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Quiescent muscle stem cells (MuSCs) respond to exercise; however, the
coordinated regulation of increased loading, exerkines, and quiescence sig-
naling remains unclear. We found that increased loading reduces calcitonin
receptor (CalcR) expression, and forced activation of protein kinase A (PKA), a
downstream of CalcR signaling, suppresses MuSC proliferation. Although
MuSC-specific Calcr knockout (C-cKO) alone is insufficient, exercised C-cKO
mice exhibit significant MuSC proliferation independent of increased loading.
Reinforcement of CalcR signaling, either through PKA induction or Yapl
depletion, suppresses MuSC proliferation. Load-independent MuSC pro-
liferation is also suppressed by the deletion of gp130 in C-cKO mice. Serum
from exercised mice recapitulates MuSC proliferation in all analyzed muscles
of sedentary C-cKO mice, which is abrogated by anti-IL-6 antibodies, and we
find cross-talk between CalcR and gp130 signaling via Yapl phosphorylation.
Together, our findings reveal an integrated mechanism by which increased
loading, exerkine-gp130, and CalcR signaling converge to fine-tune MuSC
activity during exercise.

Movement constitutes the fundamental capability of animals to
acquire energy and respond to crises. When “movement” exceeds a
certain threshold, it is classified as “exercise,” which is defined as a
planned, structured, and repetitive activity'. Skeletal muscle, pre-
dominantly composed of multinucleated myofibers, plays a critical
role not only in allowing movement but also in exerting various addi-
tional effects in response to exercise. Exercise affects homeostasis and
longevity of organisms in different species. Swimming has been shown

to protect Caenorhabditis elegans from arsenite-induced mortality>. In
both humans and mice, exercise has the potential to alleviate the
effects of aging® and reduce susceptibility to various diseases,
including cancer* and depression’. These systemic effects are con-
sidered to be mediated by myokines or exerkines released from
myofibers into the bloodstream®**.

Muscle stem (satellite) cells (MuSCs) are indispensable for skeletal
muscle development, regeneration, and hypertrophy. Under steady-
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state conditions, MuSCs remain in a mitotically quiescent state’®
through several signaling pathways®°. However, when muscle
experiences injury or mechanical loading due to exercise, MuSCs exit
quiescence and enter a proliferative state. Of note, accumulating evi-
dence suggests that MuSC proliferation in loaded muscles occurs
without overt signs of myofiber death or regeneration" . Moreover,
MuSC behaviors differ between regenerating and loaded muscles. In
contrast to the regenerative process, in loaded muscles, nearly all
MuSC-derived myonuclei are located peripherally within myofibers,
and MyoD expression is either undetectable or low in proliferating
MuSCs'*. However, the contribution of myofiber damage to MuSC
proliferation in exercised animals cannot be completely excluded. Multi-
ple lines of evidence indicate that exerkine expression can occur inde-
pendently of muscle injury®®, Therefore, demonstrating that exerkines
can induce systemic MuSC proliferation under sedentary conditions
would provide compelling evidence for an injury-independent mechan-
ism of MuSC proliferation in adult skeletal muscle. To date, no study has
successfully induced systemic MuSC proliferation through exercise-
related factors in sedentary conditions.

The activation and proliferation of MuSCs are contingent upon
the type of exercise. Treadmill running is commonly employed in the
field of exercise physiology; high-intensity (fast-speed) and short-
duration training mimics explosive training, whereas low-intensity
(slow-speed) and long-duration training models endurance training.
Wheel-running is a moderate-intensity, long-duration exercise typi-
cally classified as an endurance-style physical activity within the
exercise paradigm. Studies have shown that high-intensity exercise
induces muscle damage, which is believed to be associated with
MuSC activation/proliferation’®. Meanwhile, a previous study indi-
cated that wheel-running induces MuSC proliferation in plantar
flexor muscles with minimal muscle damage’®?. In addition, wheel-
running stimulates exerkine production, including factors that pro-
mote MuSC proliferation*. However, in wheel-running mice, MuSC
proliferation occurs only in specific muscles in a load-dependent
manner®. Given that exercise exerts systemic effects through cir-
culating factors, these factors might influence MuSCs across all
muscles. Nevertheless, MuSCs in muscles not subjected to increased
load during exercise remain quiescent. It is unclear whether the
levels of systemic factors are insufficient to induce MuSC prolifera-
tion or whether MuSCs possess intrinsic mechanisms that inhibit the
effects of these systemic factors.

The calcitonin receptor (CalcR), a G-protein-coupled receptor
(GPCR), maintains MuSC quiescence through the PKA/Yapl axis****
and serves as a prominent marker for detecting quiescent MuSCs in
both mice and humans®?®, The loss of CalcR leads to transient
expression of cell-cycle-related molecules and a time-dependent
reduction in the MuSC pool*>. However, MuSCs lacking Calcr do not
undergo cell division in non-damaged muscle®. In a surgical resistance
training model (an intense exercise regimen that induces muscle
hypertrophy), the number of MuSCs expressing CalcR decreases?; yet,
the impact of CalcR signaling on MuSCs in a physiological exercise
model remains unexplored.

In this study, voluntary wheel-running was used as the exercise
model due to its low risk of muscle damage and its potential to
enhance exerkine secretion. Initially, we observed that MuSCs in spe-
cific muscles proliferated in response to the increased loading induced
by exercise, with activated/proliferating MuSCs losing CalcR expres-
sion. Activation of Protein Kinase A (PKA), a downstream effector of
CalcR signaling, inhibited the increased number of MuSC-derived new
myonuclei, suggesting that downregulation of CalcR signaling is cru-
cial for MuSC proliferation in muscles experiencing increased loading.
Notably, we observed that Calcr-deficient MuSCs proliferated in
response to exercise independent of increased loading, and that
exerkines promoted their proliferation in all examined muscles of
sedentary mice. Mechanistically, IL-6 within exerkines was involved in

the proliferation of Calcr-depleted MuSCs by enhancing the nuclear
accumulation of Yapl. Therefore, the loss of CalcR signaling enables
MuSCs to proliferate independently of injury, and their expansion can
be artificially induced by modulating CalcR and IL-6 signaling.

Results

Increased loading-dependent MuSC proliferation in

running mice

Voluntary wheel-running is an exercise model in which rodents are
intrinsically motivated to engage in spontaneous running, leading to
activated anabolic pathways due to increased loading on the plantar
flexor muscles compared to a sedentary condition?®. To assess the
effects of exercise on MuSC behavior, we analyzed the following
muscles: three plantar flexor muscles (soleus, plantaris (PLA), and
gastrocnemius (GC)), two dorsiflexion muscles (tibialis anterior (TA),
extensor digitorum longus (EDL)), quadriceps (Qu), gluteus maximus
(GM), and triceps (Tri) muscles after 2 weeks of wheel-running
(Fig. 1A, B). Proliferating MuSCs during the exercise period were
labeled with EdU, and the number of EAU* myonuclei was quantified
as MuSC-derived myonuclei generated through MuSC-myofiber
fusion (Fig. 1A, C, D). Recently, Ismaeel and colleagues demon-
strated that non-proliferating (EAU’) MuSCs can also fuse with myo-
fibers in overloaded muscles”. Therefore, although this assay is
restricted to myonuclei derived from proliferated MuSCs and may
underestimate the overall contribution of MuSCs, a substantial
number of EAU" myonuclei were detected in the soleus and PLA
muscles of exercised mice. In contrast, neither control nor exercised
mice exhibited EQU* myonuclei in the TA and EDL muscles (Fig. 1C, D,
and Fig. S1A). These results align with previous findings demon-
strating increased MuSC incorporation into myofibers in the soleus
and PLA muscles, but not in the TA muscles, of wheel-running mice®.
In other muscles (except the GM), a slight but significant increase in
the number of EAU* myonuclei was observed (Fig. 1D). To further
examine the cell cycle state of MuSCs, we quantified the frequency of
Ki67" cells in MuSCs from the TA, EDL, PLA, and soleus muscles after
4 or 7 days of exercise (Fig. 1E). In a study that simulated the
mechanical work during trotting using a mouse hindlimb muscu-
loskeletal model, the ankle plantar flexor muscles showed greater
work compared to the dorsiflexor muscles®. Therefore, the TA and
EDL muscles were classified as non-increased-loading muscles
(defined here as muscles where exercise does not induce an increase
in MuSC-derived myonuclei), whereas the PLA and soleus muscles
were categorized as increased-loading (where exercise leads to a
substantial increase in MuSC-derived myonuclei). Consistent with
the EAU" data, the frequency of Ki67* MuSCs was significantly higher
in the soleus and PLA muscles compared to the TA and EDL muscles
(Fig. IF, G, and Fig. S1B). Notably, the number of central myonuclei, a
hallmark of regenerated myofibers, was scarce in both the soleus and
PLA muscles, indicating that MuSC proliferation in exercised mice
occurs without overt signs of muscle regeneration (Fig. S2).

To further elucidate the role of mechanical loading in MuSC
proliferation, the loading on EDL was increased by transecting the
TA tendon (tenotomy) in both exercised and non-exercised mice
(Fig. 1H). Although tenotomy alone did not significantly increase the
number of EQU* myonuclei, its combination with exercise resulted in
a notable increase in the number of EQU* MuSC-derived myonuclei
(Fig. 1I and Fig. S3A). Next, we sought to reduce the load on the
soleus during exercise by cast immobilization; however, the mice
exhibited insufficient running activity. Therefore, we examined
MuSC-derived myonuclei in the soleus of non-exercised mice (-Ex),
where one limb was immobilized (Cast (+)) and the other was
mobilized (Cast (-)) (Fig. 1)). Additionally, non-exercised (—Ex) mice
with both soleus muscles free of casts (-) were analyzed. Impor-
tantly, a significant difference in the number of EAU* myonuclei was
observed among immobilized (Cast (+)), mobilized (Cast (-)), and
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cast-free (-) mice (Fig. 1K and Fig. S3B). In summary, these results CalcR downregulation required for MuSC proliferation in
suggest that MuSCs transition from a quiescent state to active running mice

proliferation in response to increased mechanical load during CalcR is one of the most reliable markers for quiescent MuSCs?.
exercise. In contrast, MuSCs in non-increased-loading muscles, such  Considering that CalcR expression is specific to the quiescent state, it
as the EDL and TA muscles, remain quiescent even in exercis- is conceivable that the expression of CalcR in MuSCs differs between
ing mice. increased- and non-increased-loading muscles, as observed in
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Fig. 1| Responses of MuSCs in plantar or dorsiflexor muscles of wheel-
running mice. A Experimental scheme for the analyses of exercising or sedentary
male mice utilizing a voluntary wheel-running cage (+Ex, both leg of n=2-4) or a
conventional housing cage (-Ex, both leg of n=2-4). B Anatomical position of
plantar flexor muscle (Plantaris (PLA), soleus, gastrocnemius muscle (GC)), dorsi-
flexor muscles (tibialis anterior (TA), and extensor digitorum longus muscle (EDL)),
and quadriceps muscle (Qu). C Detection of EQU* myonuclei in EDL (+Ex) or soleus
(+Ex). Arrowheads indicate EAU" nuclei (white) beneath dystrophin (green). Scale
bar, 50 um. D Number of EAU* myonuclei per 100 myofibers: (—Ex)(black circle,
n=38 muscles; TA, EDL, GC, Qu, PLA, and soleus, n =4 muscles; GM and Tri) versus
(+Ex)(red circles, n = 8 muscles; TA, EDL, GC, Qu, PLA, and soleus, n = 4 muscles; GM
and Tri). E Experimental design for analyzing MuSC behavior after 4 (both leg of
n=4)or7 (both leg of n = 4) days exercise. F Immunostaining for Ki67 (green), Pax7
(red), and laminin (LN, white) in EDL (+Ex) or soleus (+Ex) after 7-days running.
Arrows or arrowheads indicate Pax7'Ki67 or Pax7'Ki67" cells, respectively. Scale

bar, 10 um. G Number of Ki67* cells in Pax7* MuSCs in indicated muscles after 4- or
7-days exercise. H Experimental design for evaluating the additional mechanical
load on the EDL induced by TA tenotomy in both (+Ex) and (=Ex) mice. I Number of
EdU* myonuclei per 100 myofibers in EDL from (=Ex)(Sham; black circles, n=4),
(-Ex) tenotomized (Ope; black squares, n=4), and (+Ex) tenotomized (Ope; red
squares, n=4). )] Experimental design for investigating the effects of unloading on
the soleus via cast immobilization (Cast (+)). The contralateral limb was left
uncasted (Cast (-)). Four randomly selected soleus from Fig. 1D were analyzed as
bilaterally cast-free controls (-Ex). K Number of EQU* myonuclei per 100 myofibers
in immobilized (-Ex Cast (+); blue circles, n=4), contralateral mobilized (—Ex Cast
(-); blue squares, n=4), and bilaterally cast-free soleus (-Ex; black circles, n=4).
The graphs show individual data with mean + s.d.; unpaired two-tailed Student’s ¢
test (D) or one-way ANOVA with Tukey’s multiple comparison test (G, I, K). Note: In
all panels, nuclei were counterstained with DAPI (blue).

surgically overloaded muscles”. In fact, the frequency of CalcR* MuSCs
was reduced in the soleus and PLA muscles, but not in the TA and EDL
muscles, of the exercised mice (Fig. 2A, B, and Fig. S4). Notably, most
CalcR MuSCs were positive for Ki67, indicating an activated or pro-
liferative state (Fig. 2B and Fig. S4). Moreover, CalcRKi67* MuSCs were
also detected in the EDL muscle of both tenotomized and exercised
mice (Fig. 2C). These findings imply that the decreased expression of
CalcR contributes to the divergent behavior of MuSCs in increased-
and non-increased-loading muscles during exercise. To validate this
hypothesis, transgenic mice (PKA-tg: Pax7<“R"%"*::PKA-tg) expressing
the inducible catalytic subunit of PKA (PKAC[a]) were analyzed after
wheel-running exercise (Fig. 2D), as PKA acts downstream of CalcR
signaling to maintain MuSC quiescence?. The running distance during
the two-week exercise period was similar between control and PKA-tg
mice (Fig. 2E). However, inducible PKA remarkably suppressed the
increased number of EAU™ myonuclei in the soleus and PLA muscles
(Fig. 2F, G). Collectively, these results indicate that down-regulation of
the CalcR-PKA signaling axis is essential for MuSC activation/pro-
liferation and for the subsequent myonuclei accretion in increased-
loading muscles during exercise.

CalcR loss induces MuSC proliferation in TA and EDL in
running mice

MuSC proliferation is typically restricted to injured or mechanically
increased-loading muscles®. However, given that exercise exerts sys-
temic effects through circulating factors, it is plausible that these
factors can access MuSCs in the whole muscle, including non-loaded
muscles. This notion is supported by the rejuvenating effects of young
blood on aged MuSCs™ and the finding of Gjere MuSCs™. In addition,
serum from wheel-running mice was reported to improve the activa-
tion of aged MuSCs in the EDL muscle, a non-increased-loading
muscle®. Consistent with our observations, wheel-running exercise
did not significantly affect MuSCs in the EDL of young mice. However,
the role of quiescent signaling in the context of systemic factors
remains unknown. We hypothesized that the CalcR-PKA pathway
represents a potential quiescent signaling that counteracts the impact
of systemic factors. To validate this hypothesis, we analyzed MuSCs in
the EDL and TA muscles of Calcr mutant mice (C-cKO,
Pax7¢ R Calcr™ o :Rosa¥® ° *) (Fig. 3A). These muscles were
selected due to their common use in muscle research and their lack of
an increased number of MuSC-derived myonuclei following wheel-
running (Fig. 1D).

We first confirmed that the physical activity levels of the C-cKO
mice were comparable to those of control mice (Cont,
Pax7¢ER2::Calc™Px :Rosa¥? °*) (Fig. 3B). In control (+Ex) and non-
exercised C-cKO (-Ex) mice, EAU* myonuclei were rarely detected in
the EDL and TA muscles. However, exercised C-cKO (+Ex) mice
exhibited a significant increased number of EAU" myonuclei in both
muscles (Fig. 3C, D). The observed ‘0.8 EAU* myonuclei per 100

myofibers (Fig. 3D) in C-cKO (+Ex) corresponds to approximately
30-40% of the MuSC population in C-cKO mice 2 weeks after tamox-
ifen injection®, indicating a substantial biological phenomenon.

To further verify the proliferation of C-cKO MuSCs in the EDL and
TA muscles in response to exercise, we performed immunostaining for
M-cadherin and EdU. EdU*M-cadherin® cells were detected in neither
control (+Ex) nor C-cKO (-Ex) mice (Fig. 3F). In contrast, a substantial
number of EdU*M-cadherin® MuSCs were observed in C-cKO (+Ex)
mice (Fig. 3E, F, and Fig. S5). These findings indicate that the loss of
CalcR enables MuSCs to proliferate in response to exercise stimuli,
independent of mechanical load, and that the proliferated MuSC
population subsequently fuses with myofibers, as shown in Fig. 3C.

To further validate MuSC proliferation in the non-increased-
loading muscle of exercised C-cKO mice, we quantified the number
of MuSCs on single myofibers isolated from the EDL muscles
(Fig. 3G). The physical activity levels of C-cKO mice were comparable
to those of the control mice (Fig. 3H), and exercise did not affect the
number of MuSCs in control mice (Fig. 3J). Although the number of
MuSCs in non-exercised C-cKO (-Ex) mice was lower than that in
control (-Ex) mice, it significantly increased following exercise (+Ex)
(Fig. 31, J). Moreover, the frequency of myofibers containing more
than 10 MuSCs significantly increased in exercised C-cKO (+Ex) mice
(Fig. 3K), whereas no such changes were observed in control
mice (Fig. 3J, K). These findings further support that MuSCs in C-cKO
mice undergo exercise-induced proliferation in the EDL muscle,
independent of increased loading.

To investigate the role of CalcR downstream signaling in MuSC
proliferation in non-increased-loading muscles of exercising mice, we
used C-cKO/PKA (Pax7<"tR72:: CalcF""*:.PKA-tg::Rosa@*?) and C/Y-
cdKO (Pax7R"2:: CalcP™ox::Yap *"°*::Ros@™?) mice®. Following
the same experimental protocol as in the C-cKO studies, mice were
housed in either standard cages or wheel-running cages for 2 weeks
(Fig. 3G). The physical activity levels of C-cKO/PKA and C/Y-cdKO mice
were comparable to those of control mice (Fig. 3H). However, wheel-
running exercise did not increase the number of MuSCs in the EDL
muscles of C-cKO/PKA or C/Y-cdKO mice (Fig. 3L, M). These results
suggest that the CalcR/PKA/Yapl axis is a signaling pathway that
maintains MuSC quiescence in exercised mice by counteracting the
effects of exercise-dependent circulating factors.

Gp130 drives MuSC proliferation in C-cKO non-increased-
loading muscles

Skeletal muscles subjected to mechanical loading during exercise
release various signaling molecules, including interleukin (IL)-6 and
leukemia inhibitory factor (LIF)*. IL-6, the most well-characterized
exerkine®, has been implicated in the regulation of MuSC prolifera-
tion. Independent studies have demonstrated that IL-6 contributes to
the local expansion of MuSCs in vivo in response to surgically
overloaded®*”. Additionally, elevated serum IL-6 levels have been
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Fig. 2 | Suppression of CalcR signaling for MuSC proliferation in loaded muscle.
A Immunostaining of calcitonin receptor (CalcR, green), Pax7 (red), and Ki67
(white) in EDL (+Ex) or soleus (+Ex) after seven days exercise. Arrows or arrowheads
indicate Pax7*CalcR'Ki67 or Pax7*CalcRKi67" cells, respectively. Scale bar, 50 um.
The reproducibility of the data was confirmed using four biological replicates.

B Frequency of Ki67'CalcR (blue), Ki67 CalcR" (green), Ki67CalcR (red), or
CalcR*Ki67* MuSC (purple) in TA, EDL, PLA, and soleus after 4 (both leg of n=4) or 7
(both leg of n=4) days exercise (+Ex) or from sedentary mice (-Ex, both leg of
n=4). The graphs show individual data with mean + s.d.; one-way ANOVA with
Tukey’s multiple comparison test. C Frequency of Ki67 CalcR (blue), Ki67 CalcR*
(green), Ki67*CalcR™ (red), or CalcR*Ki67* MuSC (purple) in EDL from home cage
(-Ex sham, n = 4), tenotomized and home cage (-Ex Ope, n =4), and tenotomized
and wheel-running group (+Ex Ope, n=4). The graph shows individual data with

mean * s.d.; one-way ANOVA with Tukey’s multiple comparison test.

D Experimental design for analyzing MuSC behaviors in loaded soleus and PLA of
control groups (PKA: PKA-tg, n=4 or Pax7: Pax7"*#", n =5), or Pax7-PKA mice
(Pax7"R12::;PKA-tg, n = 6) after 2 weeks of exercise. E Count of wheel rotations per
night of PKA (Cont), Pax7 (Cont), or Pax7-PKA mice for 2 weeks. The graph shows
individual data with mean + s.d.; one-way ANOVA with Tukey’s multiple comparison
test. F Detection of EAU* (white) nuclei beneath dystrophin (green) in soleus (+Ex)
of wheel-running control (Pax7(+Ex)) or Pax7-PKA(+Ex) mice. Arrowheads indicate
new myonuclei supplied by MuSCs. Scale bar: 50 um. The reproducibility of the
data was confirmed using more than four biological replicates. G Number of EdAU*
myonuclei in soleus or PLA of PKA (Cont, n=4), Pax7 (Cont, n=5), or Pax7-PKA
(n=6) mice. The graphs show individual data with mean + s.d.; one-way ANOVA
with Tukey’s multiple comparison test.

reported in wheel-running mice*. Similarly, LIF has been proposed as a
candidate exerkine as its mRNA expression is rapidly upregulated in
human muscles following exercise®®*. LIF-null mice exhibit impaired
muscle hypertrophy in response to high-loaded resistance training, an

effect that can be rescued by exogenous LIF administration*. Fur-
thermore, LIF has been shown to enhance the proliferation of both
human and murine myogenic cells**. These findings suggest that IL-6
family cytokines may induce MuSC proliferation in exercised C-cKO
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Fig. 3 | Calcr-cKO MuSC proliferation in non-increased-loading muscles, EDL
and TA, following exercise. A Experimental scheme for analyzing MuSC behavior
in EDL and TA in exercised control (+Ex) (Cont; Pax7<"™™::Rosa@”*?, n = 3), exer-
cised C-cKO (+Ex) (Pax7<"*®R::Calcr™~::Rosa@”P*?, n = 5), or non-exercised C-cKO
(-Ex) (n=3) using immunohistochemistry (IHC). B Count of wheel rotations per
night of Cont (n=3) or C-cKO (n=>5) mice for 2 weeks-exercise with mean + s.d.;
unpaired two-tailed Student’s ¢ test. C Verification of EdU* myonuclei (white)
located beneath dystrophin (green) in EDL of C-cKO (-Ex) and (+Ex). Arrowheads
indicate EdU* myonuclei in EDL of C-cKO (+Ex) mice. Scale bar, 50 um. D Number of
EdU" myonuclei in EDL or TA in Cont (+Ex, n =3), C-cKO (-Ex, n =3), or C-cKO (+Ex,
n=5) mice. EImmunostaining for LNa2 (green), M-cadherin (red), and EdU (white)
in EDL from C-cKO (+Ex) mice. Scale bar, 10 um. F Number of EdU*M-cadherin*
MuSCs in EDL or TA in Cont (+Ex, n=3), C-cKO (-Ex, n=3), or C-cKO (+Ex, n=5)
mice. G Experimental scheme for analyzing MuSC number on isolated single
myofibers (SMF) from EDL of exercised Cont (n=5), C-cKO (n=8), C-cKO/PKA

(Pax7<eER12::Calcr™°*:.PKA-tg::Ros@”P?, n = 4), or C/Y-cdKO (Pax7**7::Calc o/
=YapPoler:Ros@’P¥?, n=7) (+Ex) after 2 weeks of exercise. SMF of non-exercised
Cont (n=4), C-cKO (n=7), C-cKO/PKA (n =3), and C/Y-cdKO (n =4) (-Ex) mice were
also analyzed. H Count of wheel rotations per night of Cont, C-cKO, C-cKO/PKA, or
C/Y-cdKO for 2 weeks of exercise. I Detection of YFP*Pax7* MuSCs on isolated
myofibers from C-cKO (-Ex) or (+Ex). Arrowheads indicate YFP*Pax7" cells. Scale
bar, 50 um. ] Number of MuSCs per single myofiber from EDL of Cont (-Ex, n=4),
Cont (+Ex, n=35), C-cKO (-Ex, n=7), or C-cKO (+Ex, n=8) mice. K Frequency of
myofiber harboring >10 MuSCs on one myofiber in (J). L Number of MuSCs per
single myofiber from C-cKO/PKA (-Ex, n=3), C-cKO/PKA (+Ex, n=4), C/Y-cdKO
(-Ex, n=4), or C/Y-cdKO (+Ex, n = 7) mice. M Percentage of myofiber harboring >10
MuSCs on one myofiber in (L). The graphs show individual data with mean * s.d.;
one-way ANOVA with Tukey’s multiple comparison test (D, F, H, J-M). The repro-
ducibility of the data was confirmed using more than three biological repli-

cates (C, E, I).
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mice. To assess the involvement of IL-6 family signaling in C-cKO
MuSCs, the common receptor of the IL-6 family, gp130, was depleted
in C-cKO MuSCs (C/130-cdKO) (Fig. 4A). The physical activity levels of
C/130-cdKO mice were comparable to those of C-cKO mice (Fig. 4B).
However, exercised C/130-cdKO (+Ex) mice exhibited a significantly
reduced number of MuSCs in the EDL compared to exercised C-cKO
(+Ex) mice, with no significant difference observed in non-exercised
C/130-cdKO (-Ex) mice (Fig. 4C-E). Additionally, the numbers of MuSC-
derived myonuclei and EdU*M-cadherin® MuSCs in C/130-cdKO mice
were not dramatically increased by exercise and were significantly
lower than those observed in C-cKO (+Ex) mice (Fig. 4F-J, Fig. S6).
These findings indicate that gp130-dependent signaling is essential for
the proliferation of MuSCs in non-increased-loading muscles (EDL and
TA) of exercised C-cKO mice.

Exercise circulating factors drive systemic MuSC proliferation
in C-cKO

To evaluate the direct impacts of circulating exerkines on the loading-
independent MuSC proliferation in C-cKO mice, we injected serum
from exercised mice into sedentary C-cKO mice and analyzed MuSC
behaviors using isolated myofibers or tissue sections (Fig. 5A). Com-
pared to C-cKO mice treated with serum from non-exercised mice (-Ex-
serum), those receiving serum from exercised mice (+Ex-serum)
showed a significant increase in MuSC numbers on isolated myofibers
(Fig. 5B, C), although no myofibers harbored more than 10 MuSCs.
Similarly, +Ex-serum transfer significantly increased the number of
MuSC-derived EAU" myonuclei and EQU*M-cadherin® MuSCs in all the
analyzed muscle of sedentary C-cKO mice (Fig. SD-G, Fig. S7A). In the
TA muscle, C-cKO (+Ex) mice exhibited approximately 0.8 EQU* MuSC-
derived myonuclei and 0.3 EQU*M-cadherin* MuSCs per 100 myofibers
after 2 weeks of wheel-running (Fig. 3D, F). While, serum-transferred
sedentary C-cKO mice showed approximately 0.3 EAU" MuSC-derived
myonuclei (Fig. 5E) and 0.2 EdU*M-cadherin® cells (Fig. 5G) during one
week of serum treatment. Considering the shorter exposure period of
serum transfer experiments, these findings suggest that exercise-
induced factors exert a robust stimulatory effect on MuSC prolifera-
tion in the absence of CalcR signaling. Collectively, these results indi-
cate that circulating exercise-dependent factors can systemically
induce C-cKO MusSC proliferation.

Blocking IL-6 attenuates exercised-serum effects on

C-cKO MuSCs

To identify the serum factor acting through gp130, we first quantified
the levels of IL-6 and LIF in serum after exercise (Fig. 6A). In the wheel-
running mice, IL-6 levels were remarkably elevated compared to both
non-exercised and treadmill-running mice. We also observed that LIF
levels showed a modest increase relative to sedentary mice, but were
comparable to those in the treadmill-running group (Fig. 6A). In con-
trast, neither IL-6 nor LIF levels were significantly elevated in the
treadmill-running model (Fig. 6A). In addition, serum from treadmill-
running mice did not increase the number of EdU* myonuclei
(Fig. S7B). We therefore examined the effect of IL-6 in serum from
wheel running mice on C-cKO MuSCs using an anti-IL-6 antibody
(Fig. 6B). Compared to control IgG-treated mice, the number of MuSCs
on EDL-derived myofibers from C-cKO (+Ex-serum) mice treated with
anti-IL-6 antibody was significantly reduced (Fig. 6C, D). The numbers
of EdU* myonuclei and EdU*M-cadherin* cells were also decreased in
anti-IL-6 antibody-treated C-cKO (+Ex-serum) mice compared with
controls (Fig. 6E-H and Fig. S8).

To further examine the involvement of IL-6 in C-cKO MuSC pro-
liferation, sedentary control and C-cKO mice were treated with -Ex-
serum containing IL-6 (Fig. 6l). Consistent with the results obtained
thus far, administration of IL-6 increased the number of EAU* myo-
nuclei and EAU*M-cadherin* cells only in sedentary C-cKO (-Ex) mice
(Fig. 6)-M and Fig. S9). Collectively, these results indicate that IL-6 is

the key factor driving the proliferation of C-cKO MuSCs in an exerkine-
dependent manner.

Cross-talk between CalcR and IL-6 signaling

To elucidate the mechanism underlying the proliferation of C-cKO
MuSCs by IL-6 in non-increased-loading muscles during exercise, we
focused on key downstream effectors of IL-6 signaling. STAT3 is a well-
established mediator of IL-6 signaling. Consistent with a previous
report, activated STAT3 (p-STAT3: phosphorylated STAT3) was
detected in proliferating MuSC in vitro (Fig. 7A)*. However, p-STAT3-
positive MuSCs were absent in the EDL muscles of C-cKO (+Ex)
(Fig. 7A), suggesting that IL-6-mediated STAT3 activation does not
contribute to MuSC proliferation under these conditions.

We next examined Yapl, given that the loss of CalcR permits its
nuclear accumulation (activation), and gpl130 signaling can activate
Yapl independently of STAT3*!. Consistent with our previous findings,
nuclear Yapl localization was elevated in C-cKO MuSCs under seden-
tary conditions (-Ex) (Fig. 7B, C). Notably, compared with control (+Ex)
and C-cKO (-Ex), both the frequency of Yapl-positive nuclei and the
intensity of nuclear Yapl1 signal were significantly increased in C-cKO
(+Ex) MuSCs, whereas they were reduced in C/130-cKO (+Ex) (Fig. 7B,
C). These results suggest that the further increased accumulation of
nuclear Yapl is involved in the proliferation of C-cKO MuSCs by
exerkines.

To further explore the relationship between CalcR signaling, Yapl,
and IL-6, we assessed whether IL-6 induces Yapl nuclear translocation
in C2C12 expressing CalcR (C2CI12-CalcR). Under serum-starved con-
ditions, Yapl was predominantly localized in the cytoplasm (Fig. 7D).
However, IL-6 stimulation promoted nuclear translocation of Yapl,
comparable to the effect of FCS (positive control)(Fig. 7D, E). Impor-
tantly, pretreatment with a CalcR ligand significantly suppressed IL-6-
induced nuclear accumulation of Yapl (Fig. 7D, E).

Phosphorylation of Yapl at Ser127, which promotes its cyto-
plasmic retention®, is induced by CalcR signaling”. In contrast,
phosphorylation of Yapl at Tyr357** facilitates its nuclear
localization®. To investigate the interplay between CalcR and IL-6
signaling, we analyzed their effects on these phosphorylation events.
Similar to FCS, IL-6 suppressed Ser127 phosphorylation in serum-
starved C2CI2-CalcR cells; however, pretreatment with the CalcR
ligand abrogated this effect and sustained Ser127 phosphorylation
(Fig. 7F, G). Conversely, IL-6 enhanced Tyr357 phosphorylation,
whereas CalcR signaling inhibited this modification (Fig. 7F, G). Con-
sistent with our previous findings, phosphorylation at Ser397, which
targets Yapl for degradation®’, was not affected by either CalcR or IL-6
signaling. Collectively, these in vivo and in vitro findings suggest that
CalcR signaling acts as a protective mechanism against exercise-
induced IL-6 signaling by inhibiting IL-6-mediated Yapl activation.

Discussion

In the field of muscle stem cell (MuSC) research, a long-standing
question is how the behavior of MuSCs is regulated by various types of
muscle contractions. Myofibers contract and relax randomly, even in
sedentary mice, where MuSCs remain quiescent. However, when ske-
letal muscles experience loading exceeding a certain threshold, MuSCs
become activated and enter a proliferative state”’. A prevailing
hypothesis posits that intense muscle contractions induce myofiber
damage, thereby inducing MuSC proliferation, as typically observed in
regenerating muscles. In such regenerative contexts, damaged myo-
fibers, alongside factors derived from macrophages or mesenchymal
progenitors, promote MuSC activation and proliferation**'. Never-
theless, experimental evidence suggests that MuSCs can proliferate in
overloaded muscles under conditions of minimal or no overt signs of
myofiber damage'>”. Notably, robust MuSC proliferation has been
observed in hypertrophic models without significant myofiber death,
as evidenced by clusters of proliferating MuSCs on living myofibers”.
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one myofiber in (D). F Experimental design for analyses of MuSC behaviors in EDL
and TA in C/130-cdKO mice, subjected to exercise (+Ex, n=7) or no exercise (-Ex,
n=5) by immunohistochemistry (IHC). G Detection of EQU" myonuclei in EDL of

EDL TA
©
SRS A A
S C
H1.o— 0 & 107 SRS
g O O
_ 4 Q Q
B @ ggg 0.8
o e
28
5 0.6
22
£ 0.4
58 ' °
By 02 e
=3 | g
0.0 T T
o
& &
N Y Q
S
K QQQ 0\\‘5 0\\"5
L L
Q| > Do gy ¢ 1 NI
] L_I'._l 8g ~ 0.3
o 2% o
0E 0.2 °
:
©To 0.
i
§I 5 0. 0.1 e/®
L|>j # .
ol” 0.0 %i— N
5 $
3 o ¥
o - S
S 2°
®
S
| % SN
LLI
+

C/130-cdKO mice. MuSC-derived new myonuclei were identified as EdU* nuclei
(white) beneath dystrophin (green). Arrows or arrowheads indicate EAU* non- or
EdU" myonuclei, respectively. Scale bar, 50 um. H The graph shows individual data of
EdU" myonuclei number in EDL or TA in C/130-cdKO (-Ex, n =5) or C/130-cdKO (+Ex,
n=7) mice. Dotted lines represent the results of C-cKO mice. I Inmunostaining for
LNa2 (green), M-cadherin (red), and EdU (white) of EDL from C-cKO (+Ex), C/130-
cdKO (-Ex), or C/130-cdKO (+Ex) mice. Arrows or arrowheads indicate
EdUM-cadherin® or EQU*M-cadherin® cells, respectively. Scale bar, 20 um. J The
graph shows individual data of EdU*M-cadherin® cells number in EDL or TA from
C/130-cdKO (-Ex, n=S5) or C/130-cdKO (+Ex, n=7) mice. Statistical calculations for
(H) and (J) were performed using the C-cKO (+Ex) values in Fig3D and 3F. The graphs
show individual data with mean + s.d.; unpaired two-tailed Student’s ¢ test (B, H, J) or
one-way ANOVA with Tukey’s multiple comparison test (D, E). The reproducibility of
the data was confirmed using more than three biological replicates (C, G, I).
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However, these models do not fully exclude the contribution of
exercise-induced localized muscle damage. To conclusively demon-
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running C-cKO mice. Additionally, both serum from exercised mice
and administration of IL-6 successfully recapitulated MuSC prolifera-
tion and increased the number of MuSC-derived myonuclei in seden-
tary C-cKO mice. Considering the decreased expression of CalcR and
elevated serum IL-6 levels in the absence of overt muscle regeneration,
we propose the concept of ‘non-regenerative myogenesis’, defined as
injury-independent MuSC proliferation and differentiation, as a
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Fig. 5 | Serum from exercised mice induce proliferation of Calcr-cKO MuSCs in
systemic muscle. A Experimental scheme for analyses of MuSC behaviors by iso-
lated single myofiber (SMF; B, C) of EDL or immunohistochemistry (IHC; D-G) of TA,
GM, Tri, GC, and Qu from C-cKO (Pax7<"*t*":: Calcr™"°*::Rosa”*?) mice transferred
with exercised serum (+Ex-serum, n =7) or non-exercised serum (-Ex-serum, n=4).
B Detection of YFP*Pax7* MuSCs on freshly isolated myofibers from C-cKO mice
with +Ex-serum or —Ex-serum. Arrowheads indicate YFP*Pax7" cells. Scale bar,

50 um. € Number of MuSCs per single myofiber from EDL of C-cKO mice with —Ex-
(n=4) or +Ex-serum (n = 7). D Detection of EdU* myonuclei in GM and Tri of C-cKO
mice transferred with +Ex-serum. Arrowheads indicated EAU" nuclei (white)

beneath dystrophin (green). Scale bar, 20 um. E Number of EAU* myonuclei in TA,
GM, Tri, GC, and Qu in C-cKO mice transferred with —Ex- (n =4) or +Ex-serum (n =7).
F Immunostaining for LNa2 (green), M-cadherin (red), and EdU (white) of GM and
Tri muscles from C-cKO mice transferred with +Ex-serum. Arrowheads indicate
EdU'M-cadherin” cells. Scale bar, 20 um. G Number of EdU*M-cadherin® cells in TA,
GM, Tri, GC, and Qu in C-cKO mice transferred with —Ex- (n =4) or +Ex-serum (n =7).
The graphs show individual data with mean + s.d.; unpaired two-tailed Student’s ¢
test (C, E, G). The reproducibility of the data was confirmed using more than four
biological replicates (B, D, F).

primary mechanism driving MuSC proliferation and subsequent
myonuclear accretion in response to mechanical loading. Further
investigation of this process will deepen our understanding of muscle
adaptation and inform therapeutic strategies for treating injury-
unrelated muscle atrophy.

A fundamental physiological question is why some MuSCs pro-
liferate while others remain quiescent, depending on their location
within or across muscles. Our findings demonstrate that reduced
CalcR expression contributes to divergent proliferative responses of
MuSCs during exercise. Furthermore, our results suggest exercise load
intensity influences CalcR expression in MuSCs. Given that exercise
also alters signaling pathways in myofibers, including those related to
metabolism, it is plausible that both direct mechanical loading and
indirect paracrine effects regulate CalcR expression. Elucidating these
regulatory mechanisms governing CalcR expression will enhance our
understanding of exercise-induced muscle adaptation and define the
mechanical loading threshold of triggering MuSC proliferation.

Our previous study provides evidence for the indispensable role
of interstitial PDGFRa* mesenchymal progenitors in promoting MuSC
proliferation in surgically overloaded muscles”. While the roles of
mesenchymal progenitors in exercise-dependent muscle loading are
under investigation, a recent study highlights the pivotal role of
PDGFRa" cells as a primary source of secreted factors in the blood-
stream in a running exercise model®, suggesting their activation and
functional importance in both running and resistance training models.

CalcR is a GPCR that plays a pivotal role in diverse physiological
processes, including bone formation, thermoregulation, feeding, and
cardiac fibrosis®*. In MuSCs, CalcR expression is restricted to the
quiescent state and inversely correlates with MuSC activation and
proliferation during development, regeneration, and hypertrophy**~.
Brett et al. reported that exercise-dependent systemic factors rejuve-
nate aged MuSCs via Cyclin D1 in EDL muscles, noting a more modest
effect on young MuSCs compared to aged counterparts®. Although the
systemic factors mediting this rejuvenating remain unidentified, IL-6 is
a potential candidate, as IL-6 deficiency reduces Cyclin DI mRNA
expression in overloaded muscle®® and during liver regeneration”.
Furthermore, age-associated downregulation of CalcR expression in
MuSCs may contribute to the differential responses between young
and aged MuSCs*.

Most IL-6 family members activate the JAK/STAT3, Ras/MAPK, and
PI3K/Akt/mTORC pathways***. In addition, gp130 signaling activates
Yapl post-translation*. Our findings provide the first evidence of
cross-talk between GPCR and gp130 signaling pathways. Furthermore,
our data suggest that nuclear Yapl protein levels may serve as a
determinant or modulatory factor for MuSC proliferation. Finally, we
propose that CalcR suppression and gpl30 activation represent the
minimal pathways required to induce MuSC proliferation.

Contralateral injury induces MuSCs to transition from quiescence
to a moderately activated state termed “Ggiere”>. Mechanistically, injury
activates HGFA, a systemic protease that triggers HGF activation, leading
to mTORCI activation via c-Met (the HGF receptor)®. The present study
demonstrated that systemic factors induced by running exercise access
MusSCs, resulting in the proliferation of MuSCs lacking CalcR signaling.
Expansion of MuSCs can be achieved by modulating CalcR and

gp130 signaling, similar to the regulation observed between CalcR and
CD47 signaling in mechanical overloaded muscles”. Comprehensive
analyses of MuSC dynamics under various physiological conditions,
such as regeneration, exercise, and hypertrophy, will advance strategies
to enhance muscle regeneration, improve gene delivery efficiency to
MuSCs, and mitigate muscle atrophy in muscular disorders.

In conclusion, our study showed that exercise has the capacity to
induce systemic MuSC proliferation through gp130 activation. However,
CalcR signaling exerts inhibitory effects on this process. Although
sedentary mice have been used in most studies, even in pathways that
lack a robust phenotype under sedentary conditions, practicing physical
exercise may reveal novel aspects of MuSC regulation.

Methods

Mice

C57BL/6) mice were obtained from Charles River (Japan). Inducible
Calcr knockout mice and the inducible PKA-Ca subunit transgenic mice
(PKA-tg mice)® were previously generated and described®®%
Pax7<"*R72* (Stock No 012476) and Yapi-floxed mice (Stock No 027929)
were obtained from Jackson Laboratory (Bar Harbor, ME, USA). The
relocation of Rosa265* mice (Stock No: 006148) from the National
Center of Neurology and Psychiatry to Osaka University was approved
by the Jackson Laboratory. Gp130-floxed mice®® were kindly provided
by Professor Werner Miiller (University of Manchester, UK). These
mice were crossed to generate conditional knockout mice.

For conditional depletion of the targeted genes, mice were
injected intraperitoneally twice (24 h apart) with 200-300 pL tamox-
ifen (20 mg/mL; Sigma-Aldrich #T5648) dissolved in sunflower seed oil
(Sigma-Aldrich #S5007) and 5% ethanol. The mice were housed in a
controlled environment with a temperature of 24 + 2 °C and humidity
of 50% + 10% under a 12-h light/dark cycle. Mice were provided stan-
dard sterilized food (DC-8; Nihon Clea, Tokyo, Japan) and ad libitum
access to water. All experimental animal procedures were approved by
the Experimental Animal Care and Use Committee of Osaka University
(approval numbers: Douyaku 30-15, R02-3-10, RO7-1).

Voluntary wheel-running exercise

All mice were housed in environmentally controlled facilities, main-
tained at a temperature of 24 +2°C and a humidity level of 50 +10%,
on a 12:12-h light-dark cycle, and had free access to water and food.
Two weeks after tamoxifen injection, the mice were individually
housed in cages (225 [width] x 345 [depth] x 210 mm [height]). The
cages were equipped with running wheels (140 mm in diameter;
MELQUEST, Toyama, Japan), enabling the mice to participate in
voluntary running activities for a specified duration. The count of
rotations was determined using a CNT-10 device (MELQUEST). Mice
with more than 10,000 rotations over a 2-week period were used. Mice
in the non-exercise group were housed in cages of the same size, but
without running wheels.

Increased or decreased mechanical load by tenotomy or
castration

Under anesthesia, a midline incision was made in the hindlimbs, and
the distal tendons of the tibialis anterior (TA) muscles were transected
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(tenotomy). Because the EDL muscles are not high-load muscles in
daily exercise, we transected the distal half of the TA muscle (TA
tenotomy). The incision was then sutured with a 6-0 nylon suture with
a needle (Natusme-Seisakusho, Tokyo, Japan). For the sham-operated
group, similar incisions were made, but TA tenotomy was not per-
formed. To overload the EDL muscle more strongly, the mice were
subjected to wheel-running training for a week after TA tenotomy on
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both legs. Extensor digitorum longus (ELD) muscles were harvested
7 days after tenotomy.

To reduce mechanical loading, one hindlimb was immobilized in a
plantar-flexed position (ankle extension causing the foot to point
downward and away from the leg) using casting tape (3 M, 82002-)).
The contralateral hindlimb remained non-immobilized. Seven days
after the cast, soleus muscles were isolated and fixed.
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Fig. 6 | IL-6 mediated the exerkine effect on C-cKO MuSCs. A Protein con-
centration of LIF and IL-6 in blood of non-exercised (-Ex, n =4), treadmill running
(+Ex, n =3), or wheel-running (+Ex, n = 4) mice. B Experimental design for analyzing
MuSC behaviors of indicated muscles in C-cKO (+Ex-serum) mice treated with
either control or anti-IL-6 antibodies using isolated single myofibers (SMF; C, D)
from the EDL or immunohistochemistry (IHC; E-H). C Detection of YFP"Pax7*
MuSCs on freshly isolated EDL myofibers from C-cKO (+Ex-serum) mice treated
with either control or anti-IL-6 antibodies. Arrowheads indicate YFP"Pax7" cells.

D Number of MuSCs per single myofiber from EDL of C-cKO (+Ex-serum) with
control or anti-IL-6 antibodies. E Detection of EAU* myonuclei in GM and Tri of
C-cKO mice treated with control IgG. F Number of EQU* myonuclei in indicated
muscles in cKO (+Ex-serum) with control (n=>5) or anti-IL-6 (n =5) antibodies.

G Immunostaining for M-cadherin (red) and EdU (white) of GM and Tri from C-cKO
(+Ex-serum) with control or anti-IL-6 antibodies. H Number of EAU*M-cadherin*
cells in indicated muscles in the cKO (+Ex-serum) mice treated with control (n=5)

or anti-IL-6 (n = 5) antibodies. I Experimental design for analyzing MuSC behaviors
of indicated muscles in (-Ex) Cont or C-cKO with or without IL-6 using immuno-
histochemistry (IHC; J-M). J Detection of EQU* myonuclei (Dystrophin; green, EAU;
white) in Tri of C-cKO mice treated with IL-6 (2 ng/mL). Arrowheads indicate EdU*
myonuclei. K Number of EQU* myonuclei in indicated muscles in Cont (-Ex)(2 ng/
mL, n=6) or cKO (-Ex)(0; n=5, 1; n=4, 2 ng/mL; n= 6). L Inmunostaining for
M-cadherin (red), LNa2 (green), and EdU (white) of GC muscle from cKO (-Ex) with
IL-6 (2 ng/mL). Arrowheads indicate EQU*M-cadherin® cells. M Number of
EdU*M-cadherin® cells in indicated muscles in Cont (-Ex)(2 ng/mL, n =6) or cKO
(-Ex)(0; n=5,1; n=4, 2 ng/mL; n = 6). The graphs show individual data with mean +
s.d.; unpaired two-tailed Student’s ¢ test. (D, F, H) or one-way ANOVA with Tukey’s
multiple comparison test (A, K, M). The reproducibility of the data was confirmed
using more than four biological replicates (C, E, G, J, L). Scale bar, 20 um (E, G),
50um (C,J, L).

Administration of IL-6 antibody

To inhibit IL-6 activity, C-cKO mice (day 0) implanted with capsules
containing exercised serum received five intraperitoneal injections of
anti-IL-6 antibodies (Selleck, clone MP5-20F3; Rat IgG1, k, 200 pg/head)
administered on day -1 (one day prior to implantation) and on days 0, 1,
3, and 5 post-implantation. Control mice received isotype-matched
control antibodies (Selleck, clone HRPN; Rat IgGl, 200 pg/head) on the
same schedule. Skeletal muscles were harvested on day 7 post-
implantation.

Fixation of muscle

Plantaris (PLA), soleus, gastrocnemius (GC), quadriceps (Qu), tibialis
anterior (TA), extensor digitorum longus (EDL), gluteus maximus (GM),
and triceps (Tri) muscles were isolated and rapidly frozen in liquid
nitrogen-chilled 2-methylbutane for one minute with agitation (Wako
Pure Chemical Industries, Osaka, Japan). Subsequently, the muscle
samples were placed on dry ice for 1 h to vaporize 2-methylbutane and
then preserved in closed containers at -80 °C freezer®.

Staining of isolated single myofibers

Single myofibers were isolated from the EDL muscles using 0.5% col-
lagenase type I (Worthington Biochemical Corp)®. Subsequently, the
isolated myofibers were fixed with 2% paraformaldehyde (PFA). After
washing with PBS, the myofibers were permeabilized using a buffer
containing 20 mM HEPES, 300 mM sucrose, 50 mM NaCl, 3 mM MgCl,,
and 0.5% Triton X-100 in distilled water®. After blocking with PBS
containing 5% FCS and 0.01% Triton, the myofibers were incubated
overnight at 4°C with primary antibodies against anti-Pax7 (clone;
Pax7, Developmental Studies Hybridoma Bank, x2, ThermoFisher #PAl-
117, x200), YFP (SICGEN, #AB0020-200, x1000), phosphorylated-
STAT3 (Tyr705, Cell Signaling Technology #9145, x200), Yapl (Abnove
#H00010413-M01, x200), or Yap/Taz (Cell signaling #8418, x200). The
following day, the myofibers were rinsed with PBS and incubated with
secondary antibodies. Fluorescence was recorded using a BZ-X700
fluorescence microscope (Keyence, Osaka, Japan). For quantitative
analysis, more than 30 myofibers per mouse were analyzed.

EdU labeling in vivo and detection

EdU (5-ethynyl-2’-deoxyuridine; Thermo Fisher Scientific, #A10044)
was dissolved in sterilized PBS (Nacalai tesque, Osaka, Japan) at a
concentration of 2.5mg/mL and stored at -20 °C. For the experiments
illustrated in Fig. 1 (H and J), 5, and 6, the EdU stock solution was
diluted in PBS to a concentration of 0.5 mg/mL. This diluted solution
was then injected intraperitoneally into mice at a dose of 5 mg/kg body
weight daily until the day before euthanasia.

In other experiments, an Alzet mini-osmotic pump (Model 2002,
Durect, Cupertino, CA, http://www.durect.com/)*” was used to con-
tinuously administer EAU during wheel-running or under control
conditions within the home cage for 14 days. These pumps were filled

with 200 L of EdU solution in PBS at a concentration of 10 mg/mL,
resulting in a delivery rate of 0.5uL/h, equivalent to 120 ug of EdU
per day. Click-iT™ EdU Alexa Fluor™ 647 Cell Proliferation Kit for
imaging (Thermo Fisher Scientific, #C10340) was utilized for the
detection of EAU* nuclei. Fluorescence was recorded using a BZ-X700
fluorescence microscope (Keyence), and cell size was quantified using
hybrid cell count software (Keyence). For quantitative analysis, EAU*
myonuclei and EAU"M-cadherin® cells were observed across sections.

Preparation of serum from exercised mice

After the wheel-running exercise for 7 days, exercised and nonexercised
mice were anesthetized using a medetomidine, midazolam, and butor-
phanol cocktail at the end of the dark period of the morning. Blood
samples were taken from the subclavian vein and mice were euthanized
using the approved protocols. Serum samples were collected by cen-
trifugation. A portion of the serum was used to detect the IL-6 and LIF
concentration. The remaining serum was pooled and concentrated
approximately twofold using an Ultracel-3 regenerated cellulose mem-
brane (I5mL sample volume; Merck, UFC900308). An Alzet mini-
osmotic pump (Model 2001) was used for the serum transfer experi-
ments. These pumps were filled with 200 uL of concentrated serum
(concentration of IL-6; 80-100 pg/mL), resulting in a delivery rate of
1uL/h, equivalent to approximately 100 uL of blood per day.

For treadmill exercise, mice were acclimated to treadmill running
over a 5-day period. On Day 1, they ran at a speed of 10 m/min for
5 minutes. From Day 2 to Day 5, the running speed was progressively
increased by 2 m/min per day, reaching 18 m/min. On Day 6, the mice
exercised at 20 m/min until exhaustion, after which blood samples
were collected using the same procedure as for the wheel-running
group. The concentration of IL-6 utilized for experiments was 10-
20 pg/mL.

IL-6 Administration

Recombinant murine IL-6 (1 or 2 ng; PeproTech, PEP-216-16-10UG) was
added in 1mL of serum obtained from non-exercised (-Ex) mice. An
Alzet mini-osmotic pump (Model 2001), prefilled with 200 uL of -Ex
serum with or without IL-6, was implanted under anesthesia.

Immunohistochemistry

For immunohistological analyses, transverse cryosections (6-8 um)
were fixed with 4% paraformaldehyde for 10 min. After blocking with a
MOM kit (Vector Laboratories, #BMK-2202), the sections were reacted
with anti-Pax7 (clone; Pax7, Developmental Studies Hybridoma Bank,
x2), anti-laminin a2 (clone; 4H8-2, Enzo, #ALX-804-190-C100, x200),
anti-EHS-laminin (Cosmo Bio, #LB-1013, x1000), anti-CalcR (Bio-Rad,
#AHP635, x200), anti-Ki67 (Clone; SolA15, Thermo Fisher Scientific,
#14-5698-82, x200), anti-M-cadherin (R&D, #AF4096, x200), or anti-
dystrophin (Abcam, #AB15277 x800) antibodies at 4 °C overnight.
After incubation with primary antibodies, sections were washed and
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incubated with appropriate secondary antibodies. After 1h, the sec- ELISA assays

tions were washed again and mounted with VECTORSHIELD® with  Concentration of IL-6 or LIF in serum were quantified using IL-6
DAPI (Vector Laboratories, #H1200). Fluorescence signals were (Abcam, abl100713) or LIF ELISA kit (Abcam, ab238261) following the
recorded using a BZ-X700 fluorescence microscope (Keyence). manufacturer’s protocol.
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Fig. 7 | CalcR signaling inhibit IL-6-dependent nuclear accumulation of Yapl.
A Immunostaining for Pax7 (red) and phosphorylated STAT3 (p-STAT3, green) in
MuSCs on freshly isolated EDL myofibers from (+Ex) C-cKO mice. Cultured myofi-
bers (2-day cultured) were used as a positive control for p-STAT3 staining. Scale bar,
50 um. The reproducibility of the data was confirmed using more than three bio-
logical replicates. B Immunostaining for Yapl (red) and Pax7 (white) in MuSCs on
freshly isolated EDL myofibers from (+Ex) Cont, (-Ex) C-cKO, (+Ex) C-cKO, or (+Ex)
C/130-cdKO mice. Scale bar, 50 um. The reproducibility of the data was confirmed
using more than three biological replicates. C Quantification of Yapl expression
(frequency or intensity) in MuSCs on freshly isolated EDL myofibers of (+Ex) Cont
(n=3), (-Ex) C-cKO (n = 3), or (+Ex) C-cKO (n = 3) mice. The graphs show individual
data with mean + s.d.; one-way ANOVA with Tukey’s multiple comparison test. The
comparison between (+Ex) C-cKO (n=4) and (+Ex) C/130-cdKO (n = 5) was con-
ducted as a completely independent experiment from the three-group comparison.

The graphs show individual data with mean + s.d.; unpaired two-tailed Student’s ¢
test. D Western blotting analysis of total Yapl in cytoplasmic and nuclear fractions
of CalcR-expressing C2C12 treated with 10% FCS, IL-6 (100 pg/ml), or elcatonin (EL;
0.1U/mL). B-Tubulin and Lamin A/C were served as markers for cytoplasmic and
nuclear fractions, respectively. Uncropped blots in Source Data. E Quantification of
Yapl1 protein levels in cytoplasmic and nuclear fractions shown in (D), normalized
to B-Tubulin or Lamin A/C protein levels. Four independent experiments were
performed. F Western blotting analysis of phosphorylated Yap1 (P-Yapl) at Ser127,
Tyr357, Ser397, or total Yapl in CalcR-expressing C2C12 treated with 10% FCS, IL-6
(100 pg/ml), or elcatonin (EL; 0.1 U/mL). Uncropped blots in Source Data.

G Quantification of each P-Yapl protein levels in (F), normalized to total Yapl1 levels.
Four independent experiments were performed. The graphs show individual data
with mean + s.d.; one-way ANOVA with Tukey’s multiple comparison test (E, G).

Western Blotting

Two-three x 10° cells (C2C12-CalcR) were seeded in 6-well plates and
cultured in DMEM-HG containing 10%FCS and penicillin/streptomy-
cin). After 24 hours, the medium was changed to serum-free DMEM-
HG (starvation medium), and cells were cultured for 3 hours. Elca-
tonin (final concentration: 0.1U/mL) was added after 1hour of star-
vation. To enhance CalcR signaling, low concentrations of IBMX (final
concentration: 5uM) were co-administered with elcatonin. After
2 hours of starvation, cells were stimulated with either10% FCS or IL-6
(PeproTech, 100 pg/mL), or were non-stimulated, and the cells were
additionally cultured for 1hour, and then the cells were lysed. The
C2C12 cells were washed with cold PBS and lysed in 2x SDS-PAGE
sample buffer (Sigma) and vigorously agitated for 15 min at room
temperature. Lysates were collected and sonicate the lysate on ice
using a probe sonicator (pulse on: 10's, pulse off: 10 s, total sonica-
tion time: 10 s, 45% amplitude), and then proteins were denatured for
5min and separated on TGX FastCast Acrylamide gel (BioRad). Then
the proteins were transferred to PVDF membranes (Millipore, Bed-
ford, MA) by Trans-Blot Turbo Transfer System. The membranes
were incubated in TBS-T containing 5% skim milk at room tempera-
ture to block non-specific protein binding. The membranes were
subsequently incubated in blocking buffer containing the primary
antibody at 4°C overnight. Antibodies for Total YAP (#14074S,
1:1000), phosphorylated YAP S127 (#4911S 1:1000), phosphorylated
YAP S397 (#13619S 1:1000), 3-tubulin (#2128S, 1:1000), or Laminin A/
C (#2032S, 1:1000) were obtained from Cell Signalling Technology.
Phosphorylated YAP Y357 (62751 1:1000) were obtained from Abcam.
After incubation with the appropriate HRP-labeled secondary anti-
body (e,g. goat anti-rabbit IgG-HRP CST 1:2000) for 1h at room
temperature, the bands were visualized using an Amersham™ ECL™
and Amersham™ ECL Select™ (Cytiva RPN2109 RPN2235). A Nuclear
Extract Kit (Active Motif Inc, Nuclear Extract kit) was used for the
separation of cytoplasmic and nuclear fractions from C2CI12-CalcR.
Uncropped and unprocessed scans of the blot were supplied in
Source data file.

Statistics

All graphs were generated using Prism 10 software (GraphPad Soft-
ware, San Diego, CA, USA). Values are presented as means * standard
deviation (s.d.). Statistical significance was assessed using unpaired
two-tailed Student’s ¢ test. For comparisons involving more than two
groups, non-repeated measures analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test was employed. A probability value
of less than 5% (p<0.05) was considered statistically significant.
Source data are provided as a Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

This study did not generate new unique reagents and data set. Source
data are provided with this paper. All data that support the findings of
this study are available from the corresponding authors upon
request. Source data are provided with this paper.
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