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Abstract

Receptor-activator of nuclear factor kB (RANK), its ligand RANKL and the soluble decoy
receptor osteoprotegerin (OPG) are the key regulators of osteoclast differentiation and bone
remodeling. Here we show that RANK is also expressed in fully differentiated myotubes and
skeletal muscle. Muscle RANK deletion (RANKmko) has inotropic effects in denervated, but
not in sham, extensor digitorum longus (EDL) muscles preventing the loss of maximum
specific force while promoting muscle atrophy, fatigability and increased proportion of fast-
twitch fibers. In denervated EDL muscles, RANK deletion markedly increased stromal
interaction molecule 1 (Stiml) content, a calcium sensor, and altered activity of the
sarco(endo)plasmic reticulum Ca** ATPase (SERCA) modulating Ca*" storage. Muscle
RANK deletion had no significant effects on the sham or denervated slow-twitch soleus (Sol)
muscles. These data identify a novel role for RANK as a key regulator of calcium storage and

SERCA activity, ultimately affecting denervated skeletal muscle function.
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Introduction

Receptor-activator of nuclear factor kB ligand (RANKL), the membrane receptor RANK
and the soluble decoy receptor osteoprotegerin (OPG) are members of the tumor necrosis
factor (TNF) superfamily that regulate bone remodelling (26, 29). RANK/RANKL
interaction activates Ca*"-dependent and NF-kB signalling pathways, which affect osteoclast
differentiation, activation and survival (29). The third protagonist, OPG, binds to RANKL
and inhibits the RANK/RANKL interaction and subsequent osteoclastogenesis (46, 55). In
addition to bone, RANK/RANKL has been detected in other tissues such as thymus, heart,
kidney, liver, brain, blood vessels and skeletal muscles (17, 32, 51). The RANK/RANKL
pathway is known to be involved in a variety of physiological and pathological conditions
such as lymph-node organogenesis, formation of lactating mammary gland, breast cancer,
central thermoregulation, T-cell/dendritic cell communication, vascular calcification, and

bone metastasis (18, 36, 38, 41, 45).

Muscle hypertrophy/atrophy and gain/loss of bone mineral density occur in parallel in
many physiological or pathological conditions and endocrine, mechanical factors,
inflammatory and nutritional states affect simultaneously skeletal muscle and bone
metabolism (3, 4, 16, 22, 39). These observations are consistent with the view that skeletal

muscle and bone share common cell signalling pathways. For example, the Wnt/ 3 -catenin

signalling pathway is a major regulator of bone mass and muscle development and growth

(24). Conditional deletion of Ctnnbl gene in osteocytes, which encodes for [3 -catenin, leads

to impaired bone maturation and mineralization with increased RANKL:OPG ratio (27). In
bone, RANKL/RANK interactions activate tumour necrosis factor receptor-associated factors
6 (TRAF-6), which subsequently induces the activation of downstream signalling molecules

and intracellular calcium concentration ([Ca®];) oscillations (53). The ATP-dependent Ca**
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pump, sarco(endo)plasmic reticulum Ca’*ATPase (SERCA), is essential for [Ca®'];
oscillations and plays a critical role in osteoclastogenesis (54). Moreover, it has been shown
that TRAF-6 is required for functional bone resorption and muscle-specific TRAF-6 deletion
preserves function and reduces atrophy in a model of muscle wasting indicating that TRAF-6
is an important regulator of both bone and muscle masses (19, 49, 50). Thus, common
signalling pathways are emerging to explain the synchronicity between bone and skeletal

muscle physiology and pathophysiology.

Muscle contraction involves the depolarization of the transverse-tubular (t) system, which
activates dihydropyridine receptors (DHPRs) opening ryanodine receptor/Ca’’ release
channels (RYR1) in the sarcoplasmic reticulum (SR) membrane. This results in the rapid
influx of Ca®" into the cytoplasm through RYRI and binding of Ca®" ions to troponin C
causing the formation of actin-myosin cross-bridges and force development (34). Calcium
reuptake in the SR is a tightly control mechanism mediated almost exclusively by SERCA-1a
in fast-twitch fibers and SERCA-2a in slow-twitch fibers. The regulation of Ca®" is also
implicated in other physiological processes such as the maintenance and adaptation of muscle
phenotypes (7, 40), while chronic rise in [Ca®"]; is associated with different pathological
states including muscle dystrophy (1) and the triggering of apoptotic processes (12, 42).
Therefore, the appropriate regulation of [Ca*']; is a requirement for proper cell function,

phenotype and survival.

We recently reported that OPG treatments protect against muscular dystrophy suggesting a
potential role for RANK/RANKL/OPG pathway in muscle disease. In addition, muscle
specific TRAF-6 deletion prevented muscle atrophy and decreased the expression of

ubiquitin-proteasome components in models of denervation or starvation (28, 50). In the
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present study, we hypothesized that muscle RANK, a receptor upstream of TRAF-6, is an
important regulator of denervated muscle function. We report that RANK/RANKL regulates
Ca*" storage, function and phenotype, confirming a role for RANK in denervated skeletal

muscles.
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Material & Methods

Ethical Approval: All procedures were approved by the Universit¢ Laval Research Center

Animal Care and Use Committee based on Canadian Council on Animal Care guidelines.

Animals: Mice carrying the RANK™™* or RANK® alleles and muscle creatine kinase-Cre
(mck-Cre) mice were backcrossed five times to a C57BL/10J background before generating a
specific RANK skeletal muscle deletion, the mck-Cre RANK*1*4  hereafter named
Rank™° mice (18). RANK™° mice are viable, healthy and appeared indistinguishable from
control RANK™¥foxed mice that do not carry the Cre recombinase, hereafter named
RANK™ mice. Male wild-type (C57BL/10J) mice were purchased from the Jackson
Laboratory and bred at our animal facility. Mice were screened for the desired genotype by
PCR analysis. Food and water were provided ad libitum. At the end of the different

experimental procedures, the mice were euthanized by cervical dislocation under anaesthesia.

Denervation: Sciatic denervation was performed under anaesthesia with isoflurane
inhalation on adult mice aged between 12-18 weeks. Briefly, the hindlimbs were shaved and
a small 0.5-cm incision was made proximal to the hip on the lateral side of the leg to expose
and section a 3-5 mm piece of the sciatic nerve. The wounds were then closed with surgical
sutures. The same surgery procedures were executed without sciatic denervation for sham
mice. Mice were euthanized 14 days after sham or denervation procedures. Animals without

chirurgical procedures were used as control mice.

Cell culture: C2C12 myoblasts (ATCC) were cultured in high glucose DMEM (HyClone)

supplemented with 10% FBS (HyClone) and 1% antibiotic-antimycotic (Life Technologies)



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

in 5% CO; and at 37°C. When the myoblasts reached 90% confluence, the medium was
replaced by high glucose DMEM containing 1% FBS for 5 days to allow the myoblasts to

differentiate into myotubes (11).

Genomic DNA for genotyping: Genomic DNA from mouse tail tissue samples was isolated
and amplified by PCR. RANK, cre, and dystrophin was identified by isolating genomic DNA
from tail tissue and screening for the mutation or presence of the transgene by PCR. To detect
delta, flox and wild-type alleles primers used were p87, p88 and p105. Conditions : 94 °C 2
min, 40 cycles of (94 °C 30 s, 60 °C 20 s, 72 °C 1 min) and 72 °C 4 min. To detect the
presence of the mck-cre primers used were ALP 130 and ALP 131. Conditions : 94 °C 2 min,
40 cycles of (94 °C 30 s, 58 °C 10's, 72 °C 1 min) and 72 °C 4 min. To detect mdx allele
primers used were p9427 and p259E. Conditions : 94 °C 3 min, 45 cycles of (94 °C 30 s, 57

°C 305,72 °C 20 s) and 72 °C 10 min.

Isometric contractile properties: Mice were injected with buprenorphine (i.p. 0.1 mg/kg)
and anesthetised with pentobarbital sodium (i.p. 50 mg/kg) 15 min later. Mice were weighed
and the soleus (Sol) and extensor digitorum longus (EDL) muscles were carefully dissected,
attached to an electrode and a force sensor (305B-LR, Aurora Scientific, Inc.) to assess
contractile properties as described previously (9, 44). Muscle fatigability was examined by
stimulating muscle for 200 ms every second at 50 Hz until muscles lost 30% (Sol) or 50%
(EDL) of their initial force. Lastly, muscle length was measured, tendons were removed and
muscles weighed for calculation of muscle cross-sectional area and specific force (13).
Functional measurements were analyzed with the Dynamic Muscle Data Analysis software

(Aurora Scientific, Inc.).

Immunohistochemistry: Transversal Sol and EDL muscle sections (10 um) were cut (Leica



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

Microsystems CM1850, Nussloch, Germany) in duplicate from the proximal and distal
portions of the muscles. Sections were incubated overnight at 4°C with the following primary
antibodies: anti-SERCAla (Abcam), anti-SERCA2a (Abcam), anti-MyHC 1 (Novus
Biological), anti-MyHC IIA (SC-71, DSHB), anti-MyHC 1IB (BF-F3, DSHB), anti-MyHC
IIX (6H1, DSHB), anti-dystrophin (NCL-Dysl1, Vector Laboratories) and anti-RANK (R&D
Systems). Pan-MyHC II was obtained by combining three antibodies: anti-MyHC IIA, anti-
MyHC 1IB and anti-MyHC IIX (DSHB). Fiber-type differentiation by myosin
immunohistochemical was performed as described by Schiaffino et al. (43). Biotinylated
secondary antibodies for immunohistochemistry were purchased from Vector Laboratories
and Alexa Fluor® secondary antibodies from Invitrogen. The localization of RANK and
dystrophin in the sarcolemmal membrane of skeletal muscles was determined by confocal
microscopy. Briefly, confocal series were acquired using a Quorum WaveFX spinning disc
confocal system (Quorum Technologies, Guleph, Ontario) with 491 nm and 561 nm solid
state laser lines for excitation of green and red (Alexa-488 and Alexa-594), combined with
appropriate BrightLine single-bandpass emission filters (536/40 nm and 624/40 nm,
Semrock). For DAPI visualization, wide-field z-series were acquired at the same time with a
DAPI fluorescence filter cube (Chroma Technology). The CCD camera used to capture the

images was a Hamamatsu ImagEM C-9100.

Western blotting: Myotubes or skeletal muscles were homogenized in a lysis buffer
containing 10 pl of protease inhibitor cocktail (Sigma-Aldrich). Protein homogenates were
electrophoretically separated on SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride membranes (PVDF; Bio-Rad), blocked in 5% skim milk and incubated overnight
at 4°C. The following primary antibodies (all from Santa Cruz Biotechnology) were used:

anti-SERCA-1a, anti-SERCA-2a, anti-Stiml, anti-calsequestrin, and anti-RANK anti-
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GAPDH. The membranes were washed and incubated with appropriate HRP-conjugated
secondary antibodies (Santa Cruz Biotechnology). Protein bands were revealed using the
ECL-Plus chemiluminescent detection system (Perkin-Elmer). Films (Denville scientific inc.)
were used to detect a chemiluminescent signal, scanned, and analyzed using Quantity One

software (v4.6.6, Bio-Rad) (10).

Calcium measurements: In another set of experiments, the concentration of total Ca>" in Sol
and EDL muscles was determined using the Ca*'-dependent UV absorbance of 1,2-Bis (2-
Aminophenoxy) ethane-N,N,N’,N'-tetraacetic acid (BAPTA) which is a good estimate of
[CaT] in the SR (30). Briefly, whole Sol and EDL muscles from 12 week-old mice were
weighed and homogenized in a solution containing 0.3 mM BAPTA and sodium dodecyl
sulphate (SDS) detergent to dissolve the surface and SR membranes. The mixture was then
centrifuged removing proteins and other insoluble muscle components to prevent unwanted
absorbance or light scattering. To determine the amount of total Ca®', the supernatant was
divided into four aliquots for separate absorbance measurements taken at 292 nm: 1) the
supernatant alone; 2) The UV absorbance spectrum (240-390 nm) of the supernatant plus 1
mM EGTA added to give a zero Ca’” BAPTA spectrum; 3) the supernatant with a known
amount of Ca’" standard added; and 4) the supernatant with excess Ca’" added to complex
essentially all of the binding sites on BAPTA with Ca®’. From the absorbance data and the
equations given by Lamboley et al. (30), values of total Ca®" concentration were estimated
and reported here in units of mmoles/kg muscle weight. [CaT] measurements include the
following components: extracellular ([CaT]gc), intracellular outside of the SR ([CaT]xonsr),
and intracellular inside the SR ([CaT]sg). The Ca>" chelator, BAPTA, should provide the best

estimate of [CaT]sg under physiological conditions (30).

SERCA parameters: Homogenates from the muscles of WT and KO mice were used to

10
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determine Ca’" dependent Ca’"ATPase activity using a spectrophotometric assay
(SPECTRAmax Plus; Molecular Devices) (47). Briefly, reaction buffer (200 mM KCl, 20
mM HEPES (pH 7.0), 15 mM MgCl,, 1 mM EGTA, 10 mM NaN3, 5 mM ATP and 10 mM
PEP) containing 18 U/mL of both LDH and PK, as well as the homogenate were added to test
tubes containing 15 different concentrations of Ca”", ranging between 7.6 and 4.7 pCa units
in the presence and absence of ionophore A23187 (4.2 uM). In the absence of the ionophore,
Ca®" accumulates inside the SR vesicle and causes back-inhibition of SERCA pumps, which
is more relevant to the physiological system found in skeletal muscle. Aliquots (100 ul) were
then transferred in duplicate to a clear bottom 96-well plate (Costar, Corning Incorporated,
NY), where 0.3 mM NADH was added to start the reaction. The plate was read at a
wavelength of 340 nm for 30 min at 37°C. The different concentrations of Ca>" in the wells
were used to determine the maximal enzyme activity (Vmax) and pCa50, which is defined as
the [Ca*']f required to achieve 50% of Vmax. Lastly, cyclopiazonic acid (CPA; 40 pM), a
highly specific SERCA inhibitor, was used to determine background activity which was
subtracted from the total Ca’~ATPase activity measured in muscle homogenate. All data
were then plotted against the negative logarithm of [Ca*"]f (pCa) using basic statistatical
software (GraphPad PrismTM version 4) to determine Vmax and pCa50. pCa50 was

determined by non-linear regression curve fitting using the sigmoidal dose response.

Statistical analyses. All values are expressed as means = SEM. The data were analyzed with
Student’s t-test, Chi-square test or one-way ANOVA followed by a Tukey’s test (InStat). The
ff

levels of significance were set at * p<0.05, ** p<0.01, *** p<0.001 for genotype (RANK" vs

RANK™®) or # p<0.05 for treatment (Sham vs Den).

11
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Results
RANK is expressed in fully differentiated C2C12 myotubes and at the sarcolemmal
membrane of skeletal muscle

To assess RANK expression in muscle cells, we first analysed its expression in C2C12
myoblasts and differentiated myotubes. RANK was found to be expressed in C2C12
myotubes but not in proliferating C2C12 myoblasts (Fig. 1a). We next analysed RANK
expression in skeletal muscle cells in Situ using confocal microscopy. Confocal
immunofluorescence confirmed the presence of RANK protein on the membrane of fast-
twitch (EDL) (Fig. 1b) and slow-twitch (Sol; data not shown) skeletal muscle fibers. To
confirm specific RANK expression in muscle, we crossed RANK"™ mice onto a muscle
creatine kinase-Cre background to generate muscle-specific RANK knockout mice (F\’ANKmko
mice). PCR results validated the deletion of the RANK allele specifically in skeletal muscle
tissue and partially in heart (Fig. 1c). Deletion efficiency was confirmed at the protein level

in skeletal muscles where RANK immunostaining was not detectable (Fig. 1b).

RANK deletion affects denervated muscle mass and function

To examine the role of RANK/RANKL in muscle pathophysiology, muscle mass,
contractile properties and fiber type proportions were examined in sham and denervated Sol
and EDL muscles from RANK™ and RANK™ mice. Denervation and/or RANK deletion did
not influence mouse body weight. Treatment, but not genotype, reduced EDL and Sol muscle
masses when normalized to body weights (Table 1). Intriguingly, denervated EDL muscles
from RANK™® mice exhibited inotropic effects as determined by the decrease in muscle mass
(Fig. 2a), combined with the partial preservation of maximum specific force (sPy; N/ecm?)
compared to denervated RANK"™ muscles (Fig. 2b). The absolute force production (Po; g) was

not different between RANK” and RANK™® EDL muscle but RANK deletion prevented the

12
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loss of twitch tension (P;) in denervated EDL muscles (Table 2). The contractile properties of
control mice were similar between both genotypes (Table 2). Lastly, the P/Py ratio was
increased in both Sol and EDL muscles of denervated RANK™ mice (Fig. 2c), suggesting a

change in myofilament Ca" sensitivity and/or SR Ca*" release.

Denervation led to decreased fatigue resistance in both Sol and EDL muscles during a
repetitive and glycolytic fatigue protocol (Fig. 2d,e). Both sham and denervated RANK ™
EDL muscles exhibited increased fatigability compared to sham and denervated RANK"
muscles (Fig. 2d,e). In accordance with the higher fatigability, immunohistochemical fiber
typing showed that the slow-twitch fibers were nearly absent in sham RANK™® EDL muscles
while the proportion of fast-twitch fibers (IIA+IIX+IIB) was significantly increased in
denervated RANK™® EDL muscles compared to denervated RANK” EDL muscles (Fig. 21).
The proportion of fiber type over 100% in denervated RANK™® EDL muscles indicated the
presence of hybrid fibers expressing multiple isoforms of MyHC. No changes in muscle fiber
type were observed in Sol muscles (Fig. 3a) indicating that the impact of muscle RANK
deletion on muscle fatigue and phenotype is limited to fast-twitch EDL muscles. Noticeably,
the proportion of fast-twitch fibers expressing SERCA-1a was reduced and the proportion of
fast-twitch fibers expressing SERCA-2a was increased in RANK™® Sol and EDL muscles

(Fig 3b).

Total calcium and SERCA activity and expression in RANK " and RANK™® muscles

Our recent published data show an inverse relationship between [CaT] and muscle mass,
where the highest values of [CaT] are seen with the lowest muscle weights (30). Since
RANK deletion promotes muscle atrophy and prevents force deficits in denervated muscles,

we next measured [CaT] in EDL muscles (Fig. 4a-c). Despite similar muscle masses, the
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average values of [CaT] were 42% lower in sham RANK™® relative to sham RANK™ EDL
muscles (Fig. 4c¢), indicating that under non pathological conditions muscle RANK is
important in Ca’" storage of skeletal muscles. Consistent with the observed inverted
relationship between [CaT] and muscle weights, we found that muscle weights below <4.5
mg had much greater [CaT] than the bigger muscles, but data were non-linear due to a floor
effect in the assay (Fig. 4b). Consistent with the reduced muscle mass in denervated RANK ™

EDL muscles (Fig. 2a), [CaT] increased by 93% in denervated RANK™® EDL muscles while

it did not significantly increase in denervated RANK™ EDL muscles (Fig. 4c).

Since SERCA is critical for Ca®* cycling in the SR, we analyzed SERCAla and SERCA2a
expression and SERCA activity in Sol and EDL muscle extracts. Western blotting analyses
show that SERCA 1a content is significantly reduced in denervated muscles while SERCA2a
content is significantly increased following denervation, independently of the genotype (Fig
4d). No difference in calsequestrin content, a calcium binding protein located in SR, was
observed between RANK" and RANK™® muscles (Fig 4d). However, the content of the
stromal interaction molecule 1 (Stiml), which functions as a calcium sensor in the SR,
increased by 77% and 411% in denervated RANK™ and RANK™® EDL muscles, relative to
their respective sham (Fig 4d). The concentration of Stim1 increased significantly by 184%
in denervated RANK™® compared to denervated RANK™® EDL muscles. Next, we assessed
SERCA Ca2+'dependent ATPase activity in muscle homogenates from sham and denervated
RANK" and RANK™® Sol and EDL muscles over Ca’>" concentrations ranging from pCa 7.0
to pCa 4.5. Interestingly, upon denervation, maximal SERCA activity was reduced in both
the Sol and EDL muscles (Fig. 4e-g and Fig. 5). Moreover, maximal SERCA activity was
significantly reduced in both the sham and denervated RANK™° EDL compared to the sham

and denervated RANK™ EDL (Fig. 4c-f). This inhibitory effect of RANK deletion on SERCA
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activity was limited to EDL muscles and did not affect Sol muscles. Overall, these findings

demonstrate a direct role for muscle RANK in the regulation of SERCA activity and Stim1

content in fast-twitch EDL muscles.
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Discussion

We previously demonstrated that systemic injection of OPG, the decoy receptor of
RANKL, restores muscle force and improves muscle histology in dystrophic mdx mice (9).
However, whether the RANK/RANKL/OPG system directly or indirectly affects skeletal
muscle was unknown. In this paper, using muscle specific RANK mutant mice, we
demonstrate that RANK 1is expressed in skeletal muscle cells where it directly regulates
muscle function. Importantly, muscle-specific RANK deletion protects from denervation-

induced loss of muscle force and modulates total Ca®* storage and SERCA activity.

RANK is well characterized in osteoclasts where it leads to the activation of different
signalling pathways, especially NF-kB and calcium-dependent pathways (5). In skeletal
muscle, Ca”" is a master regulator of multiple intracellular processes such as myosin-actin
cross-bridging, protein synthesis and degradation, mitochondrial adaptation and fiber type
shifting, through the control of Ca®" sensitive proteases and transcriptional factors such as
NFATcl (2). Consistent with a role of RANK in the regulation of calcium handling,
conditional deletion of RANK in skeletal muscle affected muscle contraction post-
denervation, atrophy and fiber type, all of which are regulated by Ca** (2). Intriguingly,
muscle-specific RANK deletion prevents the loss of specific force production but not the loss
of muscle mass following denervation. Without significant changes in muscle mass, muscle
strength can be altered by (1) the amplitude or duration of the Ca®" transient or (2) the
sensitivity of the myofilaments to Ca®". For instance, reduced force production in aged
muscle is partially caused by reduced Ca*" content and myofilament sensitivity (31). Our
findings show that RANK™® denervated muscles have higher [CaT], which originates from
increased intracellular calcium stocks (30, 33). Therefore, higher Ca®" content potentially

. 2+ . . 2+ . .
results in greater rates of Ca™ release, increased myoplasmic Ca™" transients, and, ultimately,
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preserved muscle force production. These results are supported by the increased specific
force and Pt/P ratio in denervated RANK™° EDL muscle, indicating that these muscles are

able to generate a stronger contraction following submaximal stimulation.

The higher releasable Ca®" content is not explained by greater SERCA activity since we
found that denervated RANK™® muscles had low SERCA activity rate compared to the
denervated RANK" . Moreover, we observed no change in CSQ content making it unlikely to
explain the greater releasable Ca®" content; however, in the normal EDL muscles it was
shown that the resting SR Ca®" content is only a relatively small proportion of its maximal
content and that Ca®>" bound to CSQ is only one-third of its saturated level (14, 35, 52). Thus,
it is likely that the increase in [CaT] observed in the denervated RANK™ EDL reflects an
increased binding of Ca®" in the SR thereby increasing releasable SR Ca*" and ultimately
specific force production. In this respect, the relatively greater inhibition of SERCA activity
may serve to prolong the Ca>" transient and increase force production, while decreasing the
fatigue resistance. Accordingly, we observed higher muscle strength following a single
contraction (Pt) in denervated RANK™® EDL muscle combined with increased fatigability
following repeated maximal contractions. The exact mechanisms lowering SERCA activity in
response to RANK deletion are unknown and require further investigation — and analysis of
sarcolipin and phospholamban, two well-known regulators of the SERCA pump (15),
indicate increased expression of both proteins in response to denervation, however no

significant differences were found between genotype (data not shown).
Enhanced Ca®" entry could be responsible for any increase in SR Ca*" content in muscle.

In osteoclasts, RANKIL-mediated Ca® entry could arise from intracellular or extracellular

origin (6, 25). Members of the transient receptor potential vanilloid channels (TRPV) family,
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TRPV2 and TRPVS5, were demonstrated to mediate RANKL-induced calcium entry (6, 23).
Store-operated calcium entry (SOCE) channels, that sense declining Ca”" ion concentration in
the SR, were also associated with RANKL-induced calcium entry (23). For instance,
silencing of the SOCE channel Orail with specific shRNA inhibits RANKL-induced
osteoclastogenesis by suppressing NFATc1 induction (20). Mice lacking SOCE specifically
in skeletal muscle exhibit reduced muscle mass and increased susceptibility to fatigue
whereas Stim1™ myotubes failed to refill their stores and altered expression of key SR
proteins (48). Furthermore, the use of SERCA inhibitor suggests that under some conditions
the role of SERCA in replenishing Ca>" stores is limited (37). Our current findings that
denervation treatment and RANK deletion markedly increased Stiml content (184%) may
explain, in part, the discrepancy between the rise in [CaT] and the depression of SERCA
activity in denervated RANK™® EDL muscles. It is thus tempting to speculate that SOCE
would compensate for the lack of SERCA activity in denervated RANK™ EDL muscles.
The mechanisms by which RANKL/RANK controls Ca”" storage in skeletal muscle cells
requires further experiments, nevertheless our findings provide the first evidence that RANK

is a novel regulator of Ca*" storage in skeletal muscle cells.

With respect to EDL muscle fatigability, we found that both denervation and RANK
deletion led to higher fatigability than their wild type and sham-operated counterparts.

k .
K™ muscles increased the number of

Consistent with this observation, we found that RAN
fast-twitch type II fibers; however, the disproportionate increase of fatigability in RANK ™
muscle compared to the relatively modest changes in fiber type and that no changes on
muscle contractility, fatigue and phenotype were observed in Sol muscles, suggests that the

muscle fiber type phenotype may not be the main reason to explain the fatigue in RANK ™

muscle. Indeed, the decreased fatigue resistance observed following denervation was
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associated with an increased proportion of type I fibres in both RANK" and RANK™® Sol and
EDL muscles. It could be speculated that the altered calcium signalling following muscle-
specific RANK deletion impairs mitochondrial function given the well-established role of the
calcium-dependent effectors calcineurin and NFATc1 in enhancing muscle endurance and
mitochondrial respiratory capacity (21). Nevertheless, our findings indicate that RANK
deletion enhances force production, promotes a fast-twitch phenotype and fatigability while

increasing stiml content and decreasing SERCA activity.

Per spective and conclusion

Osteoporosis and muscle wasting occur simultaneously in a variety of pathologies,
although common signalling pathways between these two processes were not identified (Fig.
6). Here, we show that in addition to its role in bone homeostasis, RANK signalling also
regulates Ca>" storage, muscle mass, and muscle performance. Muscle-specific deletion of
RANK has an inotropic effect on denervated fast-twitch EDL muscles, largely composed of
type IIA, 11X, and IIB fibers. Fast-twitch fibers are usually the first to be affected in several
forms of muscular and neuromuscular diseases and aging conditions, leading to premature
loss of function and important incapacities (8). Our findings show for the first time that fast-
twitch fibers may be specifically targeted to enhance their force production. Although these
results are preliminary and the long-term effects remain to be determined, this discovery
opens a whole new field of research and new therapeutics avenues for conditions affecting in

synchrony bone and skeletal muscle and potentially heart diseases.
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Table caption

Table 1: Body weights and muscle mass normalized to body weight of mice.
Denervation and/or muscle RANK deletion did not influence body weight. Treatment, but
not genotype, reduced EDL and Sol muscle mass normalized to body weight. Data are
presented as mean +/- SEM, n=7. The level of significance was set at # p<0.05 for treatment

(Sham vs Den).

Table 2: Contractile properties of Sol and EDL muscles. Ctr, sham and denervated

RANK" and RANK™® SOL and EDL muscles were incubated ex vivo and electrically
stimulated to record maximal absolute force (Py) and twitch tension Pt (g). Py (g) decreased
independently of genotype following denervation. However, muscle RANK deletion
prevented the loss of twitch force in denervated EDL muscles. No difference in Py and P,
were observed in muscle RANK deletion of control mice. Data are presented as mean +/-

SEM, n=7. The level of significance was set at # p<0.05 for treatment (Sham vs Den).
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Figure caption
Figure 1: RANK expression in skeletal muscles and myotubes. (a) Western blot showing
that fully differentiated C2C12 myotubes but not myoblasts express RANK protein. GAPDH
is shown as a loading control (b) Confocal images showing colocalization of intracellular
face of cytoplasmic membrane/sarcolemma dystrophin (green) and RANK (red) in RANK"
and the absence of RANK in RANK™® EDL muscles. Thymus sections were used as positive
controls for RANK immunofluorescence. Omission of primary antibody was used as a
negative control. Because non muscle cells in skeletal muscles can also express RANK,
confocal images, rather than Western blots, were required to confirm the absence of muscle
RANK in RANK™® mice. Bar =100 ['m. (¢) PCR analysis of genomic DNA isolated from
Sol muscle, EDL muscle, heart, liver, spleen and kidney showing efficient Cre-mediated

recombination of loxP sites in skeletal muscles from RANK™ mice.

Figure 2: Impact of RANK deletion on muscle contractility, fatigue and phenotype. (a)

K™ relative to

Muscle atrophy was significantly more pronounced in denervated RAN
RANK™EDL muscles. (b) However, ex vivo force measurements show that RANK ablation
preserves the specific force tension of denervated (Den) EDL muscles but not in slow-twitch
Sol muscles. (¢) RANK deletion increases Pt/Py ratio in Sol and EDL muscles following
denervation. (d) Muscle glycolytic fatigue protocol was induced by a train of stimulations
(200 ms on: 800 ms off, 50 Hz) until Sol muscles force reach 70% of its initial force. Fatigue
time is decreased in denervated muscle but similar between RANK" and RANK™ muscles.
(e) Muscle glycolytic fatigue protocol was induced by a train of stimulations (200 ms on: 800
ms off, 50 Hz) until EDL muscles force reach 50% of its initial force. Sham and denervated

RANK™® EDL muscles exhibit increased fatigability compared to sham and denervated

RANK" EDL muscles. (f) Fiber typing of EDL muscle analysis showed that the slow-twitch
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fibers were nearly absent in sham RANK™° EDL muscles while the proportion of fast-twitch
fibers (IIA+IIB+IIX) was significantly increased in denervated RANK™® EDL muscles
compared to denervated RANK" EDL muscles. The levels of significance were set at *
p<0.05, ** p<0.01, *** p<0.001 for genotype (Rankf/ vs Rankmko) or # p<0.05 for treatment

(Sham vs Den). Data are presented as mean +/- SEM, n = 3-7.

Figure 3: Percentage of type I and II fibers in Sol muscles and proportion of each fiber
type expressing SERCA-1a and SERCA-2a in Sol and EDL muscles. (a) As opposed to
fast-twitch EDL muscles, no changes in phenotype were observed in sham or denervated
RANK" and RANK™® in Sol muscles. (b) Sham and denervated RANK™° muscles
exhibited a lower proportion of fast-twitch fibers expressing SERCA-la and a higher
proportion of fast-twitch fibers expressing SERCA-2a. The levels of significance were set at
* p<0.05, ** p<0.01, *** p<0.001 for genotype (Rank”" vs Rank™°) or # p<0.05 for

treatment (Sham vs Den). Data are presented as mean +/- SEM, n = 6-8.

Figure 4: Total calcium content, SERCA activity and calcium protein contents in
RANK" and RANK™° EDL muscles. (a-c) [CaT] was decreased in sham RANK™° EDL

muscles relative to sham RANK'

EDL muscles but increased sharply in denervated
RANK™° EDL muscles. (d) Western blots show that SERCA-1a content is reduced while
SERCA-2a content is increased following denervation. No changes in calsequestrin content
were observed, but Stim1 content increased markedly in denervated RANK™EDL muscles.
(€) SERCA Ca**-dependent ATPase activity was assessed in muscle homogenates from sham
and denervated RANK"” and RANK™° EDL muscles over Ca®* concentrations ranging from

pCa 7.4 to pCa5.0 (f) maximal ATPase activity (Vmax) and (g) pCa value required to elicit

50% of maximal activity (pCa50). The levels of significance were set at * p<0.05, ** p<0.01,
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*** p<0.001 for genotype (Rank™ vs Rank™®) or # p<0.05 for treatment (Sham vs Den).

Data are presented as mean +/- SEM, n = 3-7.

Figure 5: SERCA Ca”’dependent ATPase parameters from sham and denervated
RANK" and RANK™® in Sol muscles. Denervation induced a significant reduction of (a)
SERCA Ca*" dependent ATPase activity and Vmax (b) maximal ATPase activity (Vmax) (c)
pCa value required to elicit 50% of maximal activity (pCa50) were similar between control
and experimental Sol muscles. The level of significance between genotype (Rank”/Rank™)
was set at * p<0.05, ** p<0.01, *** p<0.001 and set at # p<0.05 between treatment

(Sham/Den). Data are presented as mean +/- SEM, n = 3-7.

Figure 6: Schematic representation of RANK/RANKL/OPG pathway as common
regulator of bone and muscle cells. In osteoclast, RANK/RANKL interaction regulates
osteoclastogenesis and/or cell apoptosis through modulation of SERCA activity, Ca*"
oscillation, Ca*"-calcineurin-NFAT and NF-kB pathways. Muscle cells also express RANK
and RANK/RANKL interaction is an important regulator of SERCA activity, calcium storage
in fast-twitch EDL muscles. These results highlight the importance of a common signalling

pathway opening potentially new treatment for both skeletal muscle and bone.
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Table 1

Mice
Sham?* Den”* Sham™° Den™°
24.7 24.3 23.8 24.5
Body + N N N
weight (g)
0.8 0.7 1.4 1.9
EDL 0,34 0,28 # 0,38 0,25 #
muscle + + + +
weight /
0,02
Body 0,05 0,04 0,04
weight
Sol muscle 0,29 0,24 # 0,26 0,23 #
weight / n N N N
Body
0,04 0,03 0,03 0,04

weight




Table 2

Sol EDL
Ctrf/f | Sham'" Den"f Ctrmko | Sham™° | Den™° Ctrf/f | Sham* Den’" Ctrmko Sham™° Den™°
26.6 | 26.1 19.6# | 269 | 25.6 18.1# | 33.5 | 33.1 | 21.3# | 32.7 33.5 22.1#
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(®
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