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ABSTRACT

Pannexin 1 (Panxl) and Pannexin 3 (Panx3) areesingtmbrane channels
recently implicated in myogenic commitment, as wetl myoblast proliferation and
differentiation in vitro. However, their expression patterns during skkletascle
development and regeneration have yet to be irgagstl. Here, | show that Panx1 levels
increase during development, becoming highly exga@sin adult skeletal muscle. A
switch in Panx3 expression pattern was observets a50 kDa immunoreactive species
was mainly expressed in embryonal and neonatal lesisdile its ~40 kDa species was
the main form expressed in adult skeletal musdeadult mice, Panx1 and Panx3 were
differentially expressed in fast- and slow-twitclusules. Interestingly, Panx1 and Panx3
levels were modulated in muscle degeneration/regéna, similar to the pattern seen
during skeletal muscle development. Since Duchemnascular dystrophy is
characterized by skeletal muscle degeneration anmhired regeneration, | next used
mild and severe mouse models of this disease amtifa significant down-regulation of
both Panx1 and the lower MM form of Panx3 in dyghic skeletal muscles, with an
increase in the ~70 kDa immunoreactive species ahx®. | also found that
Panx1/PANX1 and Panx3/PANX3 are co-expressed insm@nd human satellite cells,
which play crucial roles in skeletal muscle regatien. Indeedjn vitro PANX1 levels
may be increasing during human primary satellitd ddferentiation and blocking
PANX1 channel activity with the pharmacological qmunds probenecid or
carbenoxolone inhibited the differentiation andidus of these satellite cells into
myotubes. In addition, satellite cell proliferatiomas inhibited by probenecid and

carbenoxolone. These findings are the first to destrate that Panxl and Panx3 are



differentially expressed amongst skeletal muscleesywith their levels being highly
modulated during skeletal muscle development, reggion and dystrophy. In addition
to our laboratory’'s previous reports, | now demaatst that PANX1 levels may be
modulated during satellite cell differentiation ahdt PANX1 channels regulate satellite
cell differentiation and proliferation. Altogetheny studies suggest that Panx1/PANX1
and Panx3/PANX3 channels may play important andindisroles in myoblasts and

satellite cells in healthy and diseased skeletalaies.
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1.0 INTRODUCTION

1.1 Pannexin Overview

The pannexin (Panx) family of proteins consistsiofjle membrane channels that
were reported for the first time in 2000 There are three known members in the
mammalian genome: Panx1l, Panx2 and Panx3. Panxbidaitously expressed in
various organs and tissues such as the brain, ls&art, bone, lung, and elements of the
immune system including macrophage% Panx2 was first reported to have restricted
expression to the central nervous sysfefh but a more recent report suggests that its
endogenous expression may be more ubiquitbuBurrent literature reports Panx3 being

abundant in adult skity bone!?, cartilage®?, as well as skeletal muscte

Looking at the amino acid (aa) sequences of Pa#2é &a), Panx2 (677 aa) and
Panx3 (392 aa), they are well-conserved with >70éttity and >80% similarity across
various animal speci€s°-18 Interestingly, Panx1 and Panx3 paralogs areivelgtwell-
conserved sharing ~60% identity and ~75% similarityhile Panx2 demonstrates
significant sequence divergence from the other Family members?8. This thesis will
focus mostly on Panx1l and Panx3, as these arepressed in skeletal muscle, while
Panx2 protein was not detected in this tissué\t the secondary structure level, Panx
glycoproteins are predicted to constitute fauhelical transmembrane domains, two
extracellular loops, one intracellular loop, andopyasmic amino and carboxyl termini
131920 panx1 oligomerize into a hexamer to form singlenthrane channels, while

Panx3 is predictea also form hexamers based on its sequence simitarPanx12%,



Panx1 and Panx3 glycosylated species are deteetagén ~37 and 50 kBYaAn
immunoreactive species of Panx3 (~70 kDa) has bésen reported and detected in
murine skin, cartilage, ventricle, lung, liver, kigly, thymus, spleen, male reproductive
tract, skeletal muscl&!41622and human skeletal muscié While the exact identity of
the ~70 kDa immunoreactive species of Panx3 remaikaown, it has been confirmed
to be a glycoprotein and can be detected by diffeamtibodies against Panx322 In
addition, shRNAs against Panx3 successfully knoctedn its levels!4, altogether
suggesting that this ~70 kDa immunoreactive sgetliely corresponds to a Panx3

isoform.

Panxs are heavily glycosylated, generating disspetcies with various molecular
weights. Panxl and Panx3 each have specific Ndinlgcosylation sites: Panxl is
glycosylated on the second extracellular loop gtaemgine 254, while Panx3 is
glycosylated in the first extracellular loop at asgmine 7%. In site-directed mutagenesis
experiments, N-glycosylation-defective mutants ah¥l and Panx3 were still able to
traffic to the plasma membrane; however, there amsncrease in their intracellular
localization compared to wild-type Panx1 and PahxBhus, the glycosylation status of
Panx1 and Panx3 may play a role in their traffigkio the cell surface. The level of N-
glycosylation also governs the intermixing of Pafamily members to form
heterogeneous channel proteins where the mostyhiglycosylated species do not
participate in intermixing-?123This intermixing is most evidently observed betwee
Panxl and Panx2 leading to compromised channeVitgcti®** Panxl and Panx3
intermix to a lesser extent with no observed changehannel functiorf®. Panx2 and

Panx3 do not intermix at the biochemical le¥&land there are no reports about their



intermixing in cells or tissues. This relationshiptween the glycosylation pattern of
Panx1 and Panx3 and their trafficking to the cedhmbrane and intermixing may in part

regulate Panx channel functions.

Panx channel functions include ATP release to tkteaeellular space or Ca
release from the endoplasmic reticulum (ER) For example, Panxl as a single
membrane channel at the cell membrane can rele@Beifo the extracellular space to
elicit Ca&* wave signalling via £X7 receptor activatior§?>2¢ Binding of extracellular
ATP and ADP to purinergic Jd¥ receptors increases the levels of inositol 1,4,5-
triphosphate (1B, which signals intracellular increase of?Céevels by releasing Ca
from ER stores?>26 This accumulation of intracellular €asignals to Panx1 single
membrane channels further stimulate ATP release pmghagation of signals to
neighbouring cell§2528 Less extensively studied is the Papriential to uptake glucose
during skeletal muscle contractiéh Conversely, Panx3 has been proposed to act as an
ATP channel at the cell membrane as well as? &wannel in the ER of L1 cells and

primary calvarial osteoblasts during their differation 22,

All Panx channels are capable of dye uptdké?® Both Panxl and Panx3
channels are activated by mechanical stimulatiod extracellular ATP#82528:3031
Panx1l channels are also stimulated by membranelatgamion, caspase cleavage,
cytoplasmic C#% often through G-coupled 2®1/P.Y2 receptors or purinergic 2Rz
receptors, extracellular *K or glutamate via NMDA receptors3?-32 Panx1 channel
function has been shown to be inhibited by negdteelback from ATP releasg COp-

mediated cytoplasmic acidificatio?f, mimetic peptides such a8PANX1 3637 and



pharmacological compounds such as probenecid, maxbtone and flufenamic acid

24,38,39

Panx1l channels have been implicated in variousuleelland physiological
processes such as%Gavave propagation, stabilization of synaptic plestiand learning,
vasodilation, inflammatory responses, apoptosighelml progenitor proliferation, and
keratinocyte differentiatior?253440-45 On the other hand, there is less knowledge
surrounding the cellular and physiological funciaf Panx3. Panx3 channels have been
reported to regulate the differentiation and peshtion of chondrocytes, osteoblasts,

osteoprogenitors, myoblass!428 and is required for normal muscle developniént

There are only a couple of reports where mutationsannexin-encoding genes
led to human diseases. In one case report, a ytamgle possessed a homozygous
PANX1 variant that was associated to multisystersfutyction which included skeletal
defects*®. In another report that screened highly metastatiast cancer cell lines, a
mutation leading to a truncated form of PANX1, “PXN®, was highly enriched in
these cancer cells allowing for their metastaticea@“®. Moreover, there are many
reports in the literature where pannexin over-esgicm or down-regulatiomn vitro
and/orin vivo has been linked to disease onset and/or progred2amx1 channels have
been reported to play roles in epilepsy, multigle®sis, neuronal death during ischemia
and stroke, death of enteric neurons during colisychiatric conditions with cognitive
dysfunction, Crohn’s disease, and carcinogené8#&2°°0-55 Dysregulated Panx3
expression has been implicated in the biology ¢éaethritis keratinocyte tumours, as

well as carcinogenesis susceptibility linked to ypadass index:?%657 In summary,



there is a growing body of evidence that Panx1 Rawix3 channel activity play roles in

many cellular and physiological functions as wslimdisease states.
1.2 Skeletal M uscle Development

In vertebrates, the processes of myoblast protiteraand differentiation are
crucial for muscle development as embryonic muswdess increases predominantly by
the proliferative growth of myoblasts, which evally differentiate and fuse to form
single-celled multi-nucleated myotubes and multiiaated myofiber$85°. Myoblasts
are myogenic progenitor cells expressing MyoD andvtyf5 and are capable of
proliferating or exiting from the cell cycle durimtifferentiation®%61 Satellite cells (SCs)
are resident skeletal muscle stem cells distimanfembryonic myoblasts and have a
larger role during skeletal muscle regenerafiofi’. Proliferative myoblasts as well as
SCs can be traced back to their embryonic sourdagisomitogenesis of the mesoderm
68 1t is the dermomyotome layer developing from senites that releases premyogenic
precursors which migrate to the limb buds wherey thve rise to the majority of
endothelia and skeletal muscle during fetal andraaal developmerff. The migration
of these delaminating cells from the dermomyotomenilarge part regulated by the
paired box transcription factor Pax3 which is neaeg for myogenic specificatiof~"2
As Pax3 is down-regulated through the increasingression and action of myogenic
regulatory factors (MRFs) such as MyoD, a familybakic helix-loop-helix transcription
factors crucial to myogenesis, these pre-myogeracyssors become myoblasts at the
limb bud”3. In response to certain microenvironmental chanlygig development, the
myoblasts leave the cell cycle and begin to difieegde and fuse into myotubes, as

observed by the continued expression of MyoD tagethith the onset of myogenin



expression, among other MRFs, and a cell surfaoteipr called myomakef*’> The
microenvironmental changes include the depletion fifroblast growth factor,
accumulation of sonic hedgehog and Wnt signallireicules, and activation of serum
response transcription factéi8% Upon the expression of myosin heavy chain (MHC),
myotubes and myofibers are terminally differentiatend found mostly in quiescent
skeletal muscle at the end of postnatal periodimatige adulf’.

Early embryonic stage in mice is considered E1@5,1while fetal stage is
E14.5-17.5. Starting in late embryonic developm@it7.5), SCs are morphologically
distinguishable from other cell types and skeletaiscle can be delineated based on
various histochemical, biochemical, morphologicadl ghysiological feature®3 For
example, fast- and slow-twitch muscle fibers arénée based on contractile speed,
while types 1, 2A, 2X, and 2B are distinguishedeoiasn the MHC isoform express&d
Type 1 fibers are predominantly found in slow-tWwitmuscles, while types 2A and 2B
are abundantly present in fast-twitch musée8 Furthermore, type 1 fibers tend to rely
more on oxidative metabolism, while type 2B fibare abundant in glycolytic enzymes.
Interestingly, type 2A is classified as a hybriddative glycolytic fiber®”. Four skeletal
muscle tissues are studied in this reseatrbhalis anterior (TA), which is composed of
mostly of fast-twitch fibersextensor digitorum longus (EDL), which has a mix of fast-
and slow-twitch fiberssoleus (SOL), which is made of mostly slow-twitch fibet%®®
and diaphragm (DPH), which is predominantly fastdkwv in mice but slow-twitch in

humans due to their si2e%



1.3 Skeletal M uscle Regeneration

In adulthood, skeletal muscle is mostly quiescerept during skeletal muscle
regeneration where SCs are the crucial playersivaedo In normal conditions, SCs
quiescently reside in the niche under the basainiarut they become activated during
regeneration. Indeed, upon injury and skeletal teudegeneration (usually via damage
to the sarcolemma), myofiber permeability increasssreflected by the release of
skeletal muscle proteins such as serum creatires&iand by the influx of calciufd—=4
Furthermore, inflammatory response factors sucheadgrophils and later macrophages
are activated and infiltrate the area. These initatory cells along with several growth
factors released at the site of injury such asoblast growth factor and hepatocyte
growth factor play a part in activating and attiragt SCs via chemotaxi§>-102
Intrinsically, SCs are activated in part through transcriptional activity of Pax7 and up-
regulation of MyoD, which indicate activated andolgerative SCs or SC-derived
myoblastst®® Upon down-regulation of Pax7 and the increasimgession of myogenin,
these cells become committed to terminal diffeegitth 193194 To note, Pax7 is crucial
not only for myogenic commitment, but also for cellirvival, self-renewal, and
maintenance of SC&5-197 |ndeed,Pax7 KO mice show progressive loss of SCs,
impaired regeneration, and skeletal muscle atrégfh¥arly skeletal muscle regeneration
is thus mostly characterized by fiber necrosis exténsive infiltration of inflammatory
mononucleic cell$%1°2 In the second phase of skeletal muscle regenaratikpansion
and differentiation of the activated SCs allow festoration of the muscle mass as a
subpopulation of these activated SCs will diffelaetinto fusion-competent myoblasts.

These myoblasts can fuse to damaged fibers orthgsther to form new myotubes in a



process comparable to embryonic myogenesis alththegle is some controversy on the

degree of similarity between embryonic and adulbggnesi$§?!-109.110

SCs can maintain its pool through symmetric or asginic division during
skeletal muscle regeneration. For example, whennmsstnic division is observed in
Pax7/Myf5* cells, two daughter stem cells are generated wheatle maintain Pax7 and
Myf5 expressiont!™. In the asymmetrically-dividing SC, it is thoughfat differences in
the microenvironment and asymmetric distribution infracellular factors affecting
certain myogenic genes determines the fate of thegltter cells — one commits to the
myoblast lineage while the other becomes the gamgsdaughter SC as a reserve for
future muscle regeneratidh’. Extrinsic factors are usually distinguished by alaughter
cell being exposed to the basal lamina microenwiramt to likely re-enter quiescence,
while the other daughter cell experiences the relmvdonment of the myofibers plasma
membrane to be pushed towards the myogenic lin€&gén an example of intrinsic
factors directing SC asymmetric division, a Paklgf- SC can generate a Pafyf- SC
stem cell alongside a Pa¥Wlyf* cell that has entered the myogenic linedge''3
Interestingly, asymmetric localization of Partiting-defective protein (Par) complexes
interacting with dystrophin is another example ofrinsic regulators of asymmetric
division 114113 In SC self-renewal, Pax7 is essential for maimtee of the muscle stem
cell status, and SC survival via anti-apoptosisi@nonstrated ifPax7 knockout (KO)
miCElO5'1O7.

While many models for the study of skeletal musageneration exist, the
cardiotoxin (CTX)-induced injury model in mice isi® of the most reproducible. CTX

venom from the cobra is a polypeptide capable dficing degeneration and subsequent



regeneration of skeletal musdfé. In a response comparable to the regeneratioregsoc
observed in humans, the first phase involving fibexcrosis and infiltration of
inflammatory response factors is observed withihairs of injury induced by CTX
injection 1117 SCs then enter the activation phase followedheyprroliferation period 2
to 3 days post-injur§117 The differentiation phase can be histologicadlgritified when
myoblasts withdraw from the cell cycle and form #nwalibre, centrally-nucleated
myotubes®1117 Finally, fusion of the myoblasts and further gtowf the myofibers into
regenerated muscle tissue comparable to healtlotidumal tissue occurs within 2 weeks
of the CTX-injectiorf117 Mature myofibers of normal sized fibers and thevement of
the nuclei to the periphery are not observed wmé month after CTX-injectiof11
The caveat to this model is the potential unknofaces of CTX on skeletal muscle

molecular mechanisn¥$117

1.4 Duchenne Muscular Dystrophy

Muscle development and regeneration are procesggdyhdependent on
myoblast and SC differentiation and proliferatiddowever, dysregulation of these
cellular processes is often observed in skeletadcoar dystrophies such as Duchenne
muscular dystrophy (DMD).

DMD is a fatal X-linked genetic disease that is #econd most commonly
inherited disorder in males (affecting 1 in 360@&Imale births) and leads to aggressive,
severe muscle wasting in boys and young f@h'° It is characterized by an absence of
dystrophin due to mutations in the dystrophin genthe largest gene known in the

human genome. Dystrophin is normally present ah@lthe sarcolemma of muscle



fibers and links internal cytoskeletal elementshef myofibers to the extracellular matrix
through the dystrophin-associated glycoprotein demfp maintain muscle structure and
function 118112 In the absence of dystrophin, DMD pathology isutjht to progress due
to (1) mechanical stress and (2) SC dysfunctién?°12! Dystrophin in healthy
individuals provides strength to the sarcolemmanducontractile activity*?®. Thus, the
absence of dystrophin in DMD individuals puts thlkelstal muscle under high
mechanical stres$°. The integrity of the sarcolemma is compromisexdlieg to various
downstream pathophysiological effects such as abalo€&* homeostasis and disrupted
P>X cell signalling®*122123 In addition, the absence of dystrophin has a&snkreported
to disrupt intrinsic mechanisms of SC asymmetrigisibn such as Par-complex-
dependent regulation of SC polarity leading to SGfuhction and an accumulation of
senescent SC3$°121 Myoblasts and SCs from animal models and DMDyiiatials do
not effectively differentiate, fuse and proliferate what some groups describe as SC
exhaustion?412% Ultimately, there is a high demand of degenerat&generation cycles,
regenerative capacity is reduced, and myofibergligpndergo necrosis to be replaced
with fibrotic, adipose and connective tissues,Hartexacerbating muscle weakné¥s
In this regard, fast-twitch fibers are preferetyialffected in DMD diseas&’-12°

A popular model for the study of DMD is thedx mouse generated from the
C57BL/10 line first discovered due to histologielidence of myopathy and elevated
levels of serum creatine kinad®. The dystrophin-deficient phenotype arises from a
nonsense point mutation (C to T transition) in e2813% Thesemdx mice experience
progressive muscle dystrophy leading to prematwrathd'32. Moreover, mdx mice

display many cellular and biochemical phenotypesratteristic of early DMD

10



manifestation such as accumulated macrophages kafeta muscle degeneratid’.
The caveat to this mouse model is that the sevefithe clinical symptoms is minimal
when compared to DMD casé¥. For example, their lifespan is reduced by onl§625
compared to 75% reduction observed in DMD patié#ftsin the two weeks after birth,
mdx mice do not display any apparent manifestationdiggase until 3-6 weeks old at
which point skeletal muscles undergo rapid necrasgsmice demonstrate visible muscle
weakness35. Afterwards, the skeletal muscles become relatis&bilized due to robust
regeneration as indicated morphologically by céiytraucleated myofibers'®®. This
milder dystrophy is explained by the dystrophinidehcy being partially compensated
by the upregulation of functional and structuraimuobogs, specifically utrophin anal/-
integrin in mdx mice 135136 As such, utrophin/dystrophin double knockodiK®) mice
are considered more relevant models of DM®D The caveat with thes#KO mice is that
they are difficult to generate and maintain, andallg die prematurely in 6-20 weeks as
opposed to the lifespan of up to 2 yearsnfidk mice 135136

Currently, there is no cure; although, various dpeutic strategies have been
proposed for DMD. Firstly, the restoration of dggthin or dystrophin-like function is
the most direct therapeutic approach. To this eadpus strategies exist such as gene
delivery of dystrophy or utrophin, exon skippingdamutation suppression to correct the
faulty parts of the dystrophin gene, amdvivo and post-natal genome editing via
CRISPR/Cas9¥7-141 Other approaches seek to improve the secondahplpgical
effects downstream of the dystrophin deficiencyoimler to increase muscle mass,
strength and forcé*2 Examples include pharmacological approaches siscisteroid

treatment, cell and stem cell therapy such as thosgving myoblasts and SCs, and

11



pharmacological treatments like WNT7a that seekugment regeneratiof:121:142-145
Combinatorial therapies involving the transplamtatiof genetically-corrected cells is
also often discusseld>146 Overall, many of the current strategies to ti2&tD do not
take SCs into consideration. For example, genevelglimethods of treating DMD seen
in the literature often use the adeno-associatedorvesystem; however, this vector
system is not very efficient at targeting SCs whahy hinder their therapeutic capacity
147 Moving forward with the emerging evidence that DNk a stem cell disease in
addition to one of myofiber fragility, the developnt of novel therapeutic strategies
should focus on restoring SC function in additioraimeliorating the secondary effects of
muscle wasting by augmenting regeneratidi*4148 Given that previous work from our
laboratory has demonstrated important roles foxPamd Panx3 in regulating myoblast
differentiation and proliferatiod® a better understanding of Panxl and Panx3 channel
function in muscle development, regeneration, andDD as well as their function in
SCs, may provide new insight into the pathologp®D in addition to novel therapeutic

strategies for this disease.

1.5 Pannexinsin Skeletal M uscle

Panx1 was first detected in human and mouse skefeiscle at the mRNA level
in 2004 3. However, it was not until 2012 that Panx1 in skal muscle started to be
investigated. In rodent adult skeletal muscle Bbé&tanx1 protein has been localized to
the sarcolemma and the T-tubules of rodent sketeticle fiberd4®150 Panx1 channels

have been shown to be involved in skeletal musodletraction 1% skeletal muscle
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plasticity 27149 excitation-transcription coupling*'%3 myogenic commitment>3, and
myoblast differentiatiod®.

Upon electrical stimulation, Panx1 channels releA3® and uptake glucose,
suggesting its involvement as channel proteinhéngotentiation of muscle contraction
150 To increase the force of contraction after rejvetitwitches, extracellular ATP is
necessary for this potentiation of muscle contomctspecially in fast-twitch muscles
150.154 ATP release after stimulation from channels Bkex1 can activate;P, receptors
to trigger downstream signalling effects that ilmse C4" release from intracellular
stores - another crucial element of the potentiatesponsé®. In contrast, slow-twitch
muscles rely on accumulation of cytoplasmic free*Geom extracellular stores to
potentiate muscles via purinergic ionotropiXPreceptors, which are highly expressed
in this muscle typ&>°%%% When skeletal muscle myotubes were isolated ftu®y ATP
release during electrical stimulation was inhibitedon addition of Panx1l channel
blockers; however, the Panx1 channel blockers leadffect in the adult soleus muscle
nor in Panx1 KO mice **0 Similarly, Panx1 KO mice did not demonstrate muscle
potentiation until the exogenous addition of ATBnfirming that Panx1 channels are
necessary for the potentiation response by relgasiip 27:149.150

Another physiologically important process in skalehuscle is plasticity, which
involves remodelling structure and performance outp meet functional demariep156
Indeed, fast-twitch fibers that have been mechélgisimulated at a specific frequency
demonstrate transcriptional changes related to-téaslow type transition. Panxl
channels have been involved in this transitionddgasing ATP, which activates theP

dependent intracellular €asignal in order to affect transcriptional activity This ATP-
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induced C& signal was inhibited by Panx1 channel blockétsAs such, ATP release
by Panx1 to stimulate purinergic receptors andtedic intracellular C& response may
regulate not only skeletal muscle potentiation,dlsb plasticity. Indeed, the ATP release
mediated by Panx1 channels after electrical stitmiavas shown to play a key role in
transcription of the slow-type troponin (Tnl) geH¥, a signature of the fast-to-slow
muscle fiber phenotype transitiét.

In addition to their role in the potentiation ofntraction and skeletal muscle
plasticity, it has been proposed that electricaingtation of skeletal muscle cells
triggered the production of reactive oxygen spediR©S) in part through Panxl
channels and purinergie¥: activity 1°8 It was demonstrated that the increase in ROS
production induced by electrical stimulation coblel blocked by carbenoxoloA®. This
effect was mimicked by exogenous ATP suggesting W8P released via Panxl
channels during electrical stimulation is necesgaryncrease ROS production during
depolarization of skeletal muscle fibéP& Furthermore, absence of Panx1 (in Panx1 KO
mice) also prevented an increase in ROS inducedkeletal muscle denervatidf®.
Altogether these data suggest that Panx1l chanrelsekevant to adult skeletal muscle
health by regulating the potentiation of the coctican response, muscle plasticity that
allows adaptation to demand, and the oxidativeestiatring exercise or upon electrical
stimuli.

As mentioned previously, muscle development andemegation involve
myogenic commitment, proliferation, and differefiba of myoblasts and SCs. Early
work revealed that blocking of Panx1 channels ughgdycyrrhetinic acid prevented the

expression of differentiation markers like myogetfinfCoordination of ATP release with
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C&* signalling necessary for myoblast differentiattbrough the action of &X receptors
has been suggested usingCG cells prior to the identification of Panx as ATRaanels
160 Qur laboratory has recently shown that Panx1Ramk3, but not Panx2 channels, are
co-expressed in the skeletal muscle of both huraadsrodentd“. However, it was later
suggested that a novel commercial monoclonal adyifolone N121A/1) may detect
Panx2 protein in murine skeletal muscle tissud=indings from my laboratory recently
revealed that PANX1 channels promote the diffeatiotn and fusion of human primary
myoblasts'4. Interestingly, the development of skeletal mudaen fetal to adult tissue
corresponds to a transition from high proliferatactivity of myoblasts to differentiated
myofibers in which the contribution by cell proli&tion decreases. We found that the
higher MM species of PANX1 (~50 kDa) is the maimfiopresent in both fetal and adult
human skeletal muscle. However, it decreases imadioét tissue whereas the lower MM
forms, known as Gly0 and Gly®® become more abundatt In vitro, a significant
increase in PANX1 levels during the differentiatiofi myoblasts was observeld.
Furthermore, over-expression of PANX1 promoted nhgstbdifferentiation and fusion,
while these processes were inhibited by the PANKAnoel blockers probenecid and
carbenoxoloné®. As for PANX3, the results suggested that its MM species (~37-50
kDa) is involved in maintaining the differentiate@hd non-proliferative state of
myoblasts, while its ~70 kDa immunoreactive specdiesy be required to keep the
undifferentiated myoblasts in a proliferative statethe low MM species of PANX3 was
detected at low levels in fetal skeletal muscleugsbut increased in adult skeletal muscle
14 Over-expression of the low MM species of PANX@uned human primary myoblasts

differentiation while inhibiting their proliferatio 4 In contrast, its ~70 kDa
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immunoreactive species was highly expressed in fkaletal muscle tissue and in
proliferative human primary myoblastd. However, its levels drastically diminished
below detectable levels in adult tissue and upombiast differentiation'. shRNA
knockdown of the ~70 kDa immunoreactive specie®ANX3 significantly inhibited
myoblast proliferation without triggering cell diffentiation4. A subsequent study
involving reserve cells (RCs), which are a subpapoih of the murine skeletal muscle
C>Cy2 cell line that have many characteristics simitaSCs by reversibly exiting the cell
cycle post-differentiation and entering a quiesdiet state, showed that Panx1 channels
induced myogenic commitmeit®. Panx1 channels, likely through the release of ATP
along with the activation of2X receptors are required for the myogenic commitnoén
RCs'%3 Indeed, exogenous ATP induced RC myogenic comenitpas observed by the
increase in MyoD expression. On the other handxPahannel KO or £ channel
inhibition blocked myogenic commitmenrf3 Taken together, these data raise the
possibility that Panx1/PANX1 and Panx3/PANX3 chdsnsay a crucial role in muscle
development and regeneration by regulating thefpration and differentiation of both
myoblasts and SCs.

Finally, recent studies suggest that Panx1l chamelg play a role in skeletal
muscle dystrophyValladares et al. reported that skeletal muscle triads framix mice
had higher levels of Panx1l andYR receptors, which may cause the increase in ATP
release observed only in fibers at basal conditfdn This increase in ATP release,
together with the activation of pro-apoptotic padlys, was proposed to contribute to
muscular dystroph¥fL. In isolated primary muscle cells, cell lines amdivo dystrophic

muscle from thendx mouse model, significant2R7 receptor abnormalities have been
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reported. For example, up-regulatedXf mRNA and protein expression has been
associated to increased responsiveness of cytoiglaSad* and extracellular signal-
regulated kinase (ERK) 1/2 phosphorylation assediaip purinergic activatiort2
Though Panx1 transcripts were present, this stegyprted no £X; interactions with
Panx1'%2 Interestingly, Panx1 has been shown to interath dystrophin, along with
other proteins of the excitation-transcription (E-<€bupling machinery: voltage sensor
dihydropyridine receptor (DHPR, Gal), and PY 2 receptors®2 In mdx skeletal muscle
triads, Panx1l expression is also increased; howdVElPR expression is decreased
suggesting a disruption of the E-T coupling compiexhe absence of dystrophtf?.
Overall, altered levels and channel activity of ¥amay play a role in muscular
dystrophy, while the role of Panx3 remains to banexed. Indeed, there is very little
information about Panx3 in skeletal muscle heatith disease. In one report, Panx3 may
be involved in monocyte attraction towards mouseletkl muscle in the context of
inflammation and obesit}f3. Moreover, phenotypic analysis of long bones inX3aKO
mice revealed relatively larger prominences whémdetal muscle attachment occurs,

suggesting increased strafi

1.6 Hypothesis and Objectives

As mentioned above, our laboratory has recentindaihat PANX1 and PANX3
levels are highly regulated during myoblast différ@ion and, importantly, has
identified PANX1 and PANX3 channels as novel retpris of skeletal muscle myoblast
differentiation and proliferation. Given that thesaglular processes, together with SCs,

are crucial for proper myogenedidiypothesize that Panx1 and Panx3 are involved in
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muscle development, regeneration and dystrophy. In addition to promoting the
differentiation of myoblasts, | hypothesize that PANX1 channels also regulate the
differentiation and proliferation of SCs. My first objective was to determine whether
Panx1 and Panx3 are differentially expressed in f&s slow-twitch muscles and in male
vs. female mice. My second objective was to deteemwvhether Panx1 and Panx3 levels
are regulated duringn vivo processes dependent on myoblast and SC diffetientiand
proliferation such as muscle development, regeleraand muscular dystrophy. Finally,
my last objective was to determine whether PANXilele are modulated during SC
differentiation and whether PANX1 channels regula®C differentiation and
proliferation. A better understanding of Panxl aRdnx3 regulation in muscle
development, regeneration, and dystrophy, as wethair function in SCs, may provide

new information on their role in skeletal musclalile and disease.
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20MATERIALSAND METHODS
2.1 Primary Célls, Cell Lines, and Culture Conditions

Primary Human Skeletal Muscle Satellite Cells (han®Cs) taken from human
muscle of the pectoral girdle were propagated a&tipd by the supplier (ScienCell,
Carlsbad, CA) on Matrigel-coated (Corning, TewkshWA) plates and maintained in
Skeletal Muscle Cell Medium (SKMCM; ScienCell). iRary Human Skeletal Muscle
Myoblasts (HSMM) were obtained from Lonza (Walkeltey MD), and propagated,
maintained and differentiated as previously degctl. Human embryonic kidney HEK

293T cells were from ATCC (Manassas, VA) and maietd in DMEM + 10% FBS.

2.2 Plasmids and Transfections
Untagged Panx1 and Panx3 expression constructsbesrepreviously described
423 HEK 293T cells were transfected using Lipofectaen2000 (Life Technologies,

Carlsbad, CA) and used as positive controls fonpaim expression.

2.3 Mice

All experimental protocols were approved by the Jmity of Ottawa
Institutional Animal Care Committee and were in@dance with the Canadian Council
of Animal Care guidelines. For experiments comgadiiferent skeletal muscle types, 4-
week-old FVB/N mice (Charles River Laboratories)reveised. Mice were euthanized
and thetibialis anterior (TA), extensor digitorum longus (EDL), soleus (SOL) and
diaphragm (DPH) were harvested and immediatelyefmoin liquid nitrogen and then

stored at -80 C until use or embedded in TissueDEW Compound (Sakura Finetek,
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Torrance, USA), frozen in melting isopentane preked with liquid nitrogen and then
stored at -80 °C until use.

For developmental time course experiments, skelatacles from FVB/N mice
were used. Skeletal muscles from mouse embryos hameested at E14.5 and E18.5.
Skeletal muscles from newborns PN1, as well as #eneek-old and 12-week-old mice
were also recovered. Due to the small size of listbsmbryonic (E14.5 and E18.5) and
newborn (PN1) ages, the whole muscle mass of thevés used, while the TA muscles
from 4-week-old and 12-week-old mice were utilizédter being harvested, muscles
were immediately frozen in liquid nitrogen and tistored at -80 °C until use.

For degeneration/regeneration experiments, 25 [108fM cardiotoxin (Latoxan,
Rosans, France) were injected by John Lunde fronBBmard Jasmin’s laboratory into
the tibialis anterior (TA) muscle of 5- to 6 weekld=VB/N mice to induce muscle
degeneration and regeneration as previously desttis—167 At different time points
after injection, mice were euthanized, TA musclesrevharvested, frozen in liquid
nitrogen or embedded in Tissue-Tek OCT Compound,stored at -80 °C until further
analysis. Contralateral, saline-injected TA muselese used as controls.

For experiments with dystrophic mice, 4-week-old786/10ScSn-Dmétr%/J
(mdx mice) dystrophin-deficient mice (The Jackson Labany, Bar Harbor, ME) or 8-
week-old utrophin/dystrophin double knockout (W#Dmd™/J; dKO) mice, bred as
previously described!%® were compared to 4- and 8-week-old parent line
C57BL/10ScSnJ mice (The Jackson Laboratory), résede. Mice were euthanized and
the tibialis anterior (TA), extensor digitorum longus (EDL), soleus (SOL), and

diaphragm (DPH) were harvested and immediatelyefmoin liquid nitrogen and then
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stored at -80 C until use or embedded in TissueXD€R Compound, frozen in melting

isopentane pre-cooled with liquid nitrogen and temed at -80 °C until use.

2.4 RNA Extraction, Reverse Transcription, and Quantitative PCR Analysis

Skeletal muscle tissues total RNA was extractethguRNAzol RT as per
manufacturer’s instructions (Sigma-Aldrich, OakejllON). Reverse transcription was
performed using High Capacity cDNA Reverse Tramsionn Kit (Thermo Scientific,
Waltham, MA) according to the manufacturers’ praolsc The synthesized cDNA was
used as the template for quantitative PCR using i@¥BR® Green Supermix kit
(BioRad) on Mastercycler ealplex (Eppendorf, Mississaugua, ON, Canada) real-time
PCR system with gene specific primers for moBsaxl (Mm_Panx1_1 SG; Qiagen,
Hilden, Germany) and moudeanx3 (Mm_Panx3_1 SG; Qiagen). Expression levels
were normalized to the geometric mean of threeniatecontrol genesGapdh, Ppia, and
Rpl13a. Specific primers for mouse Gapdh, Ppia, and Rplt&re from the Mouse

Housekeeping Gene Primer Set purchased from Reed Primers (Elkins Park, PA).

2.5 Tissue Homogenization, Cell Lysis, and Western Blot Analysis

Skeletal muscle tissues were homogenizei®nTriton X-100, 150 mM NacCl, 10
mM Tris, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, phosphasg inhibitor phosSTOP
(Sigma, Oakville, ON) and proteinase inhibitor mini-EDTA tablet (Rochpplied
Science, Laval, QCluising the Omni Bead Ruptor with 2.38 mm stainldsglseads.

HSKMSC, HSMM and HEK293T cell lysates were obtaiasgreviously describé¢?2
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After separation by SDS-PAGE, proteins were tramsfeto PVDF membranes
and immunoblotted with anti-Panx1 (clone mPanx1B_241000) 4, anti-PANX1
(1:1000; Sigma, Oakville, ON, Canada), anti-Pansi®ne mPanx3_28, 1:1000) and
anti-myosin heavy chain (1:1000; R&D Systems, Mapais, MN). The hybridoma,
monoclonal Pax7 antibody concentrate was obtainech fthe Developmental Studies
Hybridoma Bank, created by the NICHD of the NIH andintained at The University of
lowa, Department of Biology, lowa City, IA 52242e@&ndary antibodies conjugated to
Alexa 680 (Invitrogen) or infrared fluorescent dyd&RDye 800 (Rockland
Immunochemicals, Gilbertsville, PA) were used (D3)) and immunoblots were
guantified using the Odyssey infrared-imaging syst@gicor). The membranes were
reprobed for either ribosomal protein S6 (RPS&nelC-8, 1:1000; Santa Cruz, Dallas,
TX) or glyceraldehyde-3-phosphate dehydrogenase P@@A) (1:5000; Advanced
ImmunoChemical Inc, Long Beach, CA) for normaliratiof protein loading. Protein
standards are depicted in kDa. Lysates from HEKT268lls over-expressing either

Panx1 or Panx3 were used as positive controls.

2.6 Immunofluor escence Analysis of Tissues and Cells

Skeletal muscle cryosections (10um) were prepdred fixed in prechilled 80%
methanol + 20% acetone for 10 minutes at -20°Cloviedd by blocking and
permeabilizing in 3% BSA +0.1% Triton X-100 (in PB®r 1 hour at room temperature.
Cryosections were stained overnight at 4 °C ushmeg fbllowing primary antibodies
diluted in 1% BSA + 0.1% Tween-20 + 0.01% SDS @B&. Panx1 (1:50), Panx3 (1:50)

423 caveolin-1 (Cav-1) (1:50; Santa Cruz, Dallas, ,;TXhd laminin (1:1000; Sigma).
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Appropriate antibodies conjugated to Alexa-Fluo8 48 594 (Life Technologies) diluted
in 1% BSA were used for secondary detection at raemperature. Hoechst 33342
(Molecular Probes, Eugene, OR) was utilized tonsthe nuclei and the tissue section
slides were then mounted using Fluoromount (SonBietech, Birmingham, AL). For
hematoxylin and eosin staining, cryosections weashgd in 95% ethanol followed by
70% ethanol for 2 minutes per wash. They were sthin hematoxylin for 30 seconds,
then destained in 1% HCI acid (in ethanol) followley treatment in 0.1% sodium
bicarbonate for 1 minute. They were washed agaifO% and 90% ethanol for 1 minute
per wash before the eosin staining for 30 secohdsiehydrate cryosections, they were
treated with increasing concentration of ethanoimfr70-100% ethanol followed by
xylene and mounting with Permount.

Human SCs were fixed in 3.7% paraformaldehyde fomiutes at room
temperature. Cells were permeabilized in 0.5% MrKe100 + 0.1M glycine (in PBS) for
15 minutes and blocked in 5% horse serum + 2% B®AL% Triton X-100 (in PBS) for
2 hours at room temperature. Cells were stainednay@ at 4 °C using the following
antibodies diluted in blocking buffer: PANX1 (1:1@0Sigma, Oakville, ON, Canada),
Pax7 (concentrate, DSHB), MyoD (clone M-318, 1:S@nta Cruz), myogenin (MYOG)
(clone F5D, 1:50, Santa Cruz), and myosin heavyincfelone MF20, 1:100, R&D
Systems, Minneapolis, MN). Appropriate secondaryibadies conjugated to Alexa-
Fluor 488, 594 or 647 (Life Technologies) were us€glls were mounted using
Fluoromount-G containing DAPI (Southern BiotechyrBingham, AL). High-resolution

images were acquired using our Olympus Fluoview@lconfocal microscope.
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2.7 Differentiation Assay

To induce differentiation, human SCs were switctteDMEM + 2% horse serum
+ 1% penicillin/streptomycin. For Panx channel mtion experiments, pharmacological
compounds were added to a final concentration ahNl probenecid or 100 pM
carbenoxolone for 24 hours. Cells were fixed fomamofluorescent staining to quantify
the percentage of Pax7/MyoD-, myogenin (MyoG-), didC-positive cells and fusion
index. The differentiation index was calculatedlas percentage of MHC-positive cells
above total nuclei and the fusion index as the gggege of MHC-positive cells above
total nuclei. The proportions of MHC-positive cetisntaining 2-4, 5-9, and 10-25+ over
total nuclei were also comparééf. To compare PANX1 levels in MyoD- and MHC-
negative cells compared to MyoD- and MHC-positieiscat DO and D6, the PANX1
labelling was quantified using Image J (U.S. Natioistitute of Health, MD) by
defining a region of interest around a PANX1-labélcell and measuring the average
intensity per unit squared, denoted as relativesuri?. Ten cells of each expression
profile (MyoD- and MHC-negative cells, and MyoD-damMHC-positive cells) were
arbitrarily chosen from one independent experimbtgasurements were taken from at

least three independent experiments.

2.8 Proliferation Assays

Human SCs were plated in 24-well plates at 30,33 per well and incubated
with 10uM 5-bromo-2-deoxyuridine (BrdU) (Sigma-Ailchn) at 37 °C for 2 hours. Cells
were fixed in 3.7% paraformaldehyde for 20 minufteiowed by blocking and

permeabilization in 2% BSA + 0.1% Triton X-100 @BS) for 1 hour. Cells were treated
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with 2N HCI for 20 minutes at room temperature nature the DNA followed by
immunofluorescent staining with BrdU antibody (aonZBU30, 1:100, Life
Technologies) as described above. BrdU stainingwsasalized with Life Technologies
EVOS FL Auto Cell Imagine System. The level of Brattoporation correlating to
human SC proliferation was quantified by countihg humber of BrdU-positive cells
over the total number of nuclei in a field for @aloof at least 10 fields randomly chosen
per independent experiment. For BrdU-ELISA ass&g| Proliferation ELISA, BrdU
(colorimetric) (Roche Life Science) was used actmydo manufacturer’s protocol with
a BrdU pulse time of 2 hours. Absorbance valueswead according to manufacturer’s
protocol using Synergy HTX Multi-mode Reader (Blgt&Vinooski, VT). For Panx
channel inhibition experiments, probenecid or cadyelone was added at a final
concentration of 1mM or 100uM, respectively, forturs. Measurements from at least

three independent experiments were taken.

2.9 Statistical Analysis
The data were analyzed for statistical signifieansing unpaired two-tailed
Student’st-tests and analysis of variance (ANOVA) followed Tykey’s post-hoc tests,

as appropriate. Statistical significance was aezeptP < 0.05.
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3.0RESULTS
3.1 Panx1 and Panx3 are differentially expressed and localized in distinct skeletal
muscle types

Skeletal muscles are composed of slow- and fasttwmuscle fibers. Slow-
twitch fibers are more resistant to fatigue thamirtitounterpart, partly because of their
mitochondrial volume and higher activity of oxidegienzymes’*-173 In addition, the
contractile response time course of slow-twitchef#) as the name implies, is
substantially slower than that of fast-twitch fibéfe. In order to characterize Panx1 and
Panx3 expression in skeletal muscle and get ingighbt their potential functions in
healthy and diseased skeletal musdeivo, we compared their expression levels and
localization in muscles that are predominantly-tastch (TA and EDL) and slow-twitch
(SOL) muscles in male and female mice. Our gPCRlyaisarevealed thaPanxl
transcript levels are significantly increased inLS€@mpared to those of TA and EDL
muscles, but were the same between male and famadeles Fig. 1A). As expected,
various molecular mass (MM) species of Panx1 wetealed by Western blot in skeletal
muscles Fig. 1B), likely reflecting different glycosylation staess®. In accordance with
our dPCR data, all Panx1l MM species calculatedtiegeshowed levels significantly
enhanced in SOL compared to TA and EDL musdesg. (1C). Muscle cross-sections
correspondingly indicated increased Panxl stair(giggen) in slow-twitch muscles
compared to fast-twitch muscles. Laminin (red) \deeled to depict individual muscle
fibers. Panx1l was detected as small punctate stescthroughout the myofibers with

areas of the cell surface more heavily labekgd.(1D).
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Figure 1. Panxl is differentially expressed and localized between TA, EDL, and
SOL skeletal muscles. (A) Relative expression dPanxl transcripts were measured in
fast-twitch (TA, EDL) and slow-twitch (SOL) skelétmuscles from male (n=4) and
female (n=4) mice and showed higher expressidhaokl in SOL compared to TA and
EDL in both males and femald3ata are mean + SD, ¥0.05. Protein levels of Panx1 in
male and female TA, EDL, and SOL were analyzed bgsén blotting(B) and
quantified(C). Various molecular weights species of Panx1 weteaded. Panx1 protein
levels were higher in SOL compared to TA and EDlboth males and females. HEK
293T cells transfected with Panx1 were utilizedaggositive control, while ribosomal
protein S6 (RPS6) was used as a loading contrdh Bee mean + SD, ¥0.05 (n=4).
(D) Cross-sections of TA, EDL, and SOL muscles fromemaice were labeled for
Panx1 (green) and laminin (red). Representativeg@nare shown. Panxl was detected
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as a punctate stain throughout the myofiber witraarof the cell surface more heavily
labelled (white arrows). Blue = nuclei, bars = 10um

In contrastPanx3 transcript levels were significantly decreased @Lompared
to EDL musclesKig. 2A). Male and female muscles expressed sinf&anx3 expression
levels Fig. 2A). Upon Western blot analysis, Panx3 antibody detee35-40 kDa bands
corresponding to its expected molecular weightwal as its ~70 kDa immunoreactive
species Fig. 2B) 4. Interestingly, the levels of the low MM speciek Ranx3 were
significantly diminished in SOL compared to EDL roles, while the levels of the ~70
kDa immunoreactive species of Panx3 remained sirbgdaveen muscle typebif. 2C-
D). No significant difference in Panx3 levels waselved between male and female
muscles Fig. 2C-D). In keeping with our Western blot data, crosgisacstaining
showed a decrease in Panx3 labeling in SOL mustte 2E). Panx3 was detected as a
punctate staining throughout the myofibers withréased labeling localized at and in
proximity to the cell surface of the muscle fib@fsg. 2E). This staining likely represents
the low MM species of Panx3 as the antibody used febelieved to be incapable of
detecting the ~70 kDa immunoreactive species byunofluorescent staininty Thus,
Panx1 and Panx3 show differential expression andlilation in the various skeletal
muscle types, which may reflect fiber type-spec#icd membrane- versus cytoplasmic-

specific functions.
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Figure 2. Panx3 is differentially expressed and localized between TA, EDL, and
SOL skeletal muscles. (A) Relative expression dPanx3 transcripts was measured in
fast-twitch (TA, EDL) and slow-twitch (SOL) skelétmuscles from male (n=4) and
female (n=4) mice and showed lower expressioRarix3 in SOL compared to EDL in
both males and femaleBata are mean + SD, *p<0.05. Protein levels of Banxmale
and female TA, EDL, and SOL were analyzed by Wediotting(B) and quantifieqC-

D). Various molecular weights species of Panx3 weteaed. The levels of the low
molecular weight species (~40 kDa) of Panx3 wegaicantly lower in SOL compared
to EDL in both males and femal@-C), while there was no significant difference in the
levels of its ~70 kDa immunoreactive spec{BsD). HEK 293T cells transfected with
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Panx3 were utilized as a positive control, whieosomal protein S6 (RPS6) was used as
a loading control. Data are mean + SD, *p<0.05 jn€2) Cross-sections of TA, EDL,
and SOL muscles from male mice were labeled forx®dgreen) and laminin (red).
Representative images are shown. Panx3 was de@stegunctate stain throughout the
myofiber with areas of the cell surface more hegalabeled (white arrows). Blue =
nuclei, bars = 10pum.
3.2 Panx1 and Panx3 levels areregulated during skeletal muscle development

Having reported that PANX1 and PANXS levels ardatdntially expressed in
fetal and adult human skeletal muscle tissand to better understand the roles of Panx1
and Panx3 in skeletal musclevivo, we examined their expression pattern during mouse
muscle development. To this end, we used skelatgtlas obtained at various stages of
development: embryonic (E14.5 and E18.5 fetusesyyborn (postnatal day 1 (PN1)
pups); juvenile (4-week-old mice); and adult (12eksld mice). Due to the small size of
the limbs of mouse embryos, the whole muscle mé#iseoleg was used for E14.5 and
E18.5 fetuses, as well as newborn (PN1) mice. tAgerjile and adult mice, TA muscles
were utilized. Our Western blot analysis and itargification revealed that Panx1 levels
increase during muscle development beginning atrgonic day 18.5 through to the
juvenile stage Kig. 3A-B). As for Panx3, our Western blot showed that iT® kDa
immunoreactive species is mainly expressed in tMetauscles from embryonic and
newborn miceKig. 3C). On the other hand, the levels of the low MM speof Panx3
remained relatively constant throughout the develaqt time course examinellig. 3C-
D). As levels of the ~70 kDa immunoreactive spe@és$anx3 become very low or
below detectable levels in juvenile and adult die¢lenuscles, its low MM isoform

became the prominent Panx3 species expressed emijevand adult skeletal muscles

(Fig. 3C-E). Altogether, these results clearly indicate tRahx1 and Panx3 levels are
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differentially regulated during muscle developmeunggesting distinct functions during

this process.
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Figure 3. Panx1 and Panx3 levels are regulated during skeletal muscle development.
Panx1l and Panx3 protein levels were analyzed bytéifeslots in murine skeletal
muscle at various stages of development: embrydgd5.4 and 18.5), newborn
(postnatal day 1 (PN1)), juvenile (4-week-old (4wand adult (12-week-old (12w)).
GAPDH was used as a loading control. Panxl levasifecantly increased from
embryonic to post-natal to adult agésB). As for Panx3, the levels of its low molecular
weight species (~35-40 kDa) remained similar thrmug developmeni@-D). However,
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the levels of its ~70kDa immunoreactive speciesiaantly decreased from the
embryonic/newborn stages compared to that of tienile and adult micéC-E). Data
are mean = SD, ®¥0.05 compared to E14.5; #@05 compared to E18.5; ¥ p<0.05
compared to PN1 (n=3).
3.3 Panx1 and Panx3 ar e expressed in human and mouse skeletal muscle SCs

Muscle development and regeneration involve therdination of proliferation
and differentiation of myoblasts and SC% Having shown that human primary
myoblasts mainly express PANX1, we next wantedeteminine whether human primary
skeletal muscle SCs (human SC) also express PANXIloa PANX3. Similar to
myoblasts, various MM species of PANX1 were detatehuman SC lysatd-(g. 4A).
While the low MM species of PANX3 (~40 kDa) weretelded, its ~70 kDa
immunoreactive species was the most promin€id. (4A). As expected, these cells
express the SC marker PAX#105.174pyt not Myosin Heavy Chain (MHC), a typical
marker of terminally differentiated muscle cellsd. 4A). Using mouse skeletal muscle
tissue sections, we demonstrate positive Panx1Pamx3 staining in SCs, which were
identified using anti-Caveolin 1 (Cav-1) antibodyid. 4B). Based on these results, we

thus report for the first time that Panx1l and Paare co-expressed in both human and

mouse skeletal muscle SCs.
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Figure 4. Panx1l/PANX1 and Panx3/PANX3 are expressed in mouse and human
satellite cells. (A) PANX1 and PANX3 proteins were detected by Westéohib human
skeletal muscle satellite cells (Human SCs) contp&mehuman primary skeletal muscle
myoblasts that have been differentiated for 6 {ByS$. Myoblasts). Paired box protein 7
(Pax7) was used as a satellite cell marker, whitesim heavy chain (MHC) was utilized
as marker of differentiated muscle cells. GAPDH wagd as a loading contrdB)
Cross-sections of murine skeletal muscle were belal for Panx (Panxl or Panx3;
green) and the mouse satellite cell marker cavdol{@avl; red)(B). Representative
images are shown. Both Panx1 and Panx3 were detectéav-1-positive satellite cells
(arrows). Blue = nuclei, bars = 10um.
3.4 Panx1 and Panx3 levels areregulated during skeletal muscle regeneration

Given that SCs are the main players involved ineskkmuscle regeneratidi?’,
and that our data indicate that Panxl and Panx®xreessed in these cells, we next
examined whether Panxl and Panx3 levels are medulduring skeletal muscle
regeneratiorin vivo. To this end, cardiotoxin (CTX) was injected irethA muscle of
adult mice to induce severe myonecrosis and subséquuscle regeneration
61,166,167,176,17\\/estern blots were performed using TA homogenaiéained 2, 4, 7 and
14 days after CTX injection. We first measured Paprotein expression and observed a

drastic decrease at day 2 post-injury comparedalioes controls Fig. 5A-B). Panx1

protein levels gradually returned to control levBedisdays post-injury when muscle fibers
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are fully regeneratedrF{g. 5A-B). To assess whether Panxl localization was altered
during skeletal muscle regeneration, TA sectiondat 4 post-CTX injection were
immunolabelled for Panx1l and compared to salindgrotsn While Panx1 staining was
present throughout the myofibers with increasedcfaia staining in areas near the cell
surface, and was consistent between CTX-treatedcantfol TA sections, there was a

general decrease in Panx1 labeling throughout T&-iGjected musclesHig. 5C).
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Figure 5. Panxl leveds are modulated during skeletal muscle
degeneration/regeneration. (A) Western blots showing Panxl protein levels in
regenerating TA muscle following cardiotoxin (CTXj)jection. TA muscles were
harvested 2, 4, 7 and 14 d post-injection. Salmected muscles (Control) were used as
controls. GAPDH was used as a loading conif®). Relative quantification of Panx1
levels (n=3). Panxl levels decreased at day 2 ippstt and gradually returned to
control levels 14 days post-injury when muscle isbare fully regenerated. Data are
mean + SD, *g0.05 compared to ContrdC) Cross-sections of TA muscles at 4 d post-
injection were labeled for Panx1 (green) and laminéd). A decrease of Panx1 staining
was observed in the regenerating muscle. Blue fendmars = 10um.
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Similar to muscle development, we interestinglyestssd a dramatic shift in the
Panx3 species expressed during the skeletal mdgsgeneration-regeneration process
(Fig. 6A). Specifically, the lower MM forms of Panx3 wergrsficantly decreased at
day 2 post-injury and subsequently gradually ingiregato approach that of the saline
controls by day 14. By contrast, the ~70 kDa immenotive species of Panx3
drastically increased at day 2 post-injury, grabjudiminishing and returning to control
levels 14 days post-injuryF{g. 6A-C). While the Panx3 localization pattern was not
changed at day 4 post-injury, there was a gene@ledse in Panx3 staining throughout
the CTX-injected muscles compared to that of thineacontrols Fig. 6D). Taken
together, these results show a differential modaiadf Panx1 and Panx3 levels during
skeletal muscle regeneration vivo, further demonstrating that Panxl and Panx3 are

regulated during skeletal myogenesis.
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Figure 6. Panx3 leveds are modulated during skeletal muscle
degeneration/regeneration. (A) Western blots showing Panx3 protein levels in
regenerating TA muscle following cardiotoxin (CTXj)jection. TA muscles were
harvested 2, 4, 7 and 14 d post-injection. Salmested muscles (Control) were used as
controls. GAPDH was used as a loading control. fRelaquantification of the low
molecular weight (kDa) species of Pan(83 as well as of its ~70 kDa immunoreactive
specieqC) (n=3). While the lower MM forms of Panx3 were gfgrantly decreased at
day 2 post-injury, gradually increasing close tattbf saline controls by day 14, its ~70
kDa immunoreactive species drastically increasedda 2 post-injury, gradually
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diminishing and returning to control levels 14 dagst-injury. Data are mean = SD,
*p<0.05 compared to ControlD) Cross-sections of TA muscles at 4 d post-injection
were labeled for the lower MM species of Panx3d€gjeand laminin (red). A decrease of
Panx3 staining was observed in the regeneratinglenuBlue = nuclei, bars = 10um.
3.5 Panx1 and Panx3 levels are dysregulated in skeletal muscle dystrophy

Since our data indicate that Panx1 and Panx3 larelsegulated during mouse
muscle development and regeneration, we next watategkamine Panx1l and Panx3
levels in a situation where myogenesis is dysregdlauch as in Duchenne muscular
dystrophy (DMD). We thus compared Panx1 and Paex&l$ in muscles (TA, EDL, and
SOL) from mdx mice and control animals. As shown in Figure &ré¢hwas a small
decrease in Panx1 protein expression in EDL, butmd@A or SOL, from 4-week-old
mdx mice compared to that of the respective musclebeoparental lineHig. 7A-B). As
for Panx3, there was also a significant diminutadrits low MM species (~35-40 kDa)

levels in dystrophi@A and EDL muscles, together with a drastic inceeafits ~70 kDa

immunoreactive species in EDL and SOL musdkeg.(/C-E).
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Figure 7. Panx1 and Panx3 levels are regulated in dystrophin-deficient mice. Panx1
and Panx3 protein levels were analyzed by Westtts Iin different skeletal muscle
tissues (TA, EDL, SOL) from dystrophin-deficientami(ndx) as a model for Duchenne
muscular dystrophy compared to the parent line,BL5I0 (/10) at 4 weeks old. Panx1
levels were slightly decreased in dystrophic EDImpared to control mice, while no
differences were observed in TA and SOL skeletadatas(A-B). GAPDH was used as a
loading control for relative quantification. Dateeanean + SD, *80.05 (n=4). On the
other hand, the levels of the low molecular weigp¢cies (~35-40 kDa) of Panx3 were
significantly decreased in TA and EDL musclesvolx mice (C-D), while the levels of
its ~70kDa immunoreactive species were increaseth@ér EDL and SOL(C, E).
GAPDH was used as a loading control for relativardification. Data are mean = SD,
*p<0.05 (n=4).
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While the mdx mouse is a popular model for DMD, its clinical syomps are
minimal in part due to compensation in muscle gbéy functional and structural
homologs of dystrophin such as utrophin and ititgto regenerate fibers over a shorter
life span®*, We have thus examined Panxl and Panx3 levelsAinEDL, and SOL
skeletal muscles of 8-week-oldrophin/dystrophin dKO mice as compared to that of
control mice. In these studies, we have also ireduthe diaphragm (DPH) as it is the
most impaired muscle in DMD, and its wasting ispmssible for clinical respiratory
failure in DMD patients'’®17® While there was a trend towards diminution in TA
muscles, Panx1 levels were found to be signifigatéicreased in EDL, SOL, and DPH
of dKO mice Fig. 8A-B). Importantly, Panx3 levels were significantlyeattd in all
muscles examined with its low MM species being dased and its ~70 kDa

immunoreactive species being strikingly elevatéd.(8C-E).
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Figure 8. Panxl and Panx3 levels are down-regulated in utrophin/dystrophin-
deficient mice. Panx1 and Panx3 protein levels were analyzed bytéffeslots in TA,
EDL, SOL, and diaphragm (DPH) from utrophin/dystiopdeficient mice ¢KO)
compared to the parent line, C57BL/10 (/10) at 8ekseold. Panxl levels were
significantly decreased in EDL, SOL, and DPH frowstdophic mice compared to
controls(A-B). GAPDH was used as a loading control for relaguantification. Data
are mean * SD, *¥0.05 (n=3). The levels of the low molecular weigptcies (~35-40
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kDa) of Panx3 were significantly decreased in gtttbphic muscles assessgiiD),
while the levels of its ~70kDa immunoreactive spsaivere drastically increaséd, E).
GAPDH was used as a loading control for relativargification. Data are mean + SD,
*p<0.05 (n=3).

To assess whether Panx1 localization is alteresida indKO mice compared to
their control, cross-sections from all muscles exach were immunolabeled for Panx1
(green) and Cav-1 (red), a marker of S&sPanx1 localization was consistent between
dKO and control sections where Panx1 was localizezlitiirout the myofibers with areas
of increased punctate staining near the membraneewessarily associated to SEsy(

9). There were no differences in the level of Pastalning in TA, which histologically is
most similar to the control in terms of maintenanterganized myofiber architecture. In
EDL, SOL and DPH frondKO mice; however, there were mostly areas of decdease
Panx1 labelling with the occasional area of incedastaining ig. 9). Here, DPH was
the most affected muscle observed in terms of &dssyofiber structure and had the
most decreased level of Panx1 staining. To furitngstigate whether these differences
in Panx1l immunolabelling were associated to higficklly healthy (characterized by
organized myofibers structure with peripherallydted nuclei), regenerating
(characterized by organized myofibers structurehwitentrally-located nuclei) or
inflammatory/necrotic (characterized by loss of fiyer structure and infiltration of
non-muscle mononuclear cells) muscledikiO mice 61136 we performed a hematoxylin
and eosin stain (H&E) of EDL cross-sections. Thediogy ofdKO muscles comprised
of mostly healthy (h) and regenerating (r) areaBiclw had decreased Panxl staining
(green), while inflammatory/necrotic (i) areas magbea smaller composition of tiikKO

muscles but had increased Panx1 stairfing (L0).
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Figure 9. Panxl localization is not altered in utrophin/dystrophin-deficient mice.

Cross-sections of TA, EDL, SOL, and DPH musclesfdiKO mice and the parent line,
C57BL/10, at 8 weeks old were labeled for Panxg&dg) and Cavl (red). While Panx1
localization was consistent in all muscles studiedh thedKO mice and the parent line,
there was a general decrease in Panx1 stainin@in EOL, and DPH; however, there
were a few small areas in all muscles studies witheased Panx1 staining. Blue =

nuclei, bars = 10um (n=3).
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Figure 10. Panxl levels are down-regulated in histologically healthy and
regenerating areas of muscle from utrophin/dystrophin-deficient mice, and up-
regulated in histologically inflammatory/necrotic areas. Cross-sections of EDL
muscles fromdKO mice and the parent line at 8 weeks old were &bébr Panxl
(green) and Cavl (red), and stained with hematoxafid eosin (H&E). Histologically
healthy areas (white inset labelled “h”) (organimagofibers structure and peripherally-
located nuclei) and histologically regeneratingaarénvhite inset labelled “r”) (organized
myofibers structure with centrally-located nuclehowed decreased Panxl staining,
while inflammatory/necrotic areas (white inset 3033
“I”) (disorganized myofibers structure and infitien of mononuclear cells) had
increased Panx1 staining compared to the parentBilue = nuclei, bars = 10pum (n=3).
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To assess whether Panx3 localization is alteresida indKO mice compared to
their control, cross-sections from all muscles exach were immunolabeled for Panx3
(green) and Cav-1 (red). While Panx3 localizatiattgrn was not changed oKO
muscles compared to controls, there was a reducti®anx3 staining level in TA, EDL,
SOL and DPHFEig. 11) likely representing the low MM species of Pans3lae antibody
is not expected to detect the ~70 kDa immunoreactspecies of Panx3 in
immunofluorescent staining This reduction in Panx3 staining intensity seepscific
to areas of histologically healthy (h) and regetiega(r) muscle, while the few small
areas of histologically inflammatory/necrotic (ijustle demonstrated increased Panx3
labelling Fig. 12). Altogether, our data revealed that Panxl and Pdex8ls are

dysregulated in muscular dystrophy.
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Figure 11. Panx3 localization is not altered in utrophin/dystrophin-deficient mice.

Cross-sections of TA, EDL, SOL, and DPH musclesfd)KO mice and the parent line,
C57BL/10, at 8 weeks old were labeled for Panx&€g) and Cavl (red). While Panx3
localization was consistent in all muscles studredh thedKO mice and the parent line
there was general decrease in Panx3 staining ireDA, SOL, and DPH; however, there
were a few small areas in all muscles studied witreased Panx3 staining. Blue =

nuclei, bars = 10um (n=3).
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Figure 12. Panx3 levels are down-regulated in histologically healthy and
regenerating areas of muscles from utrophin/dystrophin-deficient mice, and up-
regulated in histologically inflammatory/necrotic areas. Cross-sections of EDL
muscles fromdKO mice and the parent line at 8 weeks old were &bdébr Panx3
(green) and Cavl (red), and stained with hematoxagfid eosin (H&E). Histologically
healthy areas (white inset labelled “h”) (organiregofibers structure and peripherally-
located nuclei) and histologically regeneratingaarénvhite inset labelled “r”) (organized
myofibers structure with centrally-located nuclehowed decreased Panx3 staining,
while inflammatory/necrotic areas (white inset 34303

‘") (disorganized myofibers structure and infitien of mononuclear cells) had
increased Panx3 staining compared to the parentBilue = nuclei, bars = 10pum (n=3).
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3.6 PANX1 inhibition supresses SC differentiation
Given our previous finding that PANX1 over-expressiinduces myoblast

differentiation, while blocking its channel activitising probenecid or carbenoxolone
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inhibited this proces¥’, we wanted to determine whether PANX1 channelsladg the
differentiation of SCs as well as possibly promgtimyogenesis during muscle
development and regeneration. PANX1 is expresseduman SCsHKig. 4A) and is
localized as punctate structures throughout thevagh increased labeling at the cell
surface, mainly at cell-to-cell interactionsFig. 13A). Prior to induction of
differentiation, upwards of 95% of human SCs exprglyoD with upwards of 60% of
cells being double positive for Pax7 and MyoD (PadiyoD*) between passages 0 and 6
(Fig. 13B); therefore, these human SCs are considered tdiV® at the start of the
assay. When human SCs were differentiated in selepnived differentiation media for
6 days to form myotubes, PANX1 (green) was expregsall the cells throughout the
differentiation assay from DO to D6, but quantifioa of the MYOG-positive cells (red)
suggests increased levels of PANX1 labelling atcbfpared to MYOG-negative cells
at DO and D6 Kig. 14A-B). Similarly, quantification of MHC-positive cell¢red)
suggests increased PANX1 labelling at D6 comparddYOG-negative cells at DO and
D6 (Fig. 14C-D). As expected during SC differentiation, an isse in fused
multinucleated cells was observed at day 6 (D6) pamed to day O (DO), where
undifferentiated SCs are largely PaXiyoD* and fused multinucleated cells express the
early differentiation marker MyoD but not the SCrkea Pax7 upon immunolabeling
(Fig. 15A). 1mM of probenecid or 100uM of carbenoxolone cared to PBS controls
were used to block PANX1 channels and study thiéaces on early differentiation of
human SCs. The percentage of PdyoD* cells was 78% at DO and decreased to 33%
after 6 days of differentiation, while treatmentlwprobenecid or carbenoxolone did not

significantly affect the Pax®MyoD* population Fig. 15B-C) nor the Pax7-MyoD+
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population at D6 Kig. 15B,D) suggesting that Panx1 is not involved in maintajrthe
activated SC population and induction of earlyetéhtiation, though it is still unknown

whether Panx1 may still play a role in maintainihg Pax7 quiescent SC population.
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Figure 13. Characterization of human primary skeletal muscle SCs. Human primary
skeletal muscle SCs labelled with PANX1 (green) destrated that PANX1 is localized
as punctate structures throughout the cell withreiased staining at cell-to-cell
interactiongA). SCs labelled with Pax and MyoD at passages 6d24aP0, P2 and P4)
showed that upwards of 95% of SCs express MYOD wtivards of 60% of cells being
double positive for PAX7 and MYOD between passdyasd 6; therefore, these human
SCs are considered activafé@@at the start of the asség).
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Figure 14. PANX1 levelsincrease during SC differentiation. Human primary skeletal
muscle SCs were differentiated over a course dy® th serum-deficient differentiation
media and labeled with PANX1 (green) and myogeMmaG) (red)(A) at days 0, 2, 4,
and 6 (DO, 2, 4, 6). PANX1 staining was increasetMlYOG-positive cells (MYOG) at
D6 compared to MYOG-negative cells (MYQ@t DO and DEB). Similarly, PANX1
labelling was increased in myosin heavy chain (MigG3itive cells (MHC) (red)(C) at
D6 compared to MHC-negative cells (MBG@Gt DO and DED). Data are mean + SD,
*p<0.05 (n=3) Blue = nuclei, bars = 10um. Data areme8D, *p<0.05 (n=3).
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Figure 15. PANX1 inhibition does not affect the per centage of Pax7*MyoD* SCs and
early differentiating PaxMyoD* SCs. Human primary skeletal muscle SCs were
differentiated over a course of 6 days in serumetft media without PANX1 channel
inhibitors (A) or with PANX1 channel blockers, probenecid (PBN)carbenoxolone
(CBX), and vehicle control, PB@). Cells were labelled with Pax7 (green) and MyoD
(red) at days 0 and 6 (DO and D6). Blue = nuclarsl= 10pum. As expected, cells were
largely Pax7MyoD* at DO, whereas more cells at D6 were fused andinmualeated
becoming Pax®yoD*. There were no significant differences in the P&gbD* (C)
and PaxMyoD* (D) populations compared to controls when human SQGsg weated

50



with PBN or CBX during differentiation suggestirftat PANX1 is not involved in early
differentiation and maintenance of the activated @@ulation. Data are mean = SD,
*p<0.05 (n=3).

To study the effect of PANX1 channel blockers pradagd and carbenoxolone on
late differentiation of human SCs, SCs were labétedthe late differentiation marker
MyoG (red) as well as the terminal differentiatiorarker MHC (red). At DO, cells did
not express MyoG, but 7% of cells were positive MyoG at D6, which decreased by
32% and 75% upon probenecid and carbenoxolonartesdf respectivelyHig. 16A-B).
Similarly, cells did not express MHC at DO, but @¥ocells were MHC-positive at D6
(Fig. 17A-B). This differentiation index was significantly deased by 15% and 52%
upon probenecid and carbenoxolone treatment comhgareontrols, respectively=(g.
17A-B), while the fusion index decreased by 35% and %Bl). 17A,C). Furthermore,
probenecid or carbenoxolone treatments signifigashiifted the proportion of MHC-
positive cells from high level multinucleation (28+ nuclei) (significant decrease)
towards a population with low level multinucleati{2+4 nuclei) (significant increase) as
compared to controld=(g. 17D-F). Specifically, the proportion of MHC-positive tsl
with low level of nucleation increased by 1.6X amdlX upon probenecid or
carbenoxolone treatment compared to contréigy.(17D), respectively, while the
proportion of MHC-positive cells with high level ofucleation decreased by 45% and
72% Fig. 17F), respectively. Furthermore, carbenoxolone but mobbenecid
significantly decreased the proportion of MHC-pesit cells with moderate
multinucleation (5-9 nuclei) by 45%Fig. 17F). Taken together, blocking PANX1

channels may inhibit human SC differentiation amsidn.
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Figure 16. PANX1 inhibition decreases the percentage of differentiating SCs
expressing the late differentiation marker myogenin. Human primary skeletal muscle
SCs were differentiated over a course of 6 daysenum-deficient media with PANX1
channel blockers, probenecid (PBN) or carbenoxo{(@iX), and vehicle control, PBS.
Cells were labeled with myogenin (MyoG) (red) ay da(D6). Blue = nuclei, bars =
10pm (A). The percentage of MyoG-positive cells decreaseénwhuman SCs were
treated with probenecid (PBN) or carbenoxolone (ECEXata are mean = SD, ¥0.05
(n=3).
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Figure 17. PANX1 inhibition decreases indices of SC late differentiation. Human
primary skeletal muscle SCs were differentiatedr oaecourse of 6 days in serum-
deficient media with PANX1 channel blockers, probad (PBN) or carbenoxolone
(CBX), and vehicle control, PBS. Cells were labeligith myosin heavy chain (MHC)
(red) at day 6 (D6). Blue = nuclei, bars = 10(A). The differentiation indexB) and the
fusion indexes(C) were significantly decreased upon probenecid anecaxolone
treatment during human SC differentiation. Prob&heand carbenoxolone also
significantly increased the percentage of MHC+<ellth 2-4 nuclei, while decreasing
the percentage of MHC-positive cells with 10-25+cley carbenoxolone significantly
decreased the percentage of MHC-positive cells &4¢hnuclei(D-F). Data are mean +
SD, *p<0.05 (n=3).
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3.7 PANX1 inhibition reduces SC proliferation

While our previous data showed that PANX1 does regulate myoblast
proliferation, as probenecid, carbenoxolone, an8iRA over-expression did not have an
effect on this process, | wanted to determine whether PANX1 channelsadtregulate
SC proliferation. When human SCs were treated pittbenecid in proliferation assays,
the level of BrdU incorporation decreased by 45% a#i%based on immunofluorescent
staining Fig. 18A-B) and ELISA assaysH{g. 18C), respectively. BrdU incorporation
was similarly decreased by 94% after carbenoxoloeatment in ELISA assays$iQ.

18D). Altogether, our data suggests that inhibitioPiNX1 channels suppresses human

SC proliferation.
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Figure 18. PANX1 inhibition decreases SC proliferation. Human primary SCs were
treated with 1mM probenecid (PBN) or PBS contral 24 hours and pulsed with 5-
bromo-2-deoxyuridine (BrdU) for 2 hours, followey BrdU staining (redXA). The
percentage of BrdU-positive cells was significarttcreased upon probenecid treatment
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compared to controlB), and analysis by BrdU-ELISA also revealed that lthes| of
BrdU incorporation was decreased upon probenecehtrirent (C) and upon
carbenoxolone treatme(id).

4.0 DISCUSSION

In the present study, we show that expression aoixPas low in embryonic
mouse skeletal muscle and increases progressivelgdfter to become highly expressed
in juvenile and adult muscle. In contrast, the IMM species of Panx3 maintained
similar levels throughout muscle development. Hosvethe ~70 kDa immunoreactive
species of Panx3, which was detected in embryoniscia, decreased drastically during
development resulting in low levels in mature aduliscle. This expression pattern is
similar to that previously reported by our laborgton human fetal versus adult skeletal
muscle tissue'4, during SKMC (primary human skeletal muscle celsid HSMM
(human primary skeletal muscle myoblasts) diffdegiuin 4, as well as in our muscle
degeneration/regeneration experiments. The le¥ddeth Panx1 and the lower MM form
of Panx3 drastically decrease upon skeletal musetgeeneration and gradually increase
during regeneration, while the levels of the ~70akihmunoreactive species of Panx3
drastically increases during degeneration and gdadaecreases during regeneration.
Altogether, these findings summarizedrigur e 19 demonstrate that the levels of Panx1
and Panx3 are tightly and distinctly regulated migrimuscle development and

regeneration.
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Figure 19. Panx1l/PANX1 and Panx3/PANX3 levels are modulated during
differentiation and proliferation of both skeletal muscle myoblasts and SCs,
regulating the differentiation of myoblasts and the differentiation and proliferation

of SCs. In fetal tissue, proliferative myoblasts are theinmeontributor of pre-muscle
growth and our data show that Panx1l expressioovisih fetal tissue and gradually
increases in post-natal to adult tissue (purple)linvhich is mainly differentiated and
quiescent. In fetal and post-natal tissue, the drigtvyO kDa immunoreactive species of
Panx3 is most prominently expressed, but its ledesstically diminish in adulthood
(green line), while its lower MM species is stalgypressed at low levels throughout
development (orange line). During skeletal muselgeneration, injury or cardiotoxin
(CTX) injection to the adult muscle activates quesg SCs, during which PANX1 levels
decrease (purple line), to proliferate and difféisge into myoblasts. Activated SQs
vitro demonstrated increasing PANXL1 levels during diffiéiegion (dashed purple lines)
which may regulate this process. Myoblast proltiera is inhibited by PANX1 and
promoted by the ~70 kDa immunoreactive species ANX3. During myoblast
differentiation, PANX1 levels gradually increasgaurple lines) while the ~70 kDa
immunoreactive species of PANX3 drastically decesa@reen lines) with little to no
expression of its lower MM form present throughdiifferentiation 14 Myoblast
differentiation is promoted by PANX1 and the lowéM species of PANX3n vitro 14

In vivo, skeletal muscles treated with CTX to induce degation/regeneration first enter
a proliferation phase followed by a differentiatiphase. These changes were associated
with drastically decreased levels of both Panxl #md lower MM form of Panx3

56



followed by a gradual increase back to or towasrol levels during regeneration. By
contrast, the ~70 kDa immunoreactive species ofxPadrastically increased in
expression upon CTX-injection and gradually deadas®ack to control levels in
accordance with then vitro results.Dotted lines predict PANX3 levels during SC
proliferation and differentiation. In adult dysttop muscle where regeneration is
impaired, expression of Panxl (purple arrow) anel lihwer MM species of Panx3
(orange arrow) are decreased compared to thatatthigenuscle whereas the expression
of the ~70 kDa immunoreactive species of PanxBaseased (green arrow). Altogether,
our data here and data frdranglois et al. suggest that Panx1/PANX1 plays an important
role in myoblast and SC differentiation during egdral and adult myogenesis, the
lower MM species of Panx3/PANX3 plays a role in mtaining differentiated myoblasts
in a differentiated and non-proliferative stateotighout development and especially
during regeneration, and the ~70 kDa immunoreacipecies of Panx3/PANX3 may
play a role in keeping undifferentiated myoblasts a proliferative state during
development and regeneratitin

Previous work from my laboratory established thaeéreexpression of Panxl
induces myoblast differentiation, while blocking tthannel activity using probenecid or
carbenoxolone inhibited this procel$s In addition to myoblast$®, | demonstrate here
that mouse and human SCs also express Panx1/PARARNX1 levels may be
modulated during SC differentiation (purple dashie@s in Fig. 19), and inhibiting
PANX1 channels with probenecid or carbenoxoloneibitd the differentiation and
proliferation of human SCs. It has been recentlynshthat Panx1 channels mediate the
acquisition of myogenic commitment promoted by ATéease and X receptor
activation in murine €Ci> reserve cells, which share many characteristitis $Cs'>3.
My quantification of PANX1 immunolabelling duringiférentiation suggest that
PANX1 levels are increased in human SCs expredaiegand terminal differentiation
makers. While Western blot analysis is necessarjuttimer confirm whether PANX1
levels increase during SC differentiation, it ikely that PANXL1 levels are gradually
increased in SCs and myoblasts to promote myogenésius, accounting for the

increasing PANXL1 levels during development and meg&tion (summarized iRig. 19).
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Furthermore, our previous work established thatxPadoes not regulate myoblast
proliferation as no effects were observed upon Pasuer-expression nor inhibition of
channel activity with probenecid or carbenoxoldfehowever, | have shown here that
PANX1 channel blockers probenecid or carbenoxolonkibit SC proliferation,
suggesting a tight regulation of PANX1 in order halance the proliferation and
differentiation processes distinguished in myolsiastd SCs. While further confirmation
of this is warranted using selective PANX1 chanilelckers such a&’Panx mimetic
peptide®®, using shRNA to knockdown PANX1, or using a PANX{er-expression
system, one can speculate that PANX1 may affectifipeproteins and/or genes
downstream that are distinct between myoblasts &84 resulting in the observed
differential effect. For example, Notch signallihgs also been shown to play various
roles in the differentiation and proliferation ofyablasts versus SCs. Early reports
demonstrated that Notch inhibited>@.> myoblast differentiation, without affecting
myoblast proliferation markers, Pax3 or Myf!8182 |n contrast, Notch promotes
proliferation in murine primary cultured SC%184 Interestingly, Notch signalling has
also been implicated in the asymmetric divisiorS@fs producing distinct daughter cells
as the committed daughter cell highly expresse&,@ih extracellular ligand of the Notch
receptor, which presumably activates Notch signglin the neighbouring cell since the
self-renewed daughter cell is enriched with NotéH3In future directions, studying the
involvement of PANX1 in SC asymmetric self-renevesd commitment would help
address the conflicting observations reported here.

While we have also shown that over-expression eflelv MM species of Panx3

accelerates myoblast differentiation while inhibgti proliferation 4, our findings

58



presented here suggest that its levels are notlategu during skeletal muscle
development. These differences may be a produtok3 having other important roles
in skeletal musclén vivo, which would not be reflected in myoblast diffeiation and
proliferation assays. Alternatively, the onset @pression of the low MM species of
Panx3, related with the transition of myoblastsrfrproliferation to early differentiation,
may largely precede even the earliest time poirgessed in outin vivo assays.
Furthermore, it is possible that some of the viemmst noted may in part be due to species
differences between humans and mice. However results do indicate that the low
MM species of Panx3 gradually increases during teusgeneration. Following damage
of myofibers, quiescent SCs are activated to ahtecell cycle and proliferate, allowing
the expansion of the myogenic cell populatiéh Since our data indicate that SCs also
express Panx3, it is possible that the increasheofower MM species of Panx3 seen
during regeneration is due to an elevation of Pagg®ession in SCs to promote their
differentiation. Our findings also indicate thatnhman SCs express much higher levels of
the ~70 kDa immunoreactive species of Panx3 thadifferentiated myoblasts. Since
our previous work showed that reduction of the KD immunoreactive species of
PANX3 expression using shRNAs did not affect mysbldifferentiation but resulted in
significant inhibition of their proliferatiof, its high levels in embryonic and postnatal
skeletal muscles as well as in degenerated mukkétg contribute to SC proliferation,
which is necessary for muscle growth and repair.ghswvth is less prominent in the
mature or fully regenerated muscle, it was thuseeted that the levels of the ~70 kDa
immunoreactive species of Panx3 would be signifigatower in developing or

regenerating tissue. While this report did not lablkhe role of PANX3 in human SCs, |
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predict that the lower MM species of PANX3 will ram at relatively low levels during
human SC differentiatiom vitro as proliferative myoblasts and likely proliferai®Cs
express mainly the ~70 kDa immunoreactive form ANR3 (dotted green line), while
differentiated skeletal muscle more prominentlyresp the lower MM form of Panx3
(dotted orange line) and express decreased lef/éie 6-70 kDa immunoreactive species
of Panx3 Fig. 19). Future studies could look at Panx3/PANX3 levdlging SC
differentiation and whether modulating their levedéfect SC differentiation and
proliferation. Possible mechanistic pathways to lex include Wnt signalling and
intracellular C&* signalling. Wnt signalling has been shown to prathe proliferation
of osteoprogenitors®® as well as the proliferation of SCs isolated frarice in vitro and
during regeneration, specifically Wntl, Wnt3a or tdm'®. Increases of intracellular
C&* has been shown to induce osteoblast differentidgtiomugh ER Panx3 channels and
P>X signalling downstreant®, while C&* signaling has been reported to induce SC
activation and proliferation during regeneratit§fir'®? Altogether these results suggest
that Panx1/PANX1 and Panx3/PANX3 contribute to tfiee balance between
proliferation and differentiatiom vitro, and the regulation of myogenesis/ivo.

In mature murine skeletal muscles, we found hes¢ Banxl and Panx3 are
differentially expressed amongst skeletal muscleesy While all muscles assessed
expressed Panx1, its levels were higher in slowetwmuscle (SOL) than in fast-twitch
muscles (TA and EDL). In accordance with our d&anxl labelling in rat skeletal
muscles was present in the interior of both fastt slow-twitch muscle fiber¥°. Panx1
was shown to be located in a region of the T-tuldambrané*%150 consistent with a

stronger labelling near the sarcolemma. Interelstin§TP signalling is known to be
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involved in the potentiation of both fast- and sitwitch muscle contractio®. It has
been demonstrated that the ATP required for pa@®oti response of rat EDL and SOL
contraction is released via Panx1 chand&lsimportantly, SOL muscles of Panx1l KO
mice did not show potentiation of the contracti@sponset®C. The lost potentiation
response of skeletal muscles in Panx1l KO mice cbeldeversed by the addition of
exogenous ATP, confirming that Panxl channels a@eessary for the potentiation
response through the release of ATPIn addition to inhibiting ATP release, Panx1
channel blockade usingPanx peptide strongly reduced a fast calcium sigeabciated
with contraction and a slow signal that regulateisegexpression in skeletal myotub&s
The ATP released mediated by Panx1 channels déetrieal stimulation was shown to
play a key role in transcription of the slow-typegonin (Tnl) gené“°, a signature of the
fast-to-slow muscle fiber phenotype transitidh Panx1 was also recently shown to be
part of a multiprotein complex, involving DHPR,>Y2 receptor, dystrophin, and
caveolin-3, relevant to the E-T coupling processddent skeletal muscle cefi¥? In
addition to their role in the potentiation of cadtion and skeletal muscle plasticiGga

et al. proposed that Panx1 channels may also help maititainormal oxidative state of
skeletal musclé®®. Indeed, absence of Panxl (in KO mice) preventetkase in ROS
induced by skeletal muscle denervatil Skeletal muscle responds to exercise or
electrical stimuli with an increased generationrR8S %8 It was demonstrated that the
increase in ROS production induced by electricahdtion could be blocked by
carbenoxoloné®® This effect was mimicked by exogenous ATP sudggshat ATP
released via Panx1l channels during electrical $iitiaun is necessary to increase ROS

production during depolarization of skeletal musfileers 18 Altogether these data

61



suggest that Panx1 channels are important to alaletal muscle health by regulating
the potentiation of the contractile response, naupthsticity that enables adaptation to
demand, and the oxidative state during exercigdeatrical stimuli.

While some studies have investigated possible fometof Panxl in skeletal
muscle, little is known about Panx3. Here we h&weas that, as opposed to Panx1, the
lower MM species of Panx3 was more abundant infaketwitch EDL muscle than in
the slow-twitch SOL muscle which may suggest défgrfunctions for Panx1 and Panx3.
Interestingly Panx3 channels have been shown tovatved in ATP release from rat L6
skeletal muscle myotubé®, as well as to function as a€ahannel in the endoplasmic
reticulum of osteoblasts and osteoprogenitor celtg] primary calvarial cells?185192
Since C&' plays a central role in skeletal muscle function lasticity by regulating
contraction, metabolism, and activity-dependanpéataoni®3 Panx3 channels may thus
have a pivotal role in these processes. While P&®@3mice have yet to be studied in
terms of their skeletal muscle phenotype and foncta recent study on the effect of the
global deletion of Panx3 on long bone morphologieddhat Panx3 KO mice had larger
areas of muscle attachment than wild-type micegessting a possible skeletal muscle
defect 6% Another avenue of research is to study whethenxB®ANX1 and
Panx3/PANX3 are involved in fast-to-slow twitch risition as previously discussed
possibly through function of SCs specifically, givehat fast twitch fibers are
preferentially affected in DMDB27-129 transitioning dystrophic muscle from fast-to-slow
fiber type is proposed to confer some protectiomfdisease pathology’, and SCs have
been demonstrated to be more abundant in slowhvibers and facilitate this fast-to-

slow twitch transitiorf®>-197
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In the present work, we have also found a diffeaémegulation between Panx1
and Panx3 levels in muscular dystrophy (summarizd€ig. 19). Panx1 levels were not
significantly altered irmdx skeletal muscles as only a small reduction wagres in
dystrophic EDL muscle, but not in TA and SOL muscl8imilar results have been
obtained using heart homogenates frowix mice °8 Despite this, Panx1 levels were
elevated in triad-enriched fractions (T-tubule/satasmic reticulum junctional
complexes) from back and limb musclesnadx mice ¢, suggesting that the effect of
dystrophy on Panx1 levels may differ amongst mugges. Accordingly, Panx1 levels
were significantly reduced in EDL and SOL musclesvall as in the diaphragm dKO
mice, but not in TA muscles. It is also possiblatthpecific regulation of Panx1 levels
occurs within unique cell compartments, such asTthgbules/sarcoplasmic reticulum, in
dystrophic versus healthy skeletal muscle cellszekibeless, Panx1 channels have been
suggested as the primary route of ATP releagsedxand normal skeletal muscle fibers
161 Interestingly,Valladares et al. found that the basal levels of extracellular ATerev
higher in fibers fromflexor digitorum brevis of mdx mice compared to normal fibers;
however, this release was not dependent on memhigpaarization'é?, Interestingly,
dystrophin has been identified as part of the mprdtein complex with Panx1 involved in
E-T coupling, thus implicating Panx1 in muscle dgphy. Furthermore, E-T coupling
was found to be altered imdx muscle fibers, which may be due to a decreased
association between Cavl.1 and Panxl followingeeittestabilization of the plasma
membrane due to dystrophin deficiency, or a changee relative amounts of Cavl.1
and Panx1!6% Interestingly, while ATP release was demonstra@chave an anti-

apoptotic effect in normal fibers, exogenous ATBuiced an increase in the expression
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of pro-apoptotic genes in dystrophic fibers, whattuld contribute to fiber loss in DMD
161 However, exogenous ATP induced an increase inetpgession of pro-apoptotic
genes in dystrophic fibers, which could participatethe loss of fibers in DMD 6%,
While deregulation of Panx1 channel activity may be linked to heart failure in DMD
as treatment witH°Panx did not affect the isoproterenol-induced léthan mdx and
dKO mice, Panxl channels may still be involved inriescle fragility, reduced muscle
strength, contraction-induced damage, and fiberases or fiber loss seen in DMD.
Given that the diaphragm is also subject to extendiber necrosis, Panx1l channel
blockage could possibly inhibit the ATP-induced eegsion of pro-apoptotic genes,
preventing diaphragm fiber loss and subsequentregspy muscle failure. As mentioned
above, it would also be interesting to study the of Panx1/PANX1 in SC self-renewal
and commitment as differential observations weense SCs compared to myoblasts
during differentiation and proliferation, and DMB partially described as a disease of
impaired SC asymmetric divisid#r?t

With respect to Panx3, its levels were also sigaiftly altered in alldKO
muscles examined with its low MM species being dased and its ~70 kDa
immunoreactive species being strikingly elevatedilgVlittle known in regards to the
potential roles of Panx3 in skeletal muscle heafid disease, it has been reported that
nucleotides released from palmitate-challenged mausells through Panx3 attracts
monocytes suggesting a role for Panx3 in immunlecbelmoattraction toward muscle in
the context of obesity®3. Nevertheless, whether or not Panx3 is involvedtha
promotion of DMD by recruiting inflammatory monoegt *°*° or through another

mechanism remains to be investigated. Increased1Pamd Panx3 levels were observed
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in areas of muscle associated to inflammation awtasis during dystrophy, but further
work is required to confirm whether Panxl and Pafewls are truly increased in
inflammatory cells such as macrophages and neutsapldKO muscle, which is beyond
the scope of this report. Moreover, it is not yeown whether these dysregulated levels
of Panx1 and Panx3 in dystrophic mice reflect imgzhidifferentiation and proliferation
of myoblasts and SCsan vitro, and whether modulating Panx1/PANX1 and
Panx3/PANXS3 levels or channel function will res¢hese cellular processes as well as
regeneration in dystrophic models.

Together with our previous findings that Panx1 &ahx3 channels are novel
regulators of myoblast proliferation and differatiton, our data that Panx1 and Panx3
channels are also expressed in SCs, that PanxPamxBB3 levels are tightly regulated
during skeletal muscle development, regeneratiod, Ruchenne muscular dystrophy,
and that PANX1 may play important roles in humanddiferentiation and proliferation
suggest that Panx1/PANX1 and Panx3/PANX3 channklg pn important role in
skeletal muscle health and disease. Future workeisessary to confirm whether
Panx1/PANX1 is involved in skeletal muscle regetiensand dystrophy, by using Panx1
channel blockers such as probenecid, carbenoxaotfanx mimetic peptide® during
CTX degeneration/regeneration experimantsivo on wild-type mice or on dystrophic
mice to observe whether regeneration is affectedisgase progression is exacerbated.
On the other hand, studying the role of Panx3/PANM3skeletal muscle regeneration
and dystrophyin vivo will require Panx3 KO mice as no Panx3 channethw#es have
been reported in literature. Moreover, potentiahctional redundancy may occur

between Panxs, thus enabling compensation. As sinthrfering Panx channel
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expression using Panx knockout mice (Panx1 KO; B#&Q; and Panx1/Panx3 dKO) to
specifically investigate the roles of both Panxl &anx3 in skeletal muscle regeneration
and dystrophy as well as developmentivo will be crucial, especiallgince Panx1 and

Panx3 KO mice have not yet been assessed in thiexio
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