mM HEPES diluted in ddH20) were prepared as described by Silverman et al 2009
(Silverman et al. 2009). Cells were washed twice with 1 ml of either the low [K*] or high [K*]
solution, then incubated in a fresh 1 ml of the low [K*] or high [K*] solution for 5 minutes at 37
°C, in 5% COz2. Next, cells were incubated with 4 mg/ml of sulforhodamine B dye (S1307,
Invitrogen, Waltham MA, USA) dissolved in low [K*] or high [K*] solution for 15 minutes at 37
°C, in 5% CO2, washed, and imaged immediately with the EVOS FL Auto fluorescent microscope
(Thermo Fisher Scientific) under 10X magnification. Ten random fields of view were imaged per
slide. Images were counted for the incidence of dye uptake defined as the percentage of cells that

up took the dye.

2.13 Transfection

Human skeletal muscle myoblasts (HSMM) on collagen-coated 35mm dishes were
transfected with 5 nM of Silencer® Select siRNA targeting PANX1 (5’
CGAUCAGUUUCAGUGCAAALt 3°) or 5 nM of the Silencer® Select Negative Control No. 1
(ambion 4390843, Thermo Fisher Scientific, Carlsbad CA, USA) using Lipofectamine 2000
(Thermo Fisher Scientific) as per the manufacturer’s protocol. Dye uptake assays were performed
48 hours post-transfection. Once completed, cell lysates were collected to confirm successful

knockdown via western blotting.

2.14 Immunofluorescence

Tissue, myofibers, and myoblasts were fixed in 3.7 % PFA diluted in PBS for 20 minutes

and permeabilized in 0.1 M glycine and 0.1 % Triton X-100 in PBS for 10-15 minutes. Non-
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specific labeling was blocked for 1 hour in 5 % horse serum, 2 % BSA and 0.1 % Triton X-100 in
PBS. Samples were incubated with antibodies against their desired target at either room
temperature for 1 hour or 4 °C overnight for myofibers (See Table #1 For complete list of primary
antibodies). Incubation with anti-mouse Alexa Fluor 488 or anti-rabbit Alexa Fluor 594 (1:1000,
Cat# A11017 and Cat# A11012, Life technologies, Eugene, OR, USA) secondary antibodies were
then incubated temperature for 1 hour. Slides were mounted with Fluoromount-DAPI (Southern
Biotech, Birmingham, AL, USA). Myoblasts seeded in IBIDI Chambers were instead co-stained
with Hoechst-33342 (10 pg/ml) (Invitrogen). Samples were visualized with either the EVOS FL
Auto (ThermoScientific) under 20X magnification or with the Olympus Fluoview FV1000

confocal microscope under 20X, 60X or 100X magnification.

2.15 Western Blotting

Tissue samples were homogenized in 1 % SDS using the Omni Bead Ruptor (Omni
International, Kennesaw GA) as previously described (Pham et al. 2018). Cell Lysates were lysed
in 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, 1 % Triton, 0.5 % NP-40, and
proteinases and phosphatase inhibitors (Cell Signaling ON. CA) for 1 hour. All samples
centrifuged at 12 000 rpm to remove cell debris. Equal amounts of protein were separated by SDS-
PAGE, transferred to PVDF membranes, and non-specific binding was blocked with 5 % bovine
serum albumin in PBS + 0.05 % Tween 20. Membranes were incubated with their primary
antibody of interest overnight at 4 °C (See Table #1 For complete list of primary antibodies).
Secondary antibodies Alexa 680- (1:5000, Cat#A21009, Thermo Fisher Scientific, Carlsbad CA,
USA) or Infrared fluorescent-labeled secondary antibodies IRDye800 (cat#925-32210, Li-COR

Biosciences, Lincoln, NE, USA) were used at 1:5000 — 1:10 000. Immunoblots were processed
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with the Odyssey infrared-imaging system (LI-COR biosciences) and quantified using the ImageJ

software.

2.16 Statistical Analysis

The data were analyzed using unpaired or paired two-tailed student’s t-tests, one-way
ANOVA followed by Tukey’s post hoc tests, and two-way ANOVA followed by Sidak’s post hoc
tests. The level of significance was set at *P< 0.05, **P< 0.01, ***P< 0.001. All data are
represented as mean + s.d. The number of animals and specific statistical tests used for each
experiment are indicated in the figure legends. All tests and/or counts were performed blinded to
the observer. The individual data (each animal) points are also displayed on the graphs. Graphs

and associated statistical tests were generated in the Prism 8 (GraphPad) software.
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Table 1:

Complete List of Primary Antibodies

Antibody Company Catalogue | Western IF Dilution
target/ name number Dilution
Alpha tubulin | Santa Cruz (CA, SC-8035 1:1000 N/A
(TU-02) USA)
Cleaved Cell Signaling 9661s 1:1000 N/A
Caspase-3 (MA, USA)
D175
GAPDH 14C10 | Cell Signaling 2118 1:1000- N/A
(MA, USA) 1:5000
GAPDH 6C5 Advanced 2-RGM2 1:5000 N/A
immunochemica
Is (CA USA)
Laminin Abcam ab11575 N/A 1:500
(Cambridge
UK)
MHC MF20 R&D MAB4470 1:5000- 1:500
Biosystems 1:10 000
Mouse Panx1 Cell Signaling 91137 1:200 N/A
DIM1C (MA, USA)
Myh3 F1652 | Santa Cruz (CA, sc-53091 N/A 1:250
USA)
MyoD Novus (CO, NBP1- 1:500 1:250
USA) 54153SS
MyoG F5D Santa Cruz (CA, 1:500 1:250
USA)
PANX1 Sigma Aldrich | HPA016930 1:1000 1:200
(Human) (MO, USA)
Pax 7 DSHB, (IA, N/A 1:10 1:2
hybridoma cell USA)
supernatant
P2Y1 (E-1) Santa Cruz (CA, | Sc-377324 1:100 N/A
USA)
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3.2 Background and Rationale

It has been previously demonstrated that Panxl levels increase during myoblast
differentiation in vitro and during in vivo regeneration (Langlois et al. 2014; Pham et al. 2018;
Suarez-Berumen et al. 2021). Overexpression of Panx1 protein promotes differentiation of human
skeletal muscle myoblasts (HSMM) while its inhibition in both human and murine models impedes
differentiation (Langlois et al. 2014; Riquelme et al. 2015; Suarez-Berumen et al. 2021).

Additionally, Panx1 protein levels increase during murine embryonic development implicating it
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in the development of post-natal skeletal muscle (Pham et al. 2018). Panx1 signaling via P2
receptors has been suggested to play key roles in contraction-potentiation (Buvinic et al. 2009;
Riquelme et al. 2013) and excitation-transcription coupling leading to changes in muscle plasticity
(Jorquera et al. 2013). Despite this accumulating evidence indicating a role for Panx1 in skeletal
muscle health and development, this had yet to be investigated in detail. Furthermore, with sex
playing a well-known role in the development, differentiation, and maintenance of skeletal muscle,

it had yet to be Investigated as to whether Panx1 plays sex-specific roles in this context.

3.3 Results
3.3.1 Genetic Ablation of Panx1 Affects Male Muscle Fiber Size and Strength

Prior to characterizing the Panxl knockout mice, Panxl protein levels in the Tibialis
anterior (TA), Extensor digitorum longus (EDL), Soleus (Sol), Gastrocnemius (Gastroc), and
Quadriceps (Quad) muscles in 12-week-old male wild-type (WT) mice were analyzed through
western blot analysis. In agreement with our previous observation (Pham et al. 2018), higher Panx1
levels were found in the Sol of male mice while the TA, EDL, Gastroc, and Quad showed weaker
Panx1 expression (Figure 3.1A). The specificity of the Panx1 antibody is shown by the absence of
signal in the TA from male global Panx1 knockout (Panxl KO) mice compared to their WT
littermates (Figure 3.1B). In accordance with previous reports, the total body weight of male Panx1
KO mice was equivalent to that of WT littermates (Sanchez-Arias et al. 2019; Lee et al. 2018)
(Figure 3.1C). Male Panx1 KO mice had comparable wet muscle weight to that of WT controls
in all muscles (TA, EDL, Sol, Gastroc, and Quad) collected (Figure 3.1D), implying that loss of

Panx1 does not result in any large-scale muscle wasting or hypertrophy in male mice.
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To examine whether Panx1 loss affects fiber size, the fiber cross sectional area (CSA) was
assessed in cross-sections from one fast- and one slow-twitch muscle that express higher levels of
Panx1, namely the TA and Sol, respectively. This was also done in 12-week-old animals as
myofiber size is stabilized by that age (Bachman et al. 2018). In male TA muscles, the fiber size
distribution shows that Panx1 KO mice have an increased number of smaller fibers (1001-2000
um?) than their WT counterparts (Figure 3.1E). This was complemented by a ~40 % decrease in
the mean fiber size of the TA (Figure 3.1F). The Sol muscle from male Panxl KO mice also
showed a higher frequency of smaller fibers (Figure 3.1G) and had a ~25 % reduction in the mean
fiber size (Figure 3.1H).

To determine whether this reduction in fiber CSA correlates with diminished muscle
strength, the forelimb grip strength of male Panx1 KO was measured. In line with our CSA data,
male Panxl KO mice had significantly reduced forelimb grip strength (Figure 3.11). We
additionally tested muscle function with the Kondziell’'s inverted wire hang test in which Panx1
KO males had a significantly reduced latency to fall, further indicating a loss of muscle strength

in male Panx1 KO mice.
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Figure 3.1: Loss of Panx1 reduces male muscle size and strength.

A) Representative Western blot showing Panx1 and GAPDH levels in select hindlimb muscles
isolated from male WT mice (LEFT). Quantification of Panx1 protein levels normalized to
GAPDH (RIGHT) (n=3; One-way ANOVA followed by Tukey’s post hoc). B) The specificity of
the Panx1 antibody was verified by the presence of bands in TA muscle from WT (n=4) and the
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absence of signal in TA muscle from Panx1 KO (n=4). C) The total body weight (g) of 12-week-
old male WT (n=15) and Panx1 KO (n=15; unpaired two-tailed student’s t-test) mice. D) The
wet muscle weight of the Tibialis anterior (TA), Extensor digitorum longus (EDL), Soleus (Sol),
Gastrocnemius (Gastroc), and Quadriceps (Quad) muscles in 12-week-old male Panx1 KO (n>6;
Two-way ANOVA followed by Sidak’s post hoc) compared to that of WT mice (n=6;0ne-way
ANOVA followed by Sidak’s post hoc). Male TA muscles from WT and Panx1 KO mice were
measured for fiber cross-sectional area (CSA) and the E) distribution of CSAs (n=3-6; Two-way
ANOVA followed by Sidak’s post hoc) and the F) mean CSA were plotted (n=3-6; unpaired
two-tailed student’s t-test). Male Sol muscles were measured for the G) distribution of fiber sizes
(n=6: Two-way ANOVA followed by Sidak’s post hoc) H) mean CSA (n=6; two-tailed,
unpaired student’s t-test). 1) Mean forelimb grip strength normalized to body weight (g) in adult
male WT and Panx1 KO mice (n=7-9; unpaired two-tailed student’s t-test). J) Mean wire hang
fall latency (seconds) of male WT and Panx1 KO mice (n=6; unpaired two-tailed student’s t-
test). Data are represented as mean + s.d. *P<0.05, **P<0.01, ***P<0.001, n.s: non-significant.

We next assessed overall Panx1 protein levels in TA, EDL, Sol, Gastroc and Quad of adult
(12-week-old) female WT mice. Similar to the male WT muscles and in agreement with our
previous data (Pham et al. 2018), Panx1 protein was detected in all isolated muscles with the
highest levels being in the Sol (Figure 3.2A). In accordance with previous reports, the total body
weight of female Panx1 KO mice was comparable to that of their WT counterparts (Figure 3.2B)
(Sanchez-Arias et al. 2019; Lee et al. 2018). The wet muscle weight of all isolated muscles also
did not differ between female Panx1 KO and WT mice (Figure 3.2C).

Unlike their male littermates, female Panx1 KO mice showed no changes in the fiber size
distribution or mean fiber size of the TA (Figure 3.2 D-E) or Sol muscles (Figure 3.2 F-G). In line
with these findings, female WT and Panx1 KO mice had comparable mean forelimb grip strength
and latency to fall during the wire hang test (Figure 3.2 H-I). These findings suggest that, while

Panx1 is necessary for proper male muscle function, it may be dispensable in female muscle.
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Figure 3.2 :Loss of Panx1 does not affect female muscle size and strength.

A) Representative Western blot showing Panx1 and GAPDH levels in select hindlimb muscles
isolated from female WT mice (left). Quantification of Panx1 protein levels normalized to GAPDH
(right) (n=3; One-way ANOVA followed by Tukey’s post hoc). B) The total body weight (g) of
12-week-old female WT (n=13; unpaired two-tailed student’s t-test) and Panx1 KO (n=15) mice.
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C) The wet muscle weight of the Tibialis anterior (TA), Extensor digitorum longus (EDL), Soleus
(Sol), Gastrocnemius (Gastroc), and Quadriceps (Quad) muscles in 12-week-old female Panx1
KO (n=6) compared to that of WT mice (n>6; Two-way ANOVA followed by Sidak’s post hoc).
Female TA muscles were measured for fiber cross-sectional area (CSA) and the D) distribution of
CSAs (n=6; Two-way ANOVA followed by Sidak’s post hoc) and the E) mean CSA were plotted
(n=>6; unpaired two-tailed student’s t-test). Female WT and Panx1 KO Sol muscles were measured
for the F) distribution of fiber sizes (n>5; Two-way ANOVA followed by Sidak’s post hoc) G)
mean CSA (n> 5; unpaired two-tailed student’s t-test). H) Mean forelimb grip strength normalized
to body weight (g) of adult female WT and Panx1 KO mice (n=10; unpaired two-tailed student’s
t-test). 1) Latency to fall (seconds (s)) during wire hang (n=>6; unpaired two-tailed student’s t-
test). Data are represented as mean + s.d. **P<0.01, n.s: non-significant.

3.3.2 Panxl is Required in Males for Efficient Myoblast Fusion

To examine whether the sex-specific reduction of fiber size in male Panx1 KO mice may
be due to defects in progenitor differentiation and/or fusion, primary myoblasts were isolated from
the hindlimbs of female and male WT and Panx1 KO mice and induced to differentiate via serum
starvation for 3 days. Myoblasts were stained for the late differentiation marker myosin heavy
chain (MHC) (Figure 3.3A), and the differentiation and fusion indices were determined. Neither
the differentiation index nor the fusion index was significantly altered in myoblasts from female
Panx1 KO mice compared to that of WT myoblasts (Figure 3.3 B-C). While primary myoblasts
from male Panx1 KO mice had a comparable differentiation index to that of WT myoblasts at all
timepoints, the fusion index of Panx1 KO myoblasts was significantly decreased on days 2 and 3
(Figure 3.3 D-E).

We next quantified MHC levels in the TA and Sol muscles of Panx1 KO and WT mice, as
well as in the Gastroc since it represents a significant proportion of the muscles from which
primary myoblasts were isolated for the differentiation and fusion assays (Figure 3.3 F-M). In
female mice, similar MHC levels were detected between the two genotypes in all selected muscles

(Figure 3.3 F-1). The male TA and Sol muscles also had comparable levels of MHC between Panx1
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KO and WT littermates. Notably, the Gastroc muscles of male Panx1 KO mice had significantly
less MHC than that of WT mice (Figure 3.3 J-M). Together, these data indicate that genetic
ablation of Panxl significantly impedes myoblast fusion, as well as gastrocnemius muscle

maturation in male mice.
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Figure 3.3: Male Panx1 KO primary myoblasts have reduced fusion and the gastrocnemius
muscle from these mice express less MHC.

A) Primary myoblasts were allowed to differentiate for 3 days to produce myotubes. Myotubes
were stained with MHC (green) and DAPI (blue). Representative images of day 3 are shown. Scale
bar = 50 pum. Myotubes from female mice were analyzed daily for differentiation by the B)
differentiation index (proportion of MHC positive nuclei/total nuclei) and the C) fusion index
(number of nuclei in myotubes/total nuclei) (n=4; Two-way ANOVA followed by Sidak’s post
hoc). D) Differentiation and E) fusion indices were similarly calculated for myoblasts from male
mice (n=3; Two-way ANOVA followed by Sidak’s post hoc). F) Western blots of MHC and
GAPDH levels and quantification in female G) TA, H) Sol and I) Gastroc (n=5; unpaired two-
tailed students t-test). J) Western blots of MHC and GAPDH levels and quantification in female
K) TA, L) Sol and M) Gastroc (n=5; unpaired two-tailed students t-test). Data are represented as
mean + s.d. *P<0.05, **P<0.01, n.s.: non-significant.

3.3.3 Difference in P2Y 1 Receptor Expression does not Account for the Sex-Dependent Effect
of the Loss of Panx1

It has been shown that Panx1 channels mediate the acquisition of myogenic commitment
and increase MyoD levels in C2Ci2 reserve cells via a process that involves P2Y1 receptors
(Riquelme et al., 2015). Additionally, it has been reported that Panx1 facilitates muscle contraction
potentiation by activating P2Y1 receptors (Riquelme et al. 2013). Thus, to establish if differences
in P2Y1 expression could potentially account for the sex-dependent effect seen in the Panx1 KO
mice, we assessed P2Y1 levels in myoblasts derived from female and male WT and Panx1l KO
mice (Figure 3.4 A-D). The protein levels of P2Y1 were comparable between WT and Panx1 KO
mice in both males and females (Figure 3.4A-D), suggesting that the effects seen here are not due

to a sex specific alteration of P2Y1 levels in the KO mice.
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Figure 3.4:P2Y1 levels are not altered following loss of Panx1.

A) Western blot of P2Y1 and GAPDH levels in female WT and Panx1 KO myoblasts and the B)
quantification of P2Y1 levels normalized to GAPDH (n=3; unpaired two-tailed student’s t-test).
C) Western blot of P2Y1 levels in male WT and Panx1 KO myoblasts and D) quantification of
P2Y1 levels normalized to GAPDH (n=3; unpaired two-tailed student’s t-test). Data represents

mean = s.d. *P<0.05; ** P<0.01; ns, non-significant.
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3.3.4 Loss of Panxl Reduces Satellite Cell Number and Delays Early Satellite Cell
Differentiation in Myofibers from Male Mice

To elucidate whether Panx1 regulates SC number and their progression through
proliferation and differentiation ex vivo, cultured single-fiber SCs isolated from the EDL of
female and male WT and Panx1 KO mice were used. This culture model has the advantage of
preserving the myofibers attachment to SCs which endogenously express Panx1 (Figure
3.5A), enabling their native activation, proliferation, and differentiation on myofibers (Brun,
Wang, and Rudnicki 2018). In this model, SCs initially only express Pax7, then activate
MyoD, and enter the cell cycle. Proliferating cells then either down-regulate Pax7 to
differentiate, or down-regulate MyoD and self-renew (Hernandez-Hernandez et al. 2017;
Zammit et al. 2004; Collins et al. 2005). WT and Panx1 KO myofibers were first examined
for the number of SCs immediately (0 hours) after isolation by Pax7 immunostaining (Figure
3.5B). As previously observed (Neal, Boldrin, and Morgan 2012), SC number was lower in
WT female mice compared to WT male mice (Figure 3.5C,D). Female Panx1 KO mice had
comparable SC numbers to that of WT mice (Figure 3.5C). Conversely, male Panx1 KO mice
had significantly less SCs per fiber than WT mice indicating that loss of Panx1 interferes with
development of the SC pool in male muscle (Figure 3.5D).

After 48 hours in culture, cells were then stained for Pax7 and MyoD to determine the
percentage of self-renewing (Pax7*/MyoD"), proliferating (Pax7*/MyoD™), and differentiating
(Pax7-/MyoD™) cells from each genotype (Figure 3.5E). Of all the populations assessed after
48 h of culture there was no significant difference between female WT and Panx1 KO mice
(Figure 3.5F-H). However, in male mice the proportion of self-renewing (Pax7*/MyoD") cells

was increased in male Panxl KO myofibers (Figure 3.51). While the proportion of
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proliferating (Pax7*/MyoD*) cells was not affected (Figure 3.5J), the proportion of
differentiating (Pax7-/MyoD™) cells was significantly decreased in myofibers from male
Panx1 KO mice (Figure 3.5K).

To assess terminal differentiation, myofibers were fixed after 72 hours of culture,
labelled for the differentiation marker Myogenin (MyoG) (Figure 3.5L) (Hernandez-
Hernandez et al. 2017; Zammit et al. 2006). Interestingly, the percentage of MyoG positive
cells was comparable between WT and Panx1 KO myofibers isolated from both female and
male mice (Figure 3.5M-N). These data are in line with our findings from primary myoblasts
showing terminal differentiation is not altered by genetic ablation of Panx1. Collectively these
data indicate that male, but not female, muscles require Panx1 for the development of the SC

pool and this likely causes defects in early differentiation.
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Figure 3.5: Genetic ablation of Panx1 reduces satellite cell numbers in males but not
females.

A) Myofibers were isolated from the EDL of WT mice and stained for DAPI (blue), Panx1
(green), and MyoD (red). Arrows depict fiber-bound muscle progenitors. Scale bar = 50 pum.
B) Representative images of 0 h myofibers stained for DAPI (blue) and Pax7 (green). Scale
bar = 50 um. Myofibers isolated from C) female (n=10; unpaired two-tailed student’s t-test)
and D) male (n=4-5; unpaired two-tailed student’s t-test) mice were fixed immediately after
isolation and assessed for number of Pax7 positive cells per fiber. E) Representative images
of myofibers stained following 48 h of culture for DAPI (blue), Pax7 (green), and MyoD (red).
Scale bar = 50 um. Female myofibers were fixed at 48h post isolation and assessed for the
percentage of F) self-renewing (Pax7*/MyoD), G) proliferating (Pax7*/MyoD"), and H)
differentiating (Pax7/MyoD*) cells (n=7; unpaired two-tailed student’s t-test). Male
myofibers were also fixed at 48h and the percentage of 1) self-renewing (Pax7*/MyoD"), J)
proliferating (Pax7*/MyoD"), and K) differentiating (Pax7-/MyoD™) cells was counted (n=7-
8; unpaired two-tailed student’s t-test). L) Representative images of myofibers fixed after 72h
of culture and stained for DAPI (blue) and MyoG (green). At 72 h post isolation, myofibers
from M) female (n=5; unpaired two-tailed student’s t-test) and N) male (n=5; unpaired two-
tailed student’s t-test) EDL muscle and the percentage of MyoG positive cells was counted.
Data are represented as mean + s.d. *P<0.05, ***P<0.01, ***P<0.001, n.s.: non-significant.

3.3.5 Impairment of fusion in myoblasts from male Panx1 KO mice is due to loss of Panx1
and not the Casp11mut

A previous report highlighted that Panx1 KO mice contain a passenger mutation
resulting in the deletion of caspase 11 (Casp11™). Genotyping confirmed the presence of this
mutation in our Panx1 KO mice, but not in their WT littermates (Figure 3.6A). To ensure that
this Casp11™t was not contributing to our findings, myofibers isolated from 8-week-old
C57BI/6J mice were treated with Panx1 pharmacological inhibitors carbenoxolone (CBX) (25
pUM) and probenecid (PBN) (1 mM). Since male myofibers were the only ones to show
differences, only myofibers from male mice were considered for this experiment. Myofibers
treated with either CBX or PBN were fixed at 48 hours and assessed for the population of self-
renewing, proliferating and differentiation progenitor as described in section 3.4.4. However,
neither CBX nor PBN altered any of the populations assessed (Figure 3.6 B-D). These data

infer that the loss of self-renewing cells observed in male Panx1 KO myofibers (Figure 3.5 I)
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is likely due to the loss of the SC pool observed in these mice and not an effect on SC activation
nor proliferation.

Female and male WT myoblasts were next treated with CBX (25 uM) to confirm the
role of Panxl in progenitor fusion described above (Figure 3.3D) (Figure 3.6E). CBX
treatment did not significantly affect the differentiation index (MHC positive cells/total nuclei)
nor fusion index (number of nuclei in myotubes/ total nuclei) in female WT myoblasts (Figure
3.6 F-G). While differentiation was not greatly altered, CBX treatment in male WT myoblasts
significantly decreased the fusion index (Figure 3.6 H-1). These data recapitulate my previous
findings from Panx1 KO myoblasts and that the impairment of fusion in myoblasts from male
Panx1 KO mice is due to loss of Panx1 and not the Casp11™, These data further indicate that

loss of Panx1 channel function significantly impairs male, but not female, myoblast fusion.
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Figure 3.6: Impairment of fusion in myoblasts from male Panx1 KO mice is due to loss

of Panx1 and not the Casp11mt,

A) Genotyping analysis of Panx1** (WT) mice, Panx1*- mice, and Panx1” (KO) mice for
Caspl1 deletion (129S1 mice: positive control; B6: negative control mice). Myofiber isolated
from male WT mice were treated with Panx1 inhibitors carbenoxolone (CBX;25 pm) and
probenecid (PBN;1 mM), fixed at 48 h and assessed for the proportion of B) self-renewing
(Pax7*/MyoD"), C) proliferating (Pax7*/MyoD™), and D) differentiating (Pax7/MyoD™) cells
(n=3-7; One-way ANOVA followed by Tukey’s post hoc test). E) Representative images of
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female and male WT myoblasts differentiated for 3 days. Myoblasts were stained for DAPI
(blue) and MHC (green). Scale bar = 100 pum. Female myoblasts were assessed for F)
differentiation index (percent of MHC positive cells/total nuclei) and G) fusion index (nuclei
in myotubes/total nuclei) indexes for days 1-3 of differentiation (n=3; Two way-ANOVA
followed by Sidak’s post hoc test). Male myoblasts were differentiated for 3 days and the H)
differentiation and I) fusion index was measured each day (n=3; Two way-ANOVA followed
by Sidak’s post hoc test). Data represent mean + s.d., n.s.: non-significant.

3.3.6 Male and Female Panxl KO Mice both show an Increase in the Number of
Regenerating Fibers during Early Stages of Skeletal Muscle Regeneration

Based on the sex-dependent role of Panxl in regulating SC number and myoblast
fusion, we then wanted to examine the role of Panx1 in skeletal muscle regeneration in vivo
following cardiotoxin-induced injury. Injury was induced in 6-week-old mice as we have
previously shown an increase in Panx1 levels during TA regeneration of wild-type mice using
this model (Pham et al. 2018). Following cardiotoxin injection, TAs were collected at days 4,
7, and 14 post injury. First, the percentage of regenerating fibers, which were defined as any
fiber containing centrally located nuclei (J. Liu et al. 2020), were counted at each timepoint
post injury. Unexpectedly, both female and male Panxl1 KO mice showed an increased
percentage of regenerating fibers at day 4 post injury, while no difference was observed at day
7 (Figure 3.7A-B). Interestingly, at day 14 post injury female Panx1 KO mice had a small, yet
significant, decrease in the proportion of regeneration fibers (Figure 3.7A), while no difference
was captured in male mice at that time point (Figure 3.7B). In accordance with these data,
injured TAs from both female and male Panx1 KO mice had significantly more fibers/mm?
than that of WT mice on day 4 post injury (Figure 3.7C-D). On days 7 and 14 post injury,
female Panx1 KO mice had a similar number of fibers to that of WT mice (Figure 3.7C). Male
Panxl1 KO mice however had significantly more fibers/mm? on day 7 post injury (Figure

3.7D). To confirm the increase in regenerating fibers seen at day 4 post injury, TA cross-
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sections were stained for embryonic myosin heavy chain 3 (Myh3), a marker of naive muscle
fibers (Schiaffino et al. 2015). In accordance with our data, injured TAs from both female and
male Panxl KO mice had significantly more Myh3-positive fibers than that of WT mice

(Figure 3.7E-G).
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Figure 3.7:Male and female Panx1 KO mice have an increased number of regenerating
fibers during early stages of muscle regeneration.

Injury was induced in the TA muscles of male and female mice using cardiotoxin. TAs were
then harvested 4-, 7-, and 14-days post injury. The percentage of regenerating fibers in A)
females (n=3-4; Two-way ANOVA followed by Sidak’s post hoc) and B) males (n=3-4; Two-
way ANOVA followed by Sidak’s post hoc) were counted at each day post injury. The total
number of fibers per mm? was assessed at each time point in C) female and D) male TA
muscles (n=3-4; Two-way ANOVA followed by Sidak’s post hoc). E) Representative images
of cross-sections stained on day 4 post injury for DAPI (blue), laminin (green), and Myh3
(red). Scale bar = 50 um. Quantification of the number of Myh3 positive fibers in F) female
and G) male TA muscles on day 4 post cardiotoxin injury (n=3-4; unpaired two-tailed
student’s t-test). Data represent mean * s.d. *P<0.05, **P<0.01, ****P<0.0001, n.s.: non-
significant.

56



3.3.7 Panxl Loss Results in Smaller New Fibers following Skeletal Muscle Injury in
Male, but not Female, Mice

As we have shown here that the SC number is reduced in uninjured muscles from male
but not female Panx1 KO mice, we wanted to determine whether Panx1 deletion also affects
the number of SCs during muscle regeneration in a sex-dependent manner. Since SC activation
and proliferation are most active during the early stages of regeneration, TA muscle sections
collected at day 4 post injury were labeled for Pax7 and the number of Pax7-positive cells/mm?
were counted (Figure 3.8A) (Ciciliot and Schiaffino 2010). While there was no effect in female
mice (Figure 3.8B), injured TA muscles from male Panx1 KO mice had ~35 % less SCs at
day 4 post injury than that of WT mice (Figure 3.8C).

Growing evidence suggests a role for Panx1 in the recruitment of inflammatory cells
(Jorquera et al. 2021; Makarenkova, Shah, and Shestopalov 2018; Silverman et al. 2009).
Given that recruiting various cell populations to the site of damage is a critical step in muscle
regeneration, we sought to determine if loss of Panx1 influences cell recruitment following
cardiotoxin injury (Ciciliot and Schiaffino 2010; Howard et al. 2020). To this end cross-
sections of CTX injured male and female TA muscles were stained for CD68 which marks
both macrophages and fibro/adipogenic precursors (FAPS) (B. Deng et al. 2012; Jensen et al.
2021) and assessed for the percentage of CD68 positive area on day 4 post injury (Figure
3.8D). Markedly, female Panx1 KO mice had significantly more CD68 positive area than that
of their WT littermates (Figure 3.8E). Male Panx1 KO mice however had comparable CD68

positive area to their WT counterparts (Figure 3.8F).
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Based on our data showing that myoblast fusion and muscle maturation are impeded
in male but not female Panx1 KO mice in the uninjured context, we then wanted to determine
whether newly formed fibers in male muscles following injury are smaller than that of WT
mice. Therefore, the CSA of TA myofibers were measured at 4, 7, and 14 post CTX injury.
Female mice showed comparable mean CSA between WT and Panxl KO mice at all
timepoints (Figure 3.8G). However, in male mice, the newly formed fibers were significantly
smaller in the Panxl KO mice compared to that of WT mice at days 7 and 14 post injury
(Figure 3.8H). Together, these data demonstrate that genetic ablation of Panx1 increases
CD68" cells in females and increases the number of regenerating fibers during early stages of
muscle regeneration in both female and male mice. However, the newly formed fibers in
muscles from male Panx1 KO mice are smaller than that from the control mice, possibly due

to their reduced SC number and altered fusion capacity.
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Figure 3.8:Regenerating muscle from male Panx1 KO mice have less satellite cells and
form smaller fibers.

A) Representative cross-sections of TA muscles on day 4 post injury stained for DAPI (blue),
Pax7 (green), and laminin (red). Arrowhead points to satellite cells. Scale bar = 50 pum.
Quantification of the number of satellite cells on day 4 post injury in B) females (n=4; unpaired
two tailed student’s t-test) and C) males (n= 3-4; unpaired two-tailed student’s t-test). D)
Representative TA cross-sections on day 4 post injury stained for DAPI (blue) and CD68 (red).
Scale bar = 100 um. The parentage of area positive for CD68 staining in E) female (n=4;
unpaired two-tailed student’s t-test) and F) male cross-sections (n=4; unpaired two-tailed
students t-test). The mean fiber cross-sectional area (CSA) was measured on days 4, 7, and 14
post injury in G) female and H) male TA muscles (n=3-4; two-way ANOVA followed by
Sidak’s post hoc). Data represent mean + s.d. *P<0.05, n.s.: non-significant.
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4.2 Background and Rationale

In chapter 3 of this thesis, we demonstrated that Panx1 plays a significant role in
regulating muscle size, strength, and regeneration, as well as progenitor number and fusion in
male, but not in female mice (Freeman et al. 2022). This highlighted Panx1 as a therapeutic
target of interest for the male predominant disorder Duchenne muscular dystrophy (DMD). In
addition, previous data from our laboratory suggests that Panx1 expression is decreased in the
skeletal muscle from a severe murine DMD model (utrophin’/mdx), while it was only slightly
affected in muscles from mdx mice, representing a mild model of DMD. These data suggest
that Panx1 levels may be correlated with disease severity (Pham et al. 2018). In healthy
skeletal muscle, Panx1 co-immunoprecipitated with dystrophin as part of a multiprotein
complex involved in excitation-transcription coupling (Arias-Calderon et al. 2016; Valladares
et al. 2013). This led to the notion that a loss of dystrophin may disrupt Panx1 associated
functions and, similar to male Panxl KO mice, have deleterious effects in muscle thus
exacerbating dystrophic symptoms. However, the influence of Panxl1 on DMD and its

progression remained to be investigated.

4.3 Results

4.3.1 PANX1 Channel Function is Reduced in Immortalized Myoblasts from DMD
Patients
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To gain insight into how PANX1 may contribute to DMD pathogenesis, we first sought
to establish whether PANX1 localisation or expression is altered in skeletal muscles from
dystrophic patients. To this end, skeletal muscle biopsies collected from one donor without
neuromuscular disease, one donor diagnosed with DMD, and one with an intermediate
phenotype of DMD/BMD (complete absence of dystrophin staining on
immunohistochemistry) were cross-sectioned and stained for PANX1. As shown Figure 4.1A,
the healthy skeletal muscle displayed punctate and equally distributed PANX1
immunostaining, a pattern previously observed for Panx1 in this tissue (Pham et al., 2018).
Conversely, the skeletal muscle sections from dystrophic patients displayed uneven staining
throughout the tissue. These findings infer that PANX1 distribution may be altered in skeletal
muscles from dystrophic patients, however due to the difficulties in acquiring such samples,
additional biological replicates could not be attained. Thus, we then used immortalized human
skeletal muscle myoblasts (HSMM) isolated from three healthy (Ctl 1-3) and 8 dystrophic
donors (DMD 1-8) (Massenet et al. 2020) and analyzed PANX1 levels via western blotting.
Myoblasts from healthy donors displayed relatively similar PANX1 protein levels.
Interestingly, myoblasts from dystrophic donors expressed varying levels of PANX1 (Figure
4.1B-C), suggesting that PANX1 expression may be regulated differently from patient to
patient.

Next, we wanted to determine if PANX1 channel activity is altered in myoblasts from
dystrophic patients. To this end, PANX1 channel activity was assessed via sulforhodamine B
(4 mg/ml) dye uptake, a dye permeable to PANXZ1 channels, after incubation in a either a low
[K* ] solution or the PANX1 activating high [K*] solution (Silverman et al. 2009). First, we

confirmed the specificity of this assay by knocking down PANX1 levels using SiRNA (PANX1
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siRNA) in Ctl myoblasts. As shown in Figure 4.1D, PANX1-knock down myoblasts displayed
a significant reduction in dye uptake in the presence of high [K*] compared to their control
counterparts.

We then selected dystrophic myoblasts that express PANXL levels that are lower
(DMD7), similar (DMD1), and higher (DMD2) than control myoblasts to assess PANX1
channel activity. As anticipated, no dye uptake was observed in any Ctl or DMD cell lines
after incubation in the low [K*] solution. Conversely, Ctl cells exposed to high [K*] displayed
dye uptake incidences above 80 % (Figure 4.1E). Notably, all three dystrophic cell lines
displayed a significantly lower incidence of dye uptake than that of the Ctl cells (Figure 4.1E).
Together, these data demonstrate that despite varying PANX1 protein levels among dystrophic

patient cell lines, PANX1 channel activity is significantly impaired.
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Figure 4.1:PANX1 Channel Function is Reduced in Immortalized Myoblasts from DMD
Patients.

A) Representative images of human biopsy samples collected from a healthy donor, a patient
diagnosed with DMD, and one with BMD/DMD stained for PANX1 (red), and DAPI (blue).
Scale bar =50 um. B) Western blots of PANX1 levels in immortalized human skeletal muscle
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myoblasts isolated from 3 healthy (Ctl) and 8 dystrophic (DMD) donors and C) the respective
quantification. GAPDH was used as a loading control. D) Representative western blot of Ctl
myoblasts that were treated with either siRNA targeting PANX1 (PANX1 siRNA), a scrambled
control (Ctl siRNA), or were untreated (WT: wild-type) (top). The incidence of dye uptake
(%) in WT, Ctl siRNA, and PANX1 siRNA cells in high [K*] (bottom) (n=3; one-way ANOVA
followed by Tukey’s multiple comparisons test). Data represents mean * s.d. ** P<0.01 in
comparison to WT; # P<0.05 in comparison to Ctl sSiRNA; ns: non-significant. E) Incidence
of dye uptake in cell lines Ctl1-3 and DMD1, DMD2, and DMD? in the presence of either low
[K*] or high [K*] (n=3; one-way ANOVA followed by Tukey’s multiple comparisons test).
Data are represented as mean + s.d. While not indicated on the graph, the difference between
low [K*] and high [K*] was statistically significant for all cell lines (P<0.0001). There was no
statistical difference between the various cell lines in low [K*]. The statistical significance
between the Ctl and DMD cell lines in high [K*] are indicated on the graph: *** P<0.001 and
**** P<0.0001 in comparison to Ctl 1; # P<0.05, ### P<0.001, #### P<0.0001 in comparison
to Ctl 2; 300 P<0.001 and 800 P<0.0001 in comparison to Ctl 3 in high [K*].

4.3.2 Panx1”-/mdx mice Have a Reduced Life Span, Body Weight, and Lean Mass

To further study the role of Panx1 in dystrophic muscles, Panx1”- and mdx mice were
crossed to generate Panx1”-/mdx mice and their Panx1**/mdx littermate controls. The mdx
mouse is the most widely used preclinical model for DMD (Duddy et al. 2015). Given that
Panx1 has a predominant influence in male murine skeletal muscle (Freeman et al. 2022) and
since DMD primarily affects males (Bushby et al. 2016; Gumerson J. 2011), only male mice
were considered for this report. Genetic ablation of Panx1 in mdx mice was associated with a
significantly reduced survival as after 12 months the probability of survival in Panx1//mdx
mice decreased by ~50 %. In contrast, the probability of survival in the Panx1**/mdx
littermates only decreased by ~10 % (Figure 4.2A). The total body weight of Panx1”/mdx
mice was significantly lower than that of their Panx1**/mdx littermates (Figure 4.2B). To
determine if the decrease in body weight was associated with a decrease in muscle mass the
tibialis anterior (TA), extensor digitorum longus (EDL), Soleus (Sol), gastrocnemius (GA),

and quadriceps (Quad) of 12-week-old Panx1**/mdx and Panx1”/mdx mice were isolated
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and the wet muscle masses measured. While most muscles assessed showed comparable
weights between both genotypes, the TA muscle weight of Panx1”-/mdx (mean: 2.66 mg/g
body weight) was significantly lower than that of their Panx1*/*/mdx counterparts (mean: 2.33
mg/qg) (Figure 4.2C).

To gain insight into the full body composition, Panx1**/mdx and Panx1”-/mdx mice
were subjected to EchoMRI analysis at 3, 6, and 12 months of age (Figure 4.2D-L). In line
with the above findings, 3-, 6- and 12-month-old Panx1”-/mdx mice utilized for the EchoMRI
had significantly lower body weight than that of Panx1*/*/mdx mice (Figure 4.2D, 4.2G, 4.2J).
Remarkably, the lean mass was significantly lower in Panx1”/mdx mice compared to their
Panx1**/mdx counterparts (Figure 4.2E, 4.2H, 4.2K) at all three ages, while there were no
significant changes in the fat mass (Figure 4.2F, 4.21, 4.2L). Together, these data implicate

that loss of Panx1 is associated with a deficit in lean and wet muscle mass in dystrophic mice.
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Figure 4.2:Panx1”/mdx mice Have a Reduced Life Span, Body Weight, and Lean Mass.

A) Survival curve of Panx1”/mdx and Panx1**/mdx mice (n=15; Log-rank test). B) Total
body weight of Panx1”/mdx and Panx1**/mdx mice from 3-12 months of age (n=8-15; two-
tailed unpaired student’s t-tests for each time point). C) Wet muscle weight of the Tibialis
anterior (TA), Soleus (Sol), Extensor digitorum longus (EDL), Gastrocnemius (GA), and

69



Quadriceps (Quad) normalized to body weight from 12-week-old mice (n=7-12; two-way
ANOVA followed by Tukeys post hoc test). EchoMRI analysis displaying the D) total body
weight, E) lean mass, and F) fat mass of 3 month old mice (n=10; two-tailed unpaired student’s
t-test), G) total body weight, H) lean mass, and 1) fat mass respectively for 6 month old mice
(n=8; two-tailed unpaired student’s t-test) and J) total body weight, K) lean mass, and L) fat
mass respectively for 12 month old mice (n=8; two-tailed unpaired student’s t-test). Data
represents mean =+ s.d., except for panel B that is shown as mean +s.e.m. * P<0.05, ** P<0.01,
*** P<0.001, ns: non-significant.

4.3.3 Panx1”/mdx mice Have Normal Diaphragm Function and Improved Respiratory
Function

Since the majority of dystrophic patients die from respiratory failure and the diaphragm
muscle is one of the most affected muscles in DMD (Mead et al. 2014), we sought to examine
whether loss of Panxl in mdx mice is associated with changes in their diaphragm and
respiratory function. As death of mice was first observed at 12 weeks of age in the Panx1”
/mdx group, mice were analyzed at 12-week-old for the remainder of this study unless
otherwise stated. To determine whether diaphragm structure and function are altered, cross-
sections of Panx1**/mdx and Panx1”-/mdx diaphragms were assessed for fiber cross-sectional
area (CSA) and number following H&E staining (Figure 4.3A). Panx1”/mdx had significantly
more fibers in the smallest size range (0-500 um?) (Figure 4.3B), which was reflected in the
significantly reduced mean fiber size (Figure 4.3C). The Panx1//mdx diaphragms also
displayed a higher number of myofibers when compared to diaphragms of their Panx1*/*/mdx
counterparts (Figure 4.3D). We also assessed the presence of centrally located nuclei in the
diaphragm muscle fibers, as it marks myofibers undergoing regeneration (J. Liu et al. 2020)
and found no difference between the two genotypes (Figure 4.3E). Next, we sought to establish
whether the diaphragm force was reduced in Panx1”-/mdx mice. While no shifts were observed

in the force frequency curve to indicate that Panx1”/mdx diaphragms had a fiber type
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composition shift (and perhaps fatigue characteristics), there was a consistent trend to a
reduction in the force generated at all frequencies between 20-200 Hz (Figure 4.3F). Contrary
to normal muscles including diaphragm for which maximum tetanic force occurs at 200 Hz,
maximum force in both Panx1”/mdx and Panx1**/mdx diaphragms peaked at 70-80 Hz.
When comparing the maximum force generated by the diaphragm based on the curve, this
force was comparable between both genotypes (Figure 4.3G).

The PV-loop curve was used to assess respiratory function and is important to note
that two curves for each genotype were generated by the PV-loop curve as one is generated
during the forced filling of the lungs and the other during expiration. We found that both
Panx1”/mdx and Panx1*"*/mdx genotypes had a significant downward shift in the pressure-
volume (PV)-loop curve in comparison to WT mice. However, this decrease was significantly
lower in Panx1**/mdx than in Panx1”/mdx mice (Figure 4.3H). Using the PV-loop curve, a
significantly higher compliance was calculated in Panx1”-/mdx mice than in Panx1*/*/mdx
with both genotypes being significantly lower than that of WT mice (Figure 4.31). Similarly,
WT mice recorded the highest residual volume, followed by Panx1”-/mdx mice which had a
significantly higher residual volume than that of Panx1**/mdx mice (Figure 4.3J). In all these
data suggest that in contrary to reduced survival rates, loss of Panx1 seems to improve the

respiration function in dystrophic mice.
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Figure 4.3: Altered Respiration in Panx1”/mdx mice is not Linked to Fiber Damage or
Impaired Strength in the Diaphragm.

A) Representative images of diaphragm cross-sections stained with H&E. Scale bar = 100 um.
Diaphragms were then analyzed for B) distribution curve (%) based on fiber cross-sectional
area (CSA) (n=5; two-way ANOVA followed by Sidak’s post hoc tests; data represents mean
+s.d.). C) Mean CSA of diaphragm fibers (n=5-6; unpaired two-tailed student’s t-test), D) the
number of fibers per mm?in the diaphragm cross-sections (n=5; unpaired two-tailed student’s
t-test), and the E) percentage of fibers containing centrally located nuclei (n=4-5; unpaired
two-tailed student’s t-test) were also determined (data represents mean + s.d.). F) The force-
frequency curve of diaphragm strips (data represents mean + s.e.m. instead of s.d. to better
visualize the curves) and the G) average maximum force (n=5; unpaired two-tailed student’s
t-test; data represents mean + s.d.). Mice were subjected to forced ventilation and the H)
pressure volume loop (n=7-8; two-way ANOVA followed by Sidak’s post hoc test; data
represents mean + s.e.m.), I) compliance (ml/cm H20) normalized to body weight (g)) (n=7-
8; One-way ANOVA followed by Tuckey’s Post hoc; data represents mean + s.d.), and J)
residual volume (RV) (n=7-8; One-way ANOVA followed by Tuckey’s Post hoc; data
represents mean + s.d.) were determined. * P<0.05, *** P<0.001, ns: non-significant.

4.3.4 Genetic Ablation of Panx1 in mdx mice Alters Muscle Fiber Size Distribution,
Reduces Fiber Number, and Increases the Proportion of Fibers with Centrally Located
Nuclei

We next selected one fast-twitch and one slow-twitch muscle which we previously
characterized in the Panx1 knockout mouse model (Freeman et al. 2022), namely the TA and
Sol muscles respectively, for further investigation into the muscle histology of the Panx1”
/mdx mice. The characterization of the two muscles is also informative as fast-twitch, but not
slow-twitch, muscles in mdx mice have an increased susceptibility to contraction-induced
injury (Kiriaev et al. 2021). The TA and Sol muscles were subjected to H&E staining for the
analysis of fiber size, number, and presence of centrally located nuclei (Figure 4.4A, top
panels) and to Masson trichrome staining to analyze accumulation of fibrotic tissue (Figure
4.4A, lower panels). While not evident by looking at the average CSA (Figure 4.4B), the fiber

size distribution in the TA of Panx1/mdx mice showed a significantly increased proportion
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of fibers over 7000 pm? (Figure 4.4C). These data were accompanied by a significant drop in
the number of muscle fibers per mm? in the Panx1”-/mdx TAs (Figure 4.4D). In the Sol, no
significant differences in fiber CSA or fiber number were observed between the two genotypes
(Figure 4.4E-G). These data infer that loss of Panxl in the mdx mouse model alters the
myofiber size and reduces the myofiber number in the fast twitch TA muscle.

We then assessed cross-sections of the TA and Sol for the percentage of fibers with
centrally located nuclei, which represent myofibers undergoing regeneration and also
indicative of diseased muscle (Cadot, Gache, and Gomes 2015; Folker and Baylies 2013).
Sections were also subjected to Masson trichrome staining as an indicator of fibrosis (Van De
Vlekkert, Machado, and d’Azzo 2020). Both the TA and Sol muscles from Panx1”/mdx mice
displayed significantly more fibers with centrally located nuclei compared to that of
Panx1**/mdx mice (Figure 4.4H-1). Intriguingly, while the muscle area stained with Masson
trichrome was low for both genotypes, the TA of Panx1”/mdx mice displayed less Masson
trichrome staining than the Panx1*/*/mdx controls (Figure 4.4J). No significant difference was
observed for the Sol muscle (Figure 4.4K). These data suggest that loss of Panx1 may reduce
fibrotic accumulation in the TA of mdx mice but increases the proportion of myofibers with

central nuclei in the TA and Sol muscles.
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Figure 4.4:Genetic Ablation of Panx1 in mdx mice Alters Muscle Fiber Size Distribution,
Reduces Fiber Number, and Increases the Proportion of Fibers with Centrally Located
Nuclei.

A) Representative images of the TA and Sol muscles of Panx1”-/mdx and Panx1*/*/mdx cross-
sections stained with H&E (top) and Masson trichrome (bottom). Scale bars = 200 um. In the
TA, the B) mean CSA (n=6; two-tailed unpaired student’s t-test), C) fiber CSA distribution
(n=6; two-way ANOVA followed by Sidak’s post hoc tests), and D) number of fibers per mm?
(n=5; unpaired two-tailed student’s t-test) were measured. The Sol E) mean CSA (n=6;
unpaired two-tailed student’s t-test), F) fiber CSA distribution (n=6; two-way ANOVA
followed by Sidak’s post hoc tests), and G) number of fibers per mm? (n=7-8; unpaired two-
tailed student’s t-test) were also assessed. The percentage of fibers containing centrally located
nuclei for H) the TA (n=5; unpaired two-tailed student’s t-test), and 1) the Sol (n=6-7; two-
tailed unpaired student’s t-test). From the Masson trichrome staining the percentage of fibrotic
area was calculated in the J) TA (n=7; two-tailed unpaired student’s t-test), and the K) Sol
(n=5-7; two-tailed unpaired student’s t-test). Data represents mean + s.d. *P<0.05, ** P<0.01,
ns: non-significant.

4.3.5 The Tibialis Anterior Muscles of Panx1”/mdx mice have Fewer SCs

Since increased myofiber damage often corresponds to increased fat accumulation in
dystrophic muscle, we further assessed the TA and Sol sections for percentage of area covered
by lipids via Oil Red O staining (Biltz and Meyer 2017) (Figure 4.5A). In line with our
EchoMRI data, there were no significant changes in fat accumulation between the
Panx1**/mdx and Panx1”-/mdx TA and Sol muscles (Figure 4.5B-C). We next sought to
establish whether muscles from Panx1”/mdx mice had more necrotic fibers via IgG staining
(Bencze et al. 2019) (Figure 4.5D, top panels). We also looked for any changes in the SC pool
via Pax7 staining (Figure 4.5D, bottom panels) as loss of SCs can be associated with increased
muscle damage (Evano and Tajbakhsh 2018). The percentage of IgG-positive fibers were very
low in the TA and Sol muscles and similar for both genotypes (Figure 4.5E-F). While the SC
numbers in the Sol muscle were comparable for both groups, genetic ablation of Panxl

significantly decreased the SC number in the TA muscle of mdx mice (Figure 4.5G-H).
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Figure 4.5: The Tibialis Anterior Muscles of Panx1”-/mdx mice have fewer SCs.

A) Representative image of Oil Red O staining performed on a Panx1**/mdx TA. Scale bar
= 50um. Quantification of percent area covered by Oil Red O stain in the B) TA and C) Sol
(n=5-6; unpaired, two tailed student’s t-test). D) Representative pictures of cross-sections of
the TA muscles stained for DAPI (blue), necrotic fibers (IgG positive; green), and laminin
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(red) (top). They were also stained for DAPI (blue), Pax7 (green), and laminin (red) as shown
in the representative pictures (bottom). Scale bar = 100 um. Cross-sections were then analyzed
for the percentage of 1gG positive fibers for the E) TA (n=6; two-tailed unpaired student’s t-
test) and F) Sol (n=3-4; two-tailed unpaired student’s t-test). The number of SCs per mm?,
identified by Pax7 staining, was measured in G) TA (n=6; two-tailed unpaired student’s t-test)
and H) Sol muscles (n=4-6; two-tailed unpaired student’s t-test). Data represents mean =+ s.d.
**P<0.01, ns: non-significant.

4.3.6 Panx1”-/mdx mice Display Reduced Muscle Strength and Locomotor Function

As DMD involves muscle weakness, we sought to establish if Panx1”-/mdx mice
present with a reduction in muscle function. First, we selected the Sol muscle to assess for
maximum force. Due to its anatomical nature and the requirement of attaching the muscle
tendon to tendon, the TA was not suitable for these tests. No shift was observed in the force
frequency curve indicating that likely muscle fatigability was similar in the Sol muscles of the
two groups of mice (Figure 4.6A). When comparing the maximum force generated based on
the curve, Sol muscles from Panx1”/mdx mice displayed a significant reduction in maximum
force generation when compared to that of Panx1**/mdx (Figure 4.6B).

Grip strength and pole tests were then used to further assess in vivo muscle strength
and locomotor function. In line with the contraction data, Panx1”-/mdx mice had significantly
reduced grip strength than the Panx1**/mdx controls (Figure 4.6C). When subjected to the
pole test, Panx1”-/mdx mice took a significantly longer time to turn around and descend the
pole than the Panx1**/mdx mice (Figure 4.6D-E). These findings, taken alongside the reduced
contractile force observed in the Sol muscle, implicate that loss of Panx1 reduces muscle force

and overall locomotor function.
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Figure 4.6: Panxl1’/mdx mice Display Reduced Muscle Strength and Locomotor

Function.

The soleus muscle was subjected to force measurements and the A) force-frequency curve
were recorded and B) average maximum force determined based on the curves (n=7; two-
tailed unpaired student’s t-test). C) Mean forelimb grip strength of Panx1”/mdx and
Panx1**/mdx mice was measured (n=8-9; two-tailed unpaired student’s t-test). Mice were
also subjected to a pole test where the D) time to turn around and E) time to descend the pole
were measured (n=9-10; two-tailed unpaired student’s t-test). Data represents mean =+ s.d.
except for panel A where data represents mean +s.e.m. to better visualize the curves. *P<0.05,

**P<0.01.
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4.3.7 P2Y1 Levels are Increased in the Soleus Muscle of Panx1”//mdx mice.

Given the significant role of P2 receptors in mediating Panx1-based signaling,
including those involved in cytoskeletal rearrangements and muscle differentiation (Riquelme
et al. 2015; Suarez-Berumen et al. 2021), we assessed the expression of P2Y1 in the TA, Sol,
and diaphragms of Panx1”/mdx and Panx1**/mdx mice. We selected to assess the P2Y1
receptor as P2Y1 agonists have been demonstrated to regulate the expression of genes related
to cell death in dystrophic fibers (Valladares et al. 2013). In the TA, two species were detected
using the anti-P2Y1 antibody: one at 90 kDa and the second one at 114 kDa. These species
have been previously identified as the dimer (90 kDa) and glycosylated dimer (114 kDa) (Ju
et al. 2003) of the P2Y1 receptor. Levels of both species were slightly decreased in the Panx1
"Imdx TA compared to that of the Panx1**/mdx mice (Figure 4.7 A-C). In the Sol and
diaphragm only the 90 kDa P2Y1 species was detected. When compared to Panx1*/*/madx
mice, Panx1”-/mdx mice had significantly more P2Y1 expression in their Sol muscle, while
no statistical difference was observed in the diaphragm (P=0.06 as determined by two-tailed
unpaired student’s t-test) (Figure 4.7 D-E).

As elevation in P2Y1 levels have been suggested to correlate with increased in
apoptosis in dystrophic tissue (Valladares et al. 2013), we assessed apoptosis using antibodies
against the active (cleaved) form of caspase 3 (Porter and Janicke 1999). We found that the
TA muscles of Panx1”-/mdx and Panx1**/mdx mice had comparable levels of cleaved caspase
3 (Figure 4.7 F-G), while it was not expressed at a detectable level in the Sol in either genotype
(Figure 4.7F). These data imply that P2Y1 levels do not correlate with the apoptotic state of

dystrophic muscles, nor does loss of Panx1 trigger myofiber apoptosis.
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Figure 4.7: P2Y1 levels are increased in Soleus muscle of Panx1”/mdx mice.

A) Representative western blot of P2Y1 levels and their quantification normalized to GAPDH
for the B) TA (90 kDa species), C) TA (114 kDa species), D) Sol, and E) diaphragm muscles
(n=5; unpaired two-tailed student’s t-test). F) Western blots of cleaved caspase-3 and GAPDH
in the TA and Sol of Panx1”/mdx and Panx1**/mdx mice. Sol muscles did not display
detectable levels of cleaved caspase 3 for either genotype. Positive control consisted of bone
marrow derived macrophages treated with lipopolysaccharide to induce apoptosis. G)
Quantification of cleaved caspase-3 protein levels normalized to GAPDH in the TA muscles
(n=5; unpaired two-tailed student’s t-test). Data represents mean + s.d. ***P < 0.001, ns: non-
significant.
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4.3.8 SC Number, Proliferation, and Differentiation are Unaltered in Panx1”-/mdx mice

To determine if loss of Panx1 in mdx mice alters SC numbers as it does in Panx1 KO
mice (Freeman et al. 2022), myofibers from the EDL of 8-week-old Panx1’/mdx and
Panx1**/mdx mice were isolated and immediately assessed for SC number via Pax7
immunostaining. In contrast to our findings in TA-sections, Panx1”-/mdx and Panx1**/mdx
mice had similar numbers of SC cells per fiber (Figure 4.8A). Fibers were then fixed after 48
hours of culture and co-stained with Pax7 and MyoD to assess for the percentage of cells that
are self-renewing (Pax7*/MyoD"), proliferating (Pax7*/MyoD"), and differentiating (Pax7-
/MyoD*) (Figure 4.8B). Panx1”/mdx fibers had significantly more self-renewing cells
compared that of Panx1*"*/mdx mice (Figure 4.8C). However, no significant differences were
observed in the proportion of proliferating and differentiating progenitors between Panx1
/mdx and Panx1*"*/mdx mice (Figure 4.8D-E). When fibers were fixed 72 hours post isolation,
the percentage of cells expressing the terminal differentiation marker MyoG was again
comparable between both genotypes (Figure 4.8F). As muscle differentiation was seemingly
unaffected we wanted to determine if loss of the major contractile protein MHC was
contributing to muscle weakness. To this end, we assessed MHC levels in the TA, Sol, and
Diaphragm of Panx1”/mdx and Panx1**/mdx mice at 12 weeks of age. MHC levels were
similar between Panx1”/mdx and Panx1**/mdx mice in all muscles selected indicating that

muscle weakness was not induced by a loss of MHC (Figure 4.8G-1).
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Figure 4.8: Panx1”/mdx mice have unaltered SC number, proliferation, and
differentiation.

A) Myofibers were isolated from the EDL of 8-week-old Panx1**/mdx and Panx1”/mdx mice
and immediately assessed (0 hours) for the number of Pax7 positive cells per fiber (n=5-6;
unpaired two-tailed student’s t-test). B) Representative image of myofibers fixed 48 hours (h)
after culture and stained for DAPI (blue), Pax7 (green), and MyoD (red). Arrow depicts a
Pax7*/MyoD* myogenic precursor. Scale bar = 50 um. Myofibers fixed 48 h after culture were
assessed for the proportion of C) self-renewing (Pax7*/MyoD"), D) proliferating
(Pax7*/MyoD*), and E) differentiating (Pax7-/MyoD™) cells (n=7-8; unpaired two-tailed
student’s t-test). F) Myofibers fixed 72h after culture were stained for the proportion of MyoG
positive cells (n=7-8; unpaired two-tailed student’s t-test). G) Representative image of
myofibers fixed at 72 h of culture and stained for DAPI (blue), MyoG (green), and MyoD
(red). Scale bar = 50 um. H) Western blots displaying MHC and GAPDH levels in
Panx1**/mdx and Panx1”/mdx TA, Sol, and DIA muscles. Quantification of MHC protein
levels normalized to GAPDH for the 1) TA, (J) Sol, and K) DIA muscles (n=5; unpaired two-
tailed student’s t-test). Data represents mean £ s.d. *P< 0.05, ns: non-significant.

4.3.9 Panx1/PANX1 Regulates the Fusion of Murine and Human Dystrophic Myoblasts

We and others have previously shown that loss or inhibition of Panx1 does not affect
the differentiation of normal primary myoblasts from male mice, but inhibits their fusion
(Freeman et al. 2022; Suarez-Berumen et al. 2021). To evaluate whether Panx1 regulates
dystrophic cell differentiation and fusion, myoblasts isolated from 8-week-old Panx1*"*/mdx
mice were differentiated for 3 days in the presence of either PBS (Ctl) or 25 um carbenoxolone
(CBX) to inhibit Panx1 channels (Figure 4.9A). This concentration of CBX was utilized as it
was previously demonstrated to block Panx1 channels in myoblasts without inducing cell
toxicity (Suarez-Berumen et al. 2021). CBX treatment had no significant effect on the
differentiation index (Figure 4.9B), but significantly reduced dystrophic murine myoblast
fusion at days 1 and 2 post differentiation (Figure 4.9C).

We next sought to establish whether increasing PANX1 levels in DMD patient-derived

myoblasts could improve their differentiation and fusion. To this end, dystrophic myoblasts
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were transduced with either a PANX1 overexpression lentivector or a GFP lentivector as a
control. Myoblasts overexpressing PANX1 displayed increased differentiation and fusion
indices when compared to their controls (Figure 4.9E-G). These data demonstrate that
increasing PANX1 levels promote the differentiation and fusion of human dystrophic

myoblasts.
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Figure 4.9: Panx1/PANX1 Regulates the Fusion of Murine and Human Dystrophic
Myoblasts.

A) Primary myoblasts isolated from Panx1**/mdx mice were differentiated for 3 days in the
presence of either PBS (Ctl) or 25 uM carbenoxolone (CBX). At each day, cells were fixed
and then stained with DAPI (blue) and MHC (green). Scale bar = 400 um. B) The
differentiation and C) fusion indices were calculated at each time point (n=3; paired two-tailed
student’s t-test for each time point). D) Dystrophic human skeletal muscle myoblasts derived
from patients (namely DMD1, DMD2 and DMD7) were treated with a lentivector containing
either a GFP or PANX1 overexpression construct. Cells were differentiated for 6 days then
stained for DAPI (blue) and MHC (red). Representative images shown. Scale bar = 400 um.
Myoblasts were then analyzed for the E) differentiation (n=3; paired two-tailed student’s t-
test) and F) fusion index (n=3; paired two-tailed student’s t-test). Data represents mean + s.d.
* P<0.05, ** P<0.01, ns: non-significant.
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Chapter 5 : General Discussion

In the studies presented in this thesis, we have found that Panx1 regulates skeletal
muscle function, and regeneration in a sex-dependant manner in the context of normal muscle.
Specifically, Panx1 is required for the establishment of fiber size, strength, and the SC pool in
male but not in female muscle. Most effects observed in this setting, including the decreased
CSA and the increased number of muscle fibers during regeneration, might be attributed to
the significant impairment of myoblast fusion present in the male Panxl KO mice.
Importantly, the use of Panx1 pharmacological inhibitors recapitulated these effects indicating
that the reduction of myoblast fusion was due to the loss of Panx1 and not caused by any
passenger mutations, such as the caspl1 mutation found in the Panx1 KO model. In DMD, a
disease predominantly affecting males, Panx1 protein levels varied amongst patient derived
samples. Regardless of the PANX1 protein level, PANX1 channel function was significantly
hindered in dystrophic samples suggesting that PANX1 function is altered in DMD. While the
specific mechanisms involved remain to be explored, the genetic ablation of Panxl in the
dystrophic mdx mouse model was associated with increased signs of myofiber specific damage
marked by increased presence of centrally located nuclei and significant myofiber loss. These
mice also display a significantly reduced lifespan. Conversely, increasing Panx1 levels in
patient derived cell lines showed significant improvement in myoblast fusion, highlighting

that increasing PANX1 levels may have therapeutic benefit for patients with DMD.

5.1 Panx1 has Sex-Dependant Roles in Skeletal Muscle.

This study is the first to report that Panx1 regulates skeletal muscle size, function, and

regeneration in a sex-dependant manner. Genetic ablation of Panx1 resulted in smaller skeletal
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muscle fibers, weaker muscle function, reduced satellite cell numbers, and delays in early SC
differentiation preferentially in male mice. Furthermore, in primary myoblasts isolated from
male mice, we show that the absence of Panx1 does not alter terminal differentiation, however,
significantly reduces myoblasts fusion. Importantly, these effects were minimal or absent in
female mice indicating that the influence of Panx1 on skeletal muscle may be sex-dependent.
Following cardiotoxin-induced skeletal muscle injury, male muscles showed reduced SC
numbers; an effect that was not observed in female mice. Intriguingly in both male and female
Panx1 null mice, early stages of in vivo muscle regeneration showed increased fiber number,
however, these fibers were smaller in male, but not in female mice, further suggesting a sex-
specific effect of impaired fusion.

The current Panx1 KO model (CMV-Cre/Panx1"M) uses a Panx1 allele with floxed
exons 3-4 which when crossed with transgenic mice containing the cytomegalovirus (CMV)
promoter and Cre-recombinase generates a global knockout (Dvoriantchikova et al. 2012).
However, this model carries a passenger mutation deleting Caspase 11 and as evident from
our genotyping data is not removed via backcrossing. While not detectable in healthy muscle,
Caspase 11 is expressed in macrophages during injury response and therefore its loss poses a
concern during muscle regeneration and/or disease when macrophages are most active in
muscle tissue (S. J. Kang et al. 2000). Our data demonstrated that treatment with the Panx1
inhibitor carbenoxolone in primary WT myoblasts recapitulates our differentiation and fusion
findings from Panx1 KO myoblasts inferring that these effects were not influenced by loss of
Caspll. Furthermore, Suarez-Berumen and colleagues recently compared the current Panx1
KO model with both, Casp11”- mice and the Panx1KO/B6 knockout model which does not

contain the Caspll mutation. In accordance with our findings, they showed that following
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neotoxin induced injury, the TA had reduced fiber sizes in both Panx1 KO models (Suarez-
Berumen et al. 2021). Together, these data infer that the effects reported in this study are due
to a loss of Panx1 and not secondary to the Casp11 mutation.

Here, we investigated the role of Panxl in regulating SC number and function and
found that myofibers from male Panx1 KO mice have a reduced number of SCs compared to
that of their WT controls. Notably, this effect was not observed in female Panx1 KO mice.
After 48 hours in culture, the proportion of self-renewing cells was increased in male Panx1
KO myofibers possibly to replenish the reduced SC pool in these mice. Conversely, the
proportion of differentiating cells was significantly decreased in myofibers from male Panx1
KO mice after 48h, suggesting a differentiation defect caused by the absence of Panxl.
However, this suspected differentiation delay was rescued by 72 hours as reflected by the
proportion of cells expressing MyoG. These effects are likely a consequence of the low
number of SCs in fibers from male Panx1 KO mice as the increase in self-renewal or decrease
in early differentiation were not observed when single fibers from WT male mice were
cultured in the presence of probenecid or carbenoxolone.

The influence of sex-specific androgens testosterone and estrogen in skeletal muscle
has been well characterized. Sex based differences have been reported to influence muscle
progenitor proliferation and differentiation (Singh et al. 2003; Z et al. 2001; Mangan et al.
2014), muscle development, hypertrophy (Griggs et al. 1989; Vingren et al. 2010), strength
and fiber typing (Vingren et al. 2010; Moran et al. 2007; Srinivas-Shankar et al. 2010).
Conversely, the sex-dependant functions of Panx1 are just beginning to emerge. Genetic
ablation of Panx1 revealed that its presence impairs recovery from ischemic injury in female

but not male mice (Freitas-Andrade et al. 2017). More recent studies have also revealed sex-
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dependant responses of Panx1 in bone resorption (Deosthale et al. 2022) and metformin
treatment in diabetic models (Lueti¢ et al. 2021). One study of particular interest is that of
Aguilar-Perez and colleagues who reported that osteocytic specific knockout of Panxl
increased muscle mass without altering muscle strength in female mice (Aguilar-Perez et al.
2019). Conversely, male mice had no changes in muscle mass but displayed significantly
weaker muscles. Here they concluded that Panxl mediated release of metabolites from
osteocytes influences muscle in a sex-dependent fashion (Aguilar-Perez et al. 2019).

The male dominant influence Panxl exerts on skeletal muscle was particularly
surprising considering previous reports demonstrating male and female skeletal muscle
express similar levels of Panx1 (Pham et al. 2018). While no difference was observed between
the female Panx1 KO and WT mice for most of the assessments in this study, two differences
were recorded at day 4 post cardiotoxin injury. There were significantly more newly formed
myofibers as indicated by increased Myh3 positive myofibers and increased CD68* positive
myofibers in the Panx1 KO females. These findings could be in line with fusion deficiencies
which commonly associate with increased fiber numbers (Howard et al. 2020). Furthermore,
around day 4 post-injury the number macrophages present in muscle begins to diminish. Thus,
increased amounts of CD68* cells can be indicative of a regeneration delay (Howard et al.
2020). However, the current study did not assess whether these CD68* are early appearing
pro-inflammatory macrophages, the subsequently acting anti-inflammatory macrophages or
the later appearing FAPS and therefore, the extent of this suspected regeneration delay remains
undetermined. Nonetheless, the lack of effects at later post-injury timepoints and the lack of
changes in female Panxl KO muscle histology and function in comparison to that of WT

muscle indicates that the effects of global Panx1 loss is minimal in female skeletal muscle.
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The influence sex has on Panx1 remains to be investigated in detail however, one report
has suggested that sex-specific androgens may regulate Panx1 expression. In 2014, Dufresne
and Cyr demonstrated that Panx1 is significantly upregulated in orchiectomized rats and this
correlated with increased levels of the Panxl1 transcriptional promoter, ETS variant
transcription factor 4 (ETV4) (Dufresne and Cyr 2014). These findings led to the notion that
male specific androgens can regulate Panx1 transcription. Unfortunately, this does not explain
the differences observed in our current study as we have previously reported that Panx1
transcript and protein levels are equally expressed in male and female TA and Sol muscles
(Pham et al. 2018). More recently, Panx3 transcripts have been detected in female but not male
skeletal muscle (Wakefield and Penuela 2022). It is thus possible that Panx3 compensates for
loss of Panx1l only in female muscle describing our sex-specific effects observed here
(Wakefield and Penuela 2022). However, the lack of a specific Panx3 antibody prevents us
from confirming this in our mice but would be of interest for future studies. Furthermore, it is
possible that signaling cascades downstream from Panx1. act in a sex-dependent manner. For
instance, sex-specific androgens have opposing roles in the regulation of muscle mass via
TGF- B signaling, a known downstream Panx1 signaling cascade (Haizlip, Harrison, and

Leinwand 2015; W. Liu et al. 2019).

5.2 Panx1 is Dysregulated in DMD and Panx1 loss Exacerbates Dystrophic features in
mdx Mice.

The work detailed in this aim revealed that while PANX1 levels varied amongst the
dystrophic patient-derived myoblast cell lines assessed, PANX1 channel activity was
significantly reduced. Consistent with this data, VValladares et al (2013) have previously shown

that dystrophic fibers from mdx mice are unable to activate Panx1-mediated ATP release after
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electrical stimulation (Valladares et al. 2013). Taking into consideration that both Panx1 and
dystrophin reside together within a multi-protein complex (Arias-Calderén et al. 2016),
alongside the reduced Panx1 protein levels in muscles from severely dystrophic mice (Pham
et al. 2018), these findings suggest that Panx1 is dysregulated in DMD. To decipher the role
Panx1 plays in DMD and its progression, our laboratory generated the first dystrophic (mdx)
mouse model that lacks Panx1 (Panx1”-/mdx).

Upon initial observations, Panx1”/mdx mice had a significant reduction in body
weight that was attributed to loss of lean body mass, potentially indicating muscle wasting. In
favor of this, the TA of these mice also displayed less myofibers and significantly reduced wet
muscle weight. Histological analysis of the Panx1”-/mdx mice further revealed increased signs
of myofiber specific damage as seen by the elevated number of fibers containing centrally
located nuclei in both the TA and Sol muscles. The presence of myofibers with central nuclei
is common to many neuromuscular disorders or diseases and is a common indicator of muscle
weakness and increased disease progression (Folker and Baylies 2013). This increase in
myofiber specific damage of Panx1/mdx mice was associated with lower maximum force of
the Sol, reduced grip strength, and impaired locomotor function. Together these data infer that
absence of Panx1l may increase myofiber susceptibility to dystrophic damage, ultimately
resulting in muscle weakness and wasting.

The mdx model commonly displays poor accumulation of fibrotic tissue during the
early months of life (3-12 weeks old) however, it is at these stages that dystrophic symptoms
are most active. Thus, this likely accounts for the low amount of fibrotic tissue within the
skeletal muscle observed in this study. Interestingly, Panx1”/mdx had an even lower amount

of fibrotic tissue compared to their Panx1**mdx littermates. These data are in keeping with

93



previous reports demonstrating that genetic ablation of Panx1 reduces fibroblast activation
and subsequently fibrosis accumulation in the liver (Crespo Yanguas et al. 2018) and
cardiomyocytes (Dolmatova et al. 2012). Interestingly, reduced fibrosis commonly leads to
improved lung compliance, higher lung residual volumes, and overall improved respiratory
function which were all observed here in the Panx1”/mdx mice (Giovarelli et al. 2022; Shafa
et al. 2018; Vanoirbeek et al. 2010). Panx1”/mdx diaphragms did have significantly smaller
myofibers and higher numbers of fibers which may be indicative of fiber splitting and
subsequently fiber damage (Murach et al. 2019). However, it is evident from the normal
diaphragm strength and unaltered numbers of centrally located nuclei that this potential
damage may be minimal and does not seem to alter diaphragm function at least by the
assessments we used and at the age we examined. While reduced fibrosis and improved
respiratory function would typically be of benefit to dystrophic mice, the drastically reduced
lifespan of Panx1”-/mdx mice indicates that other mechanisms at play are counteracting these
slightly advantageous effects.

As we have focused this study on skeletal muscle, we did not assess the cardiac health
of Panx1”-/mdx mice. Cardiomyopathy presents itself in the majority of DMD patients, and in
8% of DMD female carriers. Furthermore, it is the main clinical complication of BMD patients
(Mavrogeni et al. 2015; Palladino et al. 2016; Rajdev and Groh 2015). Indeed, a study by
Petric and colleagues (2016) demonstrated that Panx1 KO mice have increased susceptibility
to atrial fibrillation (Petric et al. 2016). These findings are in corroboration with those
describing that atrial fibrillation can contribute to cardiac failure in DMD patients (Branco et
al. 2007; Chen et al. 2013; Palladino et al. 2016; Rajdev and Groh 2015; Waldmann et al.

2020). It is thus tempting to speculate that the cause of premature death in the Panx1//mdx
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mice may be linked to increased cardiac failure emphasizing the need for further investigation

into the cardiac health of Panx1”-/mdx mice.

5.3 Differences Between Panxl KO and Panx1’/mdx Muscle Histology and SC
Proportions May Be Linked To mdx Disease Progression

Unlike the Panx1 KO males, Panx1”- /mdx males demonstrated a significant decrease
in total body mass reflected by losses in lean body mass, a shift towards increased fiber cross-
sectional area and no change in SC numbers in cultured EDL myofibers. Most of these
differences can be attributed to the mdx mouse model. For instance, given that fusion defects
are present following pharmacological Panx1 inhibition in both WT and Panx1**/mdx
myoblasts, it was expected that male Panx1”-/mdx myofibers may also display smaller fiber
CSA. However, Panx1”/mdx myofibers had comparable mean CSA to that of their
Panx1**/mdx littermates. Indeed, the mdx mouse model does not perfectly reflect the muscle
wasting observed in human DMD and progressive myofiber hypertrophy in the mdx mouse
takes place as early as 6-weeks of age (Duddy et al. 2015). Therefore, it is likely that this fiber
hypertrophy present in mdx mice counteracts the reduction in fiber size observed in male
Panx1 KO mice. Furthermore, the significant increase in the number of fibers over 7000um
in the TA of Panx1”-/mdx mice might indicate that this hypertrophy present in the mdx mouse
model is slightly amplified following loss of Panx1. Findings from Duddy and colleagues
(2015) demonstrated that increased myofiber sizes in the mdx mouse model is associated with
increased lysosomal structures and may indicate a pre-necrotic state of the myofiber (Duddy
et al. 2015). Therefore, these data would further imply that Panx1”-/mdx mice have increased

signs of myofiber stress.
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Typically, in absence of dystrophy, Panx1 KO mice display increased fat mass (Lee et
al. 2018). Nevertheless, we found no changes in total body fat nor any signs of lipid
accumulation in the muscles of Panx1”-/mdx mice. Interestingly, despite their increased weight
in comparison to their WT counterparts, mdx mice do not typically display fat accumulation.
Rather, their weight differences are typically attributed to increases in muscle hypertrophy and
changes in bone size (Radley-Crabb et al. 2014). Indeed, Panx1 KO mice have been reported
to have perturbed load-induced bone growth indicating that Panx1 has roles in regulation of
bone size (Seref-Ferlengez et al. 2019). Thus, it is important to note that while Panx1”-/mdx
mice had significantly lower total body weight and reduced lean mass in contrast to their madx
counterparts, other tissues aside from muscle may contribute to these body weight changes.

Here we found the Panx1”-/mdx mice to have similar SC numbers to that of their
Panx1**/mdx littermates, whereas our previous findings in the Panx1 KO mouse suggest that
loss of Panxl decreases male SC number in both the TA during regeneration and in the
uninjured EDL myofibers. While mdx mice are known to have heightened regenerative
responses, this is an effect that is not observed in the human disease. These heightened
regenerative responses may also reduce the influence of factors that would otherwise regulate
progenitor populations in healthy skeletal muscle (Massopust et al. 2020; Méazala et al. 2020).
Specifically, the mdx model used in this study has been previously reported to have abnormally
high SC cell expansion, which may account for why the EDL myofibers of Panx1”/mdx mice
do not display the typical decrease in SC number seen with the Panx1 KO mice (Kottlors and
Kirschner 2010; Mazala et al. 2020). Furthermore, the Panx1”/mdx males had no delay in
differentiation unlike that seen in the Panx1 KO male myofibers 48 hours after isolation, an

effect attributed to decreased SC numbers. Interestingly, the difference in SC number seems

96



to be muscle specific, as we observed decreased SC numbers in the uninjured TA of Panx1”
/mdx mice. Alternatively, this may be related to Panx1 expression in the mdx mouse model.
Our laboratory has previously reported that Panx1 levels are downregulated in the EDL but
not the TA muscle of mdx mice (Pham et al. 2018). Therefore, it is likely that muscle specific
downregulation of Panx1 in the mdx model accounts for the muscle specific changes observed
here, and these effects were not accentuated by the complete loss of Panxl. Indeed, we
observed muscle specific differences in the Panxl KO mouse as well in relation to MHC
expression in which only the Gastroc muscle displayed a reduction following loss of Panx1,
further indicating that the influence of Panx1 may vary from muscle to muscle. These muscle
specific changes may be linked to fiber type variance between muscles a topic which is
discussed further in the next section (section 5.4).

It is possible that the D2 mdx mouse would be a better model for assessing the role of
Panx1 in progenitor populations as they behave in a manner that more closely resembling that
reported in the human disease (Kottlors and Kirschner 2010). However, the D2 mdx mouse
holds an additional mutation in LTBP4 (latent transforming binding growth factor 4) which
increases the amount of active TGF-B (transforming growth factor beta) present during
inflammation (Hammers et al. 2020; van Putten et al. 2019). While the D2 mdx mouse has a
reduced regenerative response closer to that of the human disease, it does not recapitulate the
genetic changes observed in human DMD, and further alters the immune response making
some measurements, such as macrophage and IgG staining, inaccurate (Hammers et al. 2020;

Kottlors and Kirschner 2010; van Putten et al. 2019).

5.4 Effects of Panx1 May be Fiber Type Specific
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One common phenomenon observed between both the male Panx1 KO and the Panx1
" Imdx mice is that fast-twitch muscles, namely the TA, are seemingly more effected by loss
of Panx1 than in the Sol, a slow-twitch muscle. These findings were surprising considering
that we have shown here and previously that Panx1 is more abundant in slow-twitch muscles
such as the Sol (Freeman et al. 2022; Pham et al. 2018). Additionally, findings from Jorquera
et al (2013) suggested that Panx1 may be involved in the specification of slow-twitch fibers
(Jorquera et al. 2013). Together, these studies would lead one to believe that slow-twitch fibers
may be more affected by Panx1 loss. However, we demonstrate here that reduction in fiber
size, decreases in the SC pool and signs of dystrophic damage including increased centrally
located nuclei are more prominent in the TA of Panx1 KO and Panx1”-/mdx mice.

Typically, the TA muscle consists of a low (~4 %) (Lexell et al. 1994) percentage of
slow type I fibers unlike the Sol which is comprised of ~75 % type | fibers (Barclay and Weber
2004). The diaphragm however contains relatively equal parts of type | and fast type Il fibers
and this may contribute to the minimal effects observed in the diaphragms of our Panx1”-/mdx
mice (Atkin et al. 2005). Interestingly, female skeletal muscle expresses higher proportions of
slow-twitch muscle fibers than that of male muscle (Haizlip, Harrison, and Leinwand 2015)
Therefore, it is possible that the compensatory mechanisms occurring in slow-twitch muscle
could be similar or the same to those occurring in female Panx1 KO mice. Additionally, slow-
twitch fibers have a lower demand for ATP, the most studied Panx1 released metabolite,
during muscle contraction (Medina et al. 2020; Szentesi et al. 2001). This is further supported
by Riquelme et al (2013) who showed that Panx1-mediated ATP release promotes contraction

potentiation through P2Y 1 receptor activation in the fast-twitch EDL but not in the Sol muscle
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further indicating that the requirement for Panx1 may differ between slow- and fast-twitch

muscles (Riquelme et al. 2013).

5.5 Panx1/PANX1 Might Influence Muscle in a Species and Muscle Specific Manner
Our results from ex vivo cultured myofibers demonstrating that genetic ablation of
Panx1 does not alter myogenic progenitor proliferation are consistent with our previous report
demonstrating that pharmacological inhibition of PANX1 channel function had no effect on
primary human skeletal muscle myoblast (HSMM) proliferation (Langlois et al. 2014).
Previous data using HSMM showed that treatment with probenecid or carbenoxolone reduced
the percentage of MHC-positive HSMM, and thus impaired differentiation (Langlois et al.
2014). Despite reduced fiber sizes in males, we found no significant changes in MHC protein
levels in the TA and Sol muscles from male and female Panx1 KO mice. However, Panx1 KO
mice did have significantly lower MHC protein levels in the Gastroc indicating the relationship
between Panx1 and MHC might vary from muscle to muscle. It is possible that the primary
HSMM used in our previous study were isolated from a muscle type in which PANX1 exhibits
more effect or could be due to sex-based differences in the donors. However, neither sex nor
the muscle type of the HSMM donors were disclosed by the vendor. In keeping with previous
findings from our lab using HSMM from a healthy donor (Langlois et al. 2014), my data also
showed that over-expression of PANX1 in myoblasts from male DMD donors promotes their
differentiation and fusion. While a difference in differentiation may exist between murine and
human myoblasts, inhibition of PANX1/Panx1 channels significantly reduced HSMM fusion

(Langlois et al., 2014), as well as fusion of myoblasts from male WT and mdx mice. In all,
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these findings highlight the need for a thorough investigation into the muscle-specific and

species-specific differences Panx1/PANX1 may have to fully grasp potential clinical impacts.

5.6 Proposed Mechanism of Panxl in Skeletal Muscle might involve Cytoskeleton
Organization

Results from this thesis showed that loss of Panx1 in healthy and dystrophic mice
reduces muscle strength and leaves it more susceptible to damage particularly in males, which
may further exacerbate DMD pathology. Accumulating evidence around Panx1 signaling
suggests a mechanism that works through Panx1 mediated activation of P2 receptors. For
instance, Valladares et al implicated that elevated P2Y 1 levels may increase mRNA expression
of pro-apoptotic genes suggesting these muscles could also be poised for increased cell death
(Valladares et al. 2013). However, here we did not find such correlation as while P2Y1 levels
increased in the Panx1”-/mdx Sol muscle, we could not detect any cleaved (active) caspase 3,
a marker of apoptosis. Similar to Panx1, P2Y1 levels have been detected in activated SCs
further implicating a role for it in muscle development and regeneration (May et al. 2006; M.-
J. Wang et al. 2023). However, P2Y receptors are not extensively studied in skeletal muscle
and therefore further investigations are required to determine the significance of this
relationship.

Alternatively, Suarez-Berman and colleagues (2021) demonstrated Panx1 channels
promote male myoblast fusion by activating P2X7R which leads to the generation of
lysophosphatidic acid (Suarez-Berumen et al. 2021). Lipid signaling, via lysophosphatidic
acid, activates the Rho-associated kinase (ROCK) that then initiates cytoskeletal changes that
promote membrane “blebbing”, an amoeboid like movement required for efficient myoblast

fusion (Suarez-Berumen et al. 2021). It is important to note that the authors of this report only
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considered male mice for their study and thus whether female myoblasts can initiate this
process in the absence of Panx1 remains unknown. These findings, infer that Panx1 regulates
the cytoskeleton of muscle progenitors contributing at least in part to some of its roles in
skeletal muscle. Our Preliminary investigations found that that loss of Panx1 in male mdx
mice does not alter the total levels of the cytoskeletal components actin nor tubulin. We did
observe that over 50 % of fibers in the Panx1/mdx TA presented abnormal F-actin patterning
however resolution limits of our microscope prevented us from fully grasping the degree of F-
actin mis-organization (Appendix | Figure 1).

Similar to our observations in Panx1”-/mdx mice, MAP6 (microtubule associated
protein 6) KO mice display increased muscle weakness and a loss of TA muscle mass. MAP6
KO mice also have significantly reduced fiber sizes an effect observed in our Panx1 KO mice.
These changes in MAP6 KO myofibers were attributed to mis-organized cytoskeletal
components rather than their loss (Sébastien et al. 2018). Pharmacologically induced
cytoskeletal disorganization in mdx mice has been identified to disrupt Ca?* and reactive
oxygen species (ROS) signaling which was further linked to decreased muscle strength and
myofiber instability (Khairallah et al. 2012; Lindsay et al. 2019). Indeed, organization of the
cytoskeleton plays a pivotal role in muscle health and any disruptions in its organization can
exasperate dystrophic symptoms.

Interestingly, our laboratory identified the PANX1 proximome by BiolD (Biotin
Identification) in rhabdomyosarcoma, a sarcoma thought to originate from skeletal muscle,
using two patient-derived cell lines, one of each sub-type (alveolar and embryonal) (Xiang et
al. 2021) (Appendix | Figure 2A). PANTHER gene ontology (GO) analysis of the top-ranked

215 proteins (>2-fold enrichment in PANX1 over-expressing cells) classified 37 proteins (17.2
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%) as cytoskeletal or cytoskeleton-associated proteins (Appendix | Figure 2B). These 37
proteins were further processed using STRING interaction network analysis, which placed
these cytoskeletal proteins in a primarily actin- and tubulin-related protein interaction network
(Appendix | Figure 2C and Table 1). One particularly interesting hit was Septin 9, a
pseudopodial protein involved in generating “ameboid like” cell movements (Shankar et al.
2010), similar to the Panx1-dependent myoblast movements described by Suarez-Berman et
al (Suarez-Berumen et al. 2021). These in silico analyses suggest a PANXZ1-proximome
involving many cytoskeletal proteins and thus may provide insight into a potential mechanism,
for further exploration, by which Panx1 regulates myofibers in both healthy and dystrophic
tissue.

Several groups have implicated roles for Panx1 mediated P2 activation in cytoskeletal
re-arrangements (Bhalla-Gehi et al. 2010; Boyce, Wicki-Stordeur, and Swayne 2014; Wicki-
Stordeur and Swayne 2013). Bao and colleagues (2012) demonstrated that Panx1 mediated
activation of P2 receptors drove aggregation of C6 rat glioma cells, a process reliant on actin
cytoskeletal rearrangements (Bao et al. 2012). Panx1 has also been shown in N2a cells to bind
and sequester collapsin response mediator 2 protein (Crmp2), a positive regulator of
microtubules (Xu etal. 2018). In this study, Panx1 inhibition led to the release of Crmp2 which
promoted microtubule stability via tubulin polymerization (Xu et al. 2018). Furthermore, in
neural progenitors Panx1 has been shown to directly interact with actin-related protein 3
(ARP3), a major component of the ARP2/3 complex regulating actin cytoskeletal
rearrangements in a variety of processes including determination of cell shape, cell migration,
and proliferation (Boyce, Wicki-Stordeur, and Swayne 2014; Goley and Welch 2006; Swaney

and Li 2016; Wicki-Stordeur and Swayne 2013). Interestingly, this interaction was found via
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GO analysis which revealed that about 10 % of Panx1 interacting hits were classified under
the term “Cytoskeleton”(Wicki-Stordeur and Swayne 2013). Clearly, Panx1l has many
cytoskeletal interactors and in-depth analysis of these hits and their relation to Panx1 may
reveal if the regulation of muscle progenitor fusion and myofiber strength by Panx1 involves

a reorganization of the cytoskeleton.

Chapter 6 : Future Directions & Conclusions

Overall, this study revealed a sex-based role for Panxl in skeletal muscle size,
regeneration, and strength. Many of these effects were attributed to impaired progenitor fusion
and were observed in male but not female mice. This study also found that Panx1 contributes
to myofiber maintenance in DMD and its loss leaves myofibers more susceptible to damage
resulting in weaker muscles and a significantly shorter lifespan of mdx mice. This thesis
proposes a potential link between Panx1 and cytoskeletal organization in dystrophic myofibers
indicating this may be one mechanism by which Panx1 contributes to muscle health. Indeed,
cytoskeletal rearrangements via Panx1 signaling have been implicated in myoblast fusion
(Suarez-Berumen et al. 2021). Therefore, it would be of interest to examine the relationship
between Panx1 and the cytoskeleton, and to determine whether this may be a mechanism by
which Panx1 maintains myofiber stability in healthy muscles and how this may be altered in
DMD and contributes to its progression.

One limitation of the current study is that all mouse assessments utilized a global
Panx1 knockout model. With the ubiquitous expression of Panxl, it is challenging to
determine if loss from Panx1 in the muscle alone contributed to our findings or if influence
from other tissues is also at play. Here our in vitro data demonstrate clear effects on myoblast

fusion in the absence of other tissues. However, with regards to our in vivo data it is unclear
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whether loss of Panx1 from other tissues influences our data. Indeed, muscle is in constant
communication with other tissues including the blood, and bone which can govern muscle size
and function (Bonetto, Andersson, and Waning 2015; Rudnicki and Williams 2015; Aguilar-
Perez et al. 2019).For example report from Aguilar-Perez and colleagues showing that
osteocytic Panx1 deletion alters muscle strength in females raised the possibility that some of
the skeletal muscle phenotype we observed here in global Panx1 KO mice could result from
Panx1l deletion in tissues other than skeletal muscle (Aguilar-Perez et al. 2019). This
emphasizes the need to assess a muscle specific Panx1 knockout model to confirm whether
Panx1 expression in muscle is responsible for the effects reported here. Indeed, our laboratory
has generated a skeletal muscle specific Panx1 knockout mouse model which we are currently
characterizing however preliminary data suggests that muscle specific loss of Panxl may
recapitulate some of the results presented in this thesis.

This present study revealed a role for Panx1 in maintenance of myofiber size, however
it did not establish if this is due to developmental defects or altered hypertrophy of the muscle
fiber. Interestingly, P2Y2 activation via ATP has been demonstrated to activate mTOR
signaling and contribute to muscle hypertrophy (Ito, Ruegg, and Takeda 2018). In fact,
removal of extracellular ATP was associated with loss of muscle fiber size and muscle atrophy.
Given that Panx1 is a major source of ATP release in myofibers and that majority of Panx1
signaling pathways engage P2 receptors it is imperative that future studies assess the role of
Panx1 in muscle hypertrophy (Valladares et al. 2013; Riquelme et al. 2013; 2015; Burnstock
2018). Such studies may involve assessing the presence and activation state of hypertrophy

associated signaling including members of the mTOR pathway.
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This study found that lentiviral based overexpression of PANX1 in dystrophic patient-
derived myoblasts promotes their fusion and differentiation highlighting the therapeutic
potential of increasing PANX1 levels for DMD. However, the use of lentivectors for clinical
treatment poses many challenges and thus the FDA and European medicine agency require
extensive testing prior to clinical use (Milone and O’Doherty 2018). Alternatively, our lab has
identified the clinic ready supplement quercetin to promote PANX1 expression in
rhabdomyosarcoma, by binding to the 5’ untranslated region of the PANX1 transcript (Xiang
et al. 2022). Furthermore, quercetin treatment in Panx1**/mdx primary myoblasts
significantly increased Panx1 expression (Appendix | Figure 3). Remarkably, Hollinger et al
(2015) demonstrated that quercetin treatment improves dystrophic symptoms in mdx mice via
an unknown mechanism (Hollinger et al. 2015). Future experimental investigations should
thus involve treating both Panx1**/mdx and Panx1”-/mdx mice with quercetin to establish first
if quercetin can target Panx1 in vivo and second if the ability of quercetin to reduce dystrophic
symptoms is dependent upon Panx1. These studies will provide insight into the role Panx1
plays in the mechanism of action for quercetin treatment in mdx mice.

In all, the results presented here bring significant new knowledge to the evolving field
of Panx1 in the skeletal muscle by demonstrating that Panx1 channels play a key role in
regulating skeletal muscle maintenance, regeneration, strength, and SC number and function
in healthy males. The discovery that Panx1 has distinct sex-dependent functions in skeletal
muscle highlights the importance of considering sex when evaluating potential roles of Panx1
in skeletal muscle in health and disease. Moreover, these results are among the first to
demonstrate that the mechanism of action for Panxl in male skeletal muscle is through

regulating myoblast fusion. In the context of dystrophy, our findings suggest that PANX1 is
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dysregulated in DMD, exacerbating several features of the disorder such as myofiber specific
damage and myofiber loss, reduction of muscle strength and locomotion, and a significantly
shortened lifespan as revealed using our dystrophic mouse model that lacks Panxl.
Additionally, our data suggest a potential therapeutic benefit to increasing PANX1 levels in
muscles of dystrophic patients to promote muscle formation and protect myofibers from the

damage induced by the absence of dystrophin.
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Appendix I: Additional Figures

TA Sol
+/+ wll 100+ = = 80 s
Panx1*/*/mdx Panx17-/mdx g £
: P s 804 7 £ 60+ o[*
3 60 g
2 g 40+
2 40- 8
<} § 7 Vi
[~ w a v 0-
+ &+ S+
\“\((\6 . \6\6 (\,‘ & ’\’\,\\(\
x &
& e &
g 80 ns g 60 o
< £ .
3 8 .
g 60 . @
s ; 40
- L 5
[@) gz 40 >
(%] = E
) g 20- £ 207
s E
s g
T 0- £ o-
ot o G +
&S A ®
@‘d‘ %Q‘\' &_\ (\'\
Q Q Q'b Qrb
iBa Panx1*/*/mdx Panx1/-/mdx £ 20- = T 3- i
63 % % .
: 1.5 .
A —— a-Tubulin e 2 o
o — - — - e 2 2
| 45 GAPDH 3§ O] . )
Q
LY sy o 2 2 1.
£ 0.5 £
63 =1 =1
e —_— a a
— e an on e e = LT a-Tubulin'?oo ':T’O
- % 0.0- T 0-
o| 48
& & ¢+ +
oz , GAPDH & &S
35 | — — ’:\ \'\ (\ ,\»\
: %04_ ’b(\* (\+ 0<\+
< Q Q® Q

Appendix | Figure 1: Panx1//mdx mice do not lose cytoskeletal components.

A) Representative images of TA and Sol muscles of Panx1”-/mdx and Panx1**/mdx mice
were stained for Rhodamine phalloidin (red) a marker of F-actin, laminin (green), and DAPI
(blue). Arrows indicate fibers displaying irregular F-actin staining while the * indicates fibers
considered to have normal staining. Scale bar = 100 um. The percentage of area covered by
F-actin was calculated in the B) TA and C) Sol (n=4; unpaired two-tailed student’s t-test). The
percentage of irregular fibers were counted in the D) TA and E) Sol (n=4; unpaired two-tailed
student’s t-test). F) Representative western blots of a-tubulin and GAPDH in Panx1”/mdx and
Panx1**/mdx TA and Sol muscles. Quantification of a-tubulin normalized to GAPDH in the
G) TA and H) Sol of Panx1”//mdx and Panx1**/mdx mice (n=5; unpaired two-tailed student’s
t-test). ns, non-significant.
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Appendix | Figure 2: PANX1 Cytoskeletal Interactors

A) Workflow of interactor analysis. Previously, rhabdomyosarcoma cell lines (RH18 and
RH30) were transfected with a Panx1-BirA construct which biotinylated proteins withing a 10
nm radius of PANXL1. Cells were then lysed, the biotinylated proteins selected for and
identified via mass spectrometry and published on a public searchable database (Xiang et al.
2021). From this database, proteins with a 2-fold or higher enrichment were selected. From
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the 215 proteins meeting this criterion, 157 were classified via PANTHER with 37 of the
classified proteins attaining to cytoskeletal proteins and selected for STRING analysis. Figure
created with BioRender. B) Pie chart displaying the classification of the 157 proteins that
qualified with cytoskeletal proteins making up the largest (17.2%) fraction. C) STRING
pathway analysis of PANX1, the 37 identified cytoskeletal hits from PANTHER and their

primary and secondary predicted relations. For clarity, these hits have been summarized in
Appendix Table 1.
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Appendix Table 1 :Gene Ontology (GO) Panther Cytoskeletal Hits

Mapped
1D

Gene Name / Symbol and Persistent

ID

Panther Protein Class

MLLT4

Afadin
AFDN
PTN002470553

non-motor actin binding protein

RDX

Radixin
RDX
PTN002510854

actin or actin-binding cytoskeletal
protein

PEN1

Profilin-1
PEN1
PTN002493405

non-motor actin binding protein

MYH9

Myosin-9
MYH9
PTN002490807

actin or actin-binding cytoskeletal
protein

STMN2

Stathmin-2
STMN2
PTN002467994

non-motor microtubule binding protein

TNS3

Tensin-3
TNS3
PTN002487371

non-motor actin binding protein

CALD1

Caldesmon
CALD1
PTN002498526

non-motor actin binding protein

TUBB2A

Tubulin beta-2A chain

TUBB2A
PTN002480623

tubulin

DST

Dystonin
DST
PTNO000747957

intermediate filament binding protein

EPB41

Protein 4.1
EPB41
PTN002510833

non-motor actin binding protein

Sept7

Septin-7
SEPTINY
PTN002498000

cytoskeletal protein
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http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D7137%7CUniProtKB%3DP55196
http://www.pantherdb.org/node/node.jsp?id=PTN002470553
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D9944%7CUniProtKB%3DP35241
http://www.pantherdb.org/node/node.jsp?id=PTN002510854
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D8881%7CUniProtKB%3DP07737
http://www.pantherdb.org/node/node.jsp?id=PTN002493405
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D7579%7CUniProtKB%3DP35579
http://www.pantherdb.org/node/node.jsp?id=PTN002490807
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D10577%7CUniProtKB%3DQ93045
http://www.pantherdb.org/node/node.jsp?id=PTN002467994
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00166
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D21616%7CUniProtKB%3DQ68CZ2
http://www.pantherdb.org/node/node.jsp?id=PTN002487371
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D1441%7CUniProtKB%3DQ05682
http://www.pantherdb.org/node/node.jsp?id=PTN002498526
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D12412%7CUniProtKB%3DQ13885
http://www.pantherdb.org/node/node.jsp?id=PTN002480623
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00228
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D1090%7CUniProtKB%3DQ03001
http://www.pantherdb.org/node/node.jsp?id=PTN000747957
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00130
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D3377%7CUniProtKB%3DP11171
http://www.pantherdb.org/node/node.jsp?id=PTN002510833
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D1717%7CUniProtKB%3DQ16181
http://www.pantherdb.org/node/node.jsp?id=PTN002498000
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00085

ADD3

Gamma-adducin
ADD3
PTN002472865

non-motor actin binding protein

DES

Desmin
DES
PTN002509750

intermediate filament

VIM

Vimentin
VIM
PTN002509751

intermediate filament

LIMCH1

LIM and calponin homology domains-
containing protein 1

LIMCH1

PTN002496213

actin or actin-binding cytoskeletal
protein

ANLN

Anillin
ANLN
PTN002502315

orthologs

non-motor actin binding protein

EPB41L2

Band 4.1-like protein 2
EPB41L2
PTN002510838

non-motor actin binding protein

TUBB4A

Tubulin beta-4A chain
TUBB4A
PTN002480651

tubulin

KIF5B

Kinesin-1 heavy chain
KIF5B
PTN002516150

microtubule binding motor protein

ACTB

Actin, cytoplasmic 1
ACTB
PTN002485092

actin and actin related protein

TUBB4B

Tubulin beta-4B chain
TUBB4B
PTN002480652

tubulin

CORO1B

Coronin-1B
CORO1B
PTN002474497

non-motor actin binding protein

TUBB2B

Tubulin beta-2B chain
TUBB2B
PTN002480622

tubulin
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http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D245%7CUniProtKB%3DQ9UEY8
http://www.pantherdb.org/node/node.jsp?id=PTN002472865
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D2770%7CUniProtKB%3DP17661
http://www.pantherdb.org/node/node.jsp?id=PTN002509750
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00129
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D12692%7CUniProtKB%3DP08670
http://www.pantherdb.org/node/node.jsp?id=PTN002509751
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00129
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D29191%7CUniProtKB%3DQ9UPQ0
http://www.pantherdb.org/node/node.jsp?id=PTN002496213
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D14082%7CUniProtKB%3DQ9NQW6
http://www.pantherdb.org/node/node.jsp?id=PTN002502315
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D14082%7CUniProtKB%3DQ9NQW6#orthologs
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D3379%7CUniProtKB%3DO43491
http://www.pantherdb.org/node/node.jsp?id=PTN002510838
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D20774%7CUniProtKB%3DP04350
http://www.pantherdb.org/node/node.jsp?id=PTN002480651
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00228
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D6324%7CUniProtKB%3DP33176
http://www.pantherdb.org/node/node.jsp?id=PTN002516150
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00156
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D132%7CUniProtKB%3DP60709
http://www.pantherdb.org/node/node.jsp?id=PTN002485092
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00039
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D20771%7CUniProtKB%3DP68371
http://www.pantherdb.org/node/node.jsp?id=PTN002480652
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00228
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D2253%7CUniProtKB%3DQ9BR76
http://www.pantherdb.org/node/node.jsp?id=PTN002474497
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D30829%7CUniProtKB%3DQ9BVA1
http://www.pantherdb.org/node/node.jsp?id=PTN002480622
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00228

CTNND1 | Catenin delta-1 intermediate filament binding protein
CTNND1
PTN002470439

NUDC Nuclear migration protein nudC microtubule or microtubule-binding
NUDC cytoskeletal protein
PTN002487680

EPB41L4 | Band 4.1-like protein 4A non-motor actin binding protein

A EPB41L4A
PTN002510822

PDLIM4 | PDZ and LIM domain protein 4 actin or actin-binding cytoskeletal
PDLIMA4 protein
PTN002516891

STMN1 Stathmin non-motor microtubule binding protein
STMN1
PTN002467997

TUBB Tubulin beta chain tubulin
TUBB
PTN002480643

Sept9 Septin-9 cytoskeletal protein Homo sapiens
SEPTIN9
PTN002498017
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http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D2515%7CUniProtKB%3DO60716
http://www.pantherdb.org/node/node.jsp?id=PTN002470439
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00130
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D8045%7CUniProtKB%3DQ9Y266
http://www.pantherdb.org/node/node.jsp?id=PTN002487680
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00157
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00157
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D13278%7CUniProtKB%3DQ9HCS5
http://www.pantherdb.org/node/node.jsp?id=PTN002510822
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00165
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D16501%7CUniProtKB%3DP50479
http://www.pantherdb.org/node/node.jsp?id=PTN002516891
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00041
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D6510%7CUniProtKB%3DP16949
http://www.pantherdb.org/node/node.jsp?id=PTN002467997
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00166
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D20778%7CUniProtKB%3DP07437
http://www.pantherdb.org/node/node.jsp?id=PTN002480643
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00228
http://www.pantherdb.org/genes/gene.do?acc=HUMAN%7CHGNC%3D7323%7CUniProtKB%3DQ9UHD8
http://www.pantherdb.org/node/node.jsp?id=PTN002498017
http://www.pantherdb.org/panther/category.do?categoryAcc=PC00085
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Appendix | Figure 3: Quercetin Increases Panxl Levels in Murine Dystrophic
Myoblasts.

Panx1 Intensity Normalized to GAPDH

Representative western blot of Panx1 and GAPDH after 48 hours of quercetin treatment (left).
Quantification of Panxl levels normalized to GAPDH (right) (n=3; one-way ANOVA,
followed by Tukey’s post hoc test). * P < 0.05 compared to WT. Everything else was non-
significant.
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