MEDICAL SCIENCES

PNAS

Check for
updates

Primary cilia in satellite cells are the mechanical sensors for

muscle hypertrophy

Weijun Li®<@®, Zhenhong zhu®4@, Kai He®®, Xiaoyu Ma®(®, Robert J. Pignolo®®@, Gary C. Sieck®

,Jinghua Hu®', and Haitao Wang

a,b,1

Edited by Helen Blau, Stanford University, Stanford, CA; received February 23, 2021; accepted April 18, 2022

Skeletal muscle atrophy is commonly associated with aging, immobilization, muscle
unloading, and congenital myopathies. Generation of mature muscle cells from skeletal
muscle satellite cells (SCs) is pivotal in repairing muscle tissue. Exercise therapy pro-
motes muscle hypertrophy and strength. Primary cilium is implicated as the mechanical
sensor in some mammalian cells, but its role in skeletal muscle cells remains vague. To
determine mechanical sensors for exercise-induced muscle hypertrophy, we established
three SC-specific cilium dysfunctional mouse models—Myogenic factor 5 (Myf5)-Arf-like
Protein 3 (Arl3)™"", Paired box protein Pax-7 (Pax7)-Intraflagellar transport protein 88
homolog (Ift88)"~, and Pax7-Arl3~"~—Dby specifically deleting a ciliary protein ARL3
in MYF5-expressing SCs, or IFT88 in PAX7-expressing SCs, or ARL3 in PAX7-
expressing SCs, respectively. We show that the Myf5-Arl3~'~ mice develop grossly the
same as WT mice. Intriguingly, mechanical stimulation-induced muscle hypertrophy or
myoblast differentiation is abrogated in Myf5-Arl3~"~ and Pax7-Arl3~"~ mice or pri-
mary isolated Myf5-Arl3~"" and Pax7-Ifi88 '~ myoblasts, likely due to defective cilia-
mediated Hedgehog (Hh) signaling. Collectively, we demonstrate SC cilia serve as
mechanical sensors and promote exercise-induced muscle hypertrophy via Hh signaling
pathway.
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Exercise is considered as the primary intervention to improve muscle strength and to
counteract muscle atrophy. While physical exercise training is considered a suitable
intervention to improve muscle strength and endurance in healthy individuals, some
people are resistant to the beneficial effects of exercise (1-3). It has been debated
whether exercise is beneficial or harmful for patients with myopathic disorders (4)
and type 2 diabetes (5). This so-called “exercise resistance” is considered congenital,
and one recently identified causative factor involved in exercise resistance is hepatokine
selenoprotein P (2, 6).

Primary cilia have a mechanosensory function in bone cells (7), renal cells (8), and
airway smooth muscle cells exert a role in sensing oscillatory fluid flow and transducing
extracellular mechano-chemical signals into intracellular biochemical responses (9).
Intriguingly, low muscle tone is a clinical feature often present in congenital ciliopa-
thies with unclear underlying mechanisms (10). Arf-like Protein 3 (ARL3) is a highly
conserved ciliary protein across ciliated organisms. ARL3, a regulator of intraflagellar
transport in primary cilia, has been reported involving with various ciliary signaling
functions (11, 12) and maintaining cell division polarity (13). A3 mutations cause
Joubert syndrome (14, 15). Arl3™"" knockout does not affect cilia structure but
compromises ciliary function (16).

Cells utilize primary cilia to convert environmental cues, mechanical or chemical,
into various cellular signaling essential for development (17-21). During skeletal mus-
cle development, Hedgehog (Hh) signaling helps to initiate the myogenic program
(22). In myoblast cells, Fu et al. (23) showed that primary cilia are assembled during
the initial stages of myogenic differentiation but disappear as cells progress through
myogenesis. The ablation of primary cilia suppresses Hh signaling and myogenic differ-
entiation while enhancing proliferation. However, there are still significant gaps in our
understanding of how exercise and mechanical signals activate the Hh signaling path-
way. In the present study, we hypothesize that primary cilia in satellite cells (SCs)
transduce mechanical stimulation through activation of Hh signaling and promote
muscle hypertrophy induced by exercise.

Hypertrophy of skeletal muscle is a complex biological process that involves multiple
cell types, including SCs, fibro-adipogenic precursors, endothelial cells, fibroblasts, peri-
cytes, and immune cells. Removing cilia from fibro-adipogenic precursors can reduce
intramuscular adipogenesis and increase myofibril size during muscle healing (24). SCs
play an essential role in muscle hypertrophy and exercise adaptation (25, 26), especially
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in young mice (27). Mechanical signals can interrupt SC sup-
pression in a skeletal muscle loss model induced by ovariec-
tomy. Diminished SC number and elevated adipogenic gene
expression in muscle caused by ovariectomy are averted by
mechanical stimulation (28). Experiments in vitro indicate that
mechanical stimulation enhances the fusion of SCs (29). SCs
are a heterogeneous population of stem cells and committed
progenitors (30). Paired box protein Pax-7 (Pax7) is a tradi-
tional marker of SCs and acts at different levels in a nonhier-
archical regulatory network controlling SC-mediated muscle
hypertrophy (31). A major target gene of Pax/ is Myogenic fac-
tor 5 (Myf5), and loss of Pax7 significantly decreases Myf>
expression in myoblasts (32). However, Myf5> is present in
Pax3/Pax7 double mutants, indicating Myf5 activation occurs
independently of Pax3/Pax7 (33). Furthermore, 10% of Pax7-
expressing satellite cells have never expressed Myf5 (30). Parise
et al. (34) observed an approximately sixfold increase in the
number of Myf5-expressing cells by 48 h following exercise,
which remained elevated until at least 96 h after exercise. We
established three mouse models of Myﬁ—ArB*/*, Pax7-Intrafla-
gellar transport protein 88 homolog (1}9887/7), and Pax7-Arl3 ™"~
to investigate the SC during mechanical stimulation and exer-
cise. In the present study, we provide exciting evidence that SC
cilia act as the key mechanical sensor for exercise-induced

hypertrophy.
Results

Establishment of an SC-Specific Cilium Dysfunctional Mouse
Model. Our data and reports from other colleagues (23, 35)
found that primary cilia are predominantly observed at the
surface of human myoblasts in vitro (SI Appendix, Fig. S1 A
and F). To check whether MYF5™ cells are ciliated, we isolated
myoblasts from WT mouse tibialis anterior ex vivo. After con-
firming the isolated myoblasts are dominantly desmin-positive
cells (81 Appendix, Fig. S2 A and C), we costained MYF5 and
IFT88 or ARL13B in myoblasts in vitro (S/ Appendix, Fig. S1
B and F), and in tissue slides from WT mouse tibialis anterior
(81 Appendix, Fig. S1 Cand D). We found that about 80% of
MYF5™ cells are ciliated in quiescent myoblasts ex vivo. While
in vivo, we found 50% of MYF5™ cells are ciliated cells in tis-
sue slides (87 Appendix, Fig. S1 C, D, G, and H). We only
counted cells with the cilia colocalized with MYF5 in the same
focal plane, so the actual percentage may be higher.

Generation of the FLP-FRT conditional ARL3 knockout
mouse model provided a powerful tool to investigate cilium-
mediated signaling pathways (12). To study the roles of cilia in
SCs during muscle growth and exercise-induced muscle hyper-
trophy, we bred Myf5-Cre lineage mice with Ar/3 floxed mice.
We obtained a viable model: Myf5-Ar/3~"~ mice. The ARL3
protein was successfully abolished in Myf5-Ar/3~"~ myoblasts
(Fig. 14). We found no differences in body weight between
WT and Mny—ArB*/f mice (Fig. 1B), nor significant body
composition of fat and lean mass between WT and Myf>-
Arl3~"" mice (Fig. 1 Cand D). The percentage of ciliated myo-
blasts was not changed between WT and Myf5-Ar3~"~ mouse
models (S Appendix, Fig. S2 B and D). These data indicate
that Myf5-Arl3~"~ mice developed normally compared to WT.

We also bred Pax7-Cre lineage mice with /{788 floxed mice.
The IFT88 protein was successfully abolished in Pax7-Ifi88 "~
myoblasts (S Appendix, Fig. S3A4). The bodyweight of Pax7-
If¢88 " mice is decreased compared with WT mice at the age
of 2 wk (8I Appendix, Fig. S3B). However, the complete ana-
tomic dissection of Pax7-Ifi88 "~ mice showed hydrocephalus
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around the age of 2 to 3 wk (87 Appendix, Fig. S3C). Relative
expression of MyoG, MyoD, and MyHC expression decreased in
the tibialis anterior (TA) from Pﬂx7—[ﬁ<987/7 mice compared
with WT mice at the age of 2 wk using a real-time PCR test
(ST Appendix, Fig. S3D).

Myf5-Ari3~/~ Mice Are Not Sensitive to Exercise-Induced Mus-
cle Hypertrophy. When we trained 3-mo-old mice with forced
exercise (treadmill testing at 10 m/min for 20 min, 5 d/wk
for 4 wk), we found that the maximum speed and distance
significantly increased in WT mice com})ared to Myf5-Arl3 ~~
mice (Fig. 1 E and F. Myf5-Ar[37" mice also increased
their maximum speed (but not maximum distance) after exer-
cise training (T),

Body composition of fat and lean mass were compared before
and after exercise in Myﬁ-ArB*/* knockout mice and WT mice
from the same litter by quantitative NMR (EchoMRI) analysis.
In WT mice, the ratio of lean mass/body mass increased after
4 wk of exercise (treadmill at 10 m/min for 20 min, 5 d/wk), but
this ratio was not increased in Mny—ArB*/* mice (Fig. 24). The
ratio of body fat/body mass decreased in WT mice after exercise
but did not change in Myf5-Arl3~"" mice (Fig. 2B).

We also found that TA mass increased in WT mice but not
in Myﬁ—ArBiF mice (Fig. 2C). After staining the muscle with
Laminin (Fig. 2D), we quantified myofibril size using the cross-
sectional area (CSA) and the minimal “Feret’s diameter” of a
muscle fiber cross-section. We found that exercise increased TA
muscle fiber CSA in both WT and Mny—ArB*/* mice, but
Myf5-Arl3~"" mice exhibited less exercise-induced hypertrophy
compared to WT mice (Fig. 2 £ and F). Intriguingly, exercise
increased muscle fiber CSA in the gastrocnemius from WT,
but not from Mny—ArB*/f mice (8] Appendix, Fig. S4 A-Q).
Exercise also increased muscle fiber CSA in vastus intermedius
(quadriceps) from WT and Myf5-Arl3~"" mice, but WT mice
exhibited more muscle hypertrophy than Mjyf5-Ar/3~"~ mice
(ST Appendix, Fig. S4 D—F). These results indicate that the
increased muscle fiber CSA due to the mechanical stimulation
of exercise largely depends on functional cilia.

Primary Myoblast Differentiation by Mechanical Stimulation
Depends on Functional Primary Cilia. We isolated primary
myoblasts from WT and Myf5-Arl3~"~ mice and evaluated cell
differentiation in response to mechanical stimulation as a surro-
gate for exercise. We found that mechanical stimulation pro-
moted myoblast differentiation into myotubes in WT mice
only. The differentiation index was increased on day 1 and day
3 during myoblast differentiation. The percentage of multi-
nucleated myosin heavy-chain (MyHC)* myotubes (10 or
more nuclei at day 3, 20 or more nuclei at day 5) increased
for WT myoblasts but not for Myf5-Ari3~"" myoblasts after
mechanical stimulation (Fig. 3).

We cannot test the Pax7-Ifi88 "~ mice on treadmill exercise
tests due to their inability to stand. However, we can still iso-
late their primary myoblasts to test the effect of mechanical
stimulation in vitro. We found that mechanical stimulation
promotes myoblast differentiation into myotubes in myoblasts
derived from WT mice only. The effects of mechanical stimula-
tion were abrogated if the /f88 gene was knocked out (87
Appendix, Fig. S54). The differentiation index was increased at
day 1 and day 3 during myoblast differentiation in the WT
versus Pax7-Ift88 '~ background. The percentage of multi-
nucleated MyHC" myotubes (10 or more nuclei at day 3,
20 or more nuclei at day 5) increased in WT myoblasts but
not in Pax7-Ifi88 '~ myoblasts after mechanical stimulation
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Fig. 1. Establishment of the Myf5-Arl3~/~ mouse model. (A) The ARL3 protein was successfully abolished in Myf5-Arl3~'~ myoblasts. (B) The bodyweight of
Myf5-Arl3~'~ mice is normal compared with WT mice. (C) The percentage of lean body weight/total body weight of Myf5-Arl3~~ mice is normal compared
with WT mice. (D) The percentage of fat mass/total body mass of Myf5-Arl3~~ mice is normal compared with WT mice. (£) The maximum speed was
increased after treadmill training (T) in WT mice (vs. Myf5—Ar/3’/’ mice). (F) The maximum distance was increased after treadmill training (T) in WT mice
(vs. Myf5-Arl3~~ mice). Each dot represents the data from one mouse. (One-way ANOVA with Tukey's multiple comparisons tests, *P < 0.05, ***P < 0.001;

NS, not significant.)

(81 Appendix, Fig. S5B). The results suggest that primary cilia
are the mechanical sensors for Pax/-lineage myoblast differenti-
ation in vitro.

These results suggested that the beneficial effects of mech-
anical stimulation on promoting myoblast differentiation are
abrogated when SC cilia are dysfunctional.

The Induced Expression of Myogenic Gene Markers by
Mechanical Stimulation Depends on Functional Primary Cilia.
We extracted quadriceps muscle RNA from WT mice and
Myf5-Arl3~"~ mice and examined a panel of myogenic genes.
We found the expression of myogenic markers (MyoG, MyoD,
and MyHC) were not significantly different between WT, and
Myf5-Ari3~"~ mice (Fig. 4A4). However, myogenic markers
were induced in WT mice after 4-wk of treadmill training, but
the induction was abrogated in Myﬁ—ArB*/* mice (Fig. 4B).
For in vitro analysis, the data show the expression of myogenic
markers were induced in myoblasts derived from WT but not
in those derived from Mny—ArB_/_ mice (Fig. 4C). Similarly,
the myogenic markers were induced with cyclic mechanical
stretch stimulation in myoblasts derived from WT but not in

PNAS 2022 Vol.119 No.24 2103615119

those derived from Myﬁ—ArB*/* mice (Fig. 4D). We also
observed better induction of myogenic genes when myoblasts
were cultured in serum-free medium (87 Appendix, Fig. S6A).

Induction of Hh Signaling Genes by Mechanical Stimulation
Depends on Functional Primary Cilia. During skeletal muscle
development, Hh signaling helps to initiate the myogenic pro-
gram (22). When WT myoblasts are treated with Vismodegib,
an Hh signaling inhibitor (35), we found that the induction of
MyoG, MyoD, and MyHC expression was abrogated (Fig. 4E).
To explore the effect of exercise on Hh signaling, we examined
a panel of Hh signaling genes in RNA from WT mice and
Myﬁ-ArB_/_ mice before and after exercise. We found that
the induction of Hh signaling genes (G/il and Ptchl) in WT
mice after 4 wk of treadmill training was abrogated in Myf>-
Arl37" mice (Fig. 54). We also found that expression of the
Hh signaling genes, G/i1 and PtchI, was increased in myoblasts
derived from WT mice after mechanical stimulation but not in
myoblasts derived from Myf5-Arl3~"~ mice (Fig. 5B). Similarly,
the Hh signaling genes were induced with cyclic mechanical
stretch stimulation in myoblasts derived from WT but not in
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http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103615119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103615119/-/DCSupplemental

4of 11

= WT
NS

B

« WT+T
= Myf5-Arl3/

= WT

« WT+T

= Myf5-Arl3/-

« Myf5-Arl37/+T

NS

®
© 7]
° NS « Myfs-Ari3’+ § .o NS
Fs% [ gl % NS
— 2 * NS —
- ] 1 r | > g I
£ = 90 LA = a
Sgelas T £ - B aB X -
> ; = s afs - Yy
T > = L] A s [
o T 80 ] as
o8 I
@©
S 75 E o
4 s
C D (Laminin)
= WT
< « WT+T
= « Myf5-Ari3/-
- » Myf5-Ari37/+T
-g, kkk
g NS
30 Rk
<]
i} A NS
ol 3. A
E - a
A A A A
2 20 T E Myf, 5_’,_ '
® = = A 'Ar’3
©
215 - ‘
= Tibialis anterior No training Training
E . WT F - Wr
» WT+T » WT+T
= Myf5-Ari3+- kkk = Myf5-Ari3+-
Ll + Myf5-Ari3/+T NS « Myf5-Arl37+T
. NS —_ Kk 3
1 — —
& 4000 *kk ore %. 601 L as
% 3500 ! g = b
= 3000 e‘, N )
< 2500 < v"‘w @ 40
o) 2000 L
(3 1500 é 30
1000
g 500 w 20 o
= o
L. 0 v v v T 2 10 : . . T
Tibialis anterior (I Tibialis anterior

Fig. 2. Dysfunctional primary cilia impair exercise-induced muscle hypertrophy. (A) The ratio of lean bodyweight/total body weight ratio increased in WT
mice after exercise, but not in the Myf5-Ar/3~"~ mice. (B) The ratio of fat mass/total body mass decreased in WT after exercise but not in Myf5-Ar/3~~ mice.
(C) The weights of TA were compared between WT and Myf5-Ar/3~"~ mice before and after treadmill training (T). (D) A representative image of TA stained by
Laminin (green) is shown. (Scale bars, 100 pm.) (E) Fiber CSA of TA muscle fibers was determined using Image] and MyoVision software. (F) Fiber MinFere
was quantified among TA muscle fibers using Image) and MyoVision software. NS, not significant. Each dot represents the data from one mouse. At least
3,000 fibers were measured for each sample. (One-way ANOVA with Tukey's multiple comparisons tests, *P < 0.05, ***P < 0.001; NS, not significant.)

those derived from Myﬁ-ArB*/* mice (Fig. 50. We also
observed better induction of Hh signaling genes when myoblasts
were cultured in serum-free medium (S7 Appendix, Fig. S6B).
When we treated WT myoblasts with Vismodegib, we found
that the induction of G/iI and PrchI was abolished (Fig. 5D).

When assessing whether mechanical stimulation promotes Hh
target gene expression, we found that the percentage of ciliated
myoblasts was not changed with mechanical stimulation (57
Appendix, Fig. S7). However, the length of primary cilia increased
upon mechanical stimulation, and this elongation was abrogated
in Myf5-Arl3~""mice (Fig. 6 A and B). We also found that GLI3
translocated to cilia after mechanical stimulation in WT myo-
blasts, but not Myf5-Arl3~"~ myoblasts, indicating the activation
of the Hh signaling pathway with functional cilia (Fig. 6C). In
addition, we treated myoblasts with Smoothened (SMO) Agonist
(SAG), an agonist of the Hh signaling pathway, and found that
SAG increased myogenic gene expression (Fig. 6D) and the Hh
signaling pathway (Fig. 6E) in myoblasts derived from WT mice
but not from Myf5-Arl3~"" mice.

https://doi.org/10.1073/pnas.2103615119

We also examined the length of primary cilia upon mechanical
stimulation in myoblasts isolated from Pax7-Ifi88 "~ mice and
found the percentage of ciliated cells is significantly decreased in
the Pax7-Ifi88 "~ myoblasts compared to WT myoblasts (S/
Appendix, Fig. S8 A and B). We also found that elongation
induced by mechanical stimulation was abrogated (SI Appendix;
Fig. S8). GLI3 translocated to cilia after mechanical stimulation
in WT myoblasts, but not in Pax7-Ifi88 '~ myoblasts, indicating
that the activation of the Hh signaling pathway requires functional
cilia (87 Appendix, Fig. S8D).

Taken together, these results indicate that the Hh signaling
pathway was activated by mechanical stimulation, and this acti-
vation depends predominately on functional cilia.

Conditioned Medium Treatment Analysis. To analyze if there
are autocrine or paracrine of Hh ligands promoted by mechani-
cal stimulation, we harvested conditioned medium on myo-
blasts after mechanical stimulation and analyzed with mass
spectrometry analysis. We found no known Hh ligands in

pnas.org
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Fig. 3. Primary cilia are the mechanical sensors for myoblast differentiation in vitro. (A) MyHC (green) was stained at different days after mechanical stimulation
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secretion protein after mass spectrometry experiments (Dataset
S1). Then we treated the cells with the conditioned medium,
and we did not find it can induce the activation of Hh (Fig.
5E). On the other hand, mechanical stimulation promotes Hh
signaling in serum-free medium (S/ Appendix, Fig. S6B). Taken
together, our data support that mechanical stimulation itself
can substitute for a Hh ligand.

Confirmation of the Abrogated Exercise Response in the
Pax7-ArI3~~ Mouse Model. To confirm the abrogated exercise
response in the cilium dysfunctional model, we bred Pax7-Cre
lineage mice with Ar/3 floxed mice and obtained a grossly normal
mouse model. When we trained 3-mo-old mice with forced exer-
cise (treadmill testing at 10 m/min for 20 min, 5 d/wk for 4 wk),
we found that the maximum speed and distance significantly
increased in WT mice compared to Pax7-Arl3~"" mice (Fig. 74).
Pax7-Arl3~~ mice also increased their maximum speed (but not
maximum distance) after exercise training (T),

We also found that mass from the TA, gastrocnemius, and
vastus intermedius increased in WT mice but not in Pax/-
Arl37"" mice (Fig. 7B). We extracted quadriceps muscle RNA
from WT mice and Pax7-Ar{3~" mice and examined a panel

PNAS 2022 Vol.119 No.24 2103615119

of myogenic genes. We found the expression of myogenic
markers was induced in WT mice after 4-wk of treadmill train-
ing, but the induction was abrogated in Pax7-Arl3~"~ mice
(Fig. 70). We found that the induction of Hh signaling genes
(Glil and Ptchl) in WT mice after 4 wk of treadmill training
was abrogated in Pax7-Arl3™"" mice (Fig. 7D).

After staining the TA muscle with Laminin (Fig. 84), we
quantified myofibril size using the CSA and the minimal Feret’s
diameter of a muscle fiber cross-section. We found that exercise
increased muscle fiber CSA in the TA from WT but not from
Pax7-Arl3~"" mice (Fig. 8B). The exercise increased vastus
intermedius and gastrocnemius muscle fiber CSA in both WT
and Pax7-Arl3~~ mice, but Pax7-Arl3~"~ mice exhibited less
exercise-induced hypertrophy compared to WT mice (Fig. 8 C
and D). These results indicate that the increased muscle fiber
CSA due to the mechanical stimulation of exercise largely
depends on functional cilia.

Discussion

Primary cilia are nonmotile, solitary, antenna-like structures
that protrude from the surface of cells. Concentrating critical

https://doi.org/10.1073/pnas.2103615119 5 of 11
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Fig. 4. The induced expression of myogenic gene markers by mechanical
stimulation and exercise depends on functional primary cilia. (A) Relative
expression of MyoG, MyoD, and MyHC expression in TA from WT and
Myf5-Arl3~'~ mice at the age of 1 mo using a real-time PCR test. (B) Relative
expression of MyoG, MyoD, and MyHC expression in TA in Myf5-Arl3~/~ mice
after treadmill training (T) in vivo using a real-time PCR test. (C) Relative
expression of MyoG, MyoD, and MyHC in Myf5-Arl3~~ myoblasts after
mechanical stimulation (M) in vitro using real-time PCR. (D) The relative
expression of MyoG, MyoD, and MyHC expression in myoblasts derived
from WT and Myf5-Ar[3~~ mice with cyclic mechanical stretch (Stretch)
stimulation. (E) Relative MyoG, MyoD, and MyHC expression in myoblasts
derived from WT mice and treated with or without Vismodegib (Vis).
(One-way ANOVA with Tukey’'s multiple comparisons tests, *P < 0.05, **P <
0.01, ***P < 0.001; NS, not significant.)

signaling components in a tiny ciliary volume amplifies
responses to low levels of environmental cues (36, 37). How-
ever, it is unclear if primary cilia sense mechanical force as well
as the physiological importance of SC cilia in exercise-induced
muscle hypertrophy. Identifying the molecular sensors of
mechanical stimulation and underlying signaling pathways will
substantially impact the future design of exercise interventions.
The primary intervention to improve muscle strength and to
minimize muscle atrophy continues to be weight-bearing and
other exercises. Almost all studies that employed an exercise
intervention only addressed functional and health outcomes
(38). To our knowledge, no studies have described how extra-
cellular mechanical signals are transduced to myoblasts and reg-
ulate responsive gene expression to affect muscle hypertrophy.
Our data demonstrate that exercise increased the maximum
speed/distance after treadmill training and promoted muscle
hypertrophy and myogenic gene expression in WT but not
Myf5-Arl3~"" and Pax7-Arl3~"" mice. We also confirmed that
mechanical stimulation promoted myoblast differentiation in
WT m)roblasts but was diminished in Myf5-Arl3~"" and Pax7-
Ifi88 "~ myoblasts. We further showed that the Hh signaling

https://doi.org/10.1073/pnas.2103615119

pathway is induced by mechanical stimulation in vitro and
exercise in vivo. The induction was abrogated if cilia in SCs are
dysfunctional. We provide evidence for the proof-of-concept that
cilia in SCs are mechanical sensors in exercise and mechanical
stimulation.

Myf5-Arl3~"" mice show “normal” development but loss of
the response to exercise-induced hypertrophy in mice, even if
there is, maybe, a minor delay in the development of mutants.
However, this could be very interesting because it suggested
that the two processes might be regulated by different progeni-
tor cells. This will also highlight that targeting SC cilia could
be safe since it won’t affect normal muscle generation. The
observations that mechanical stimulation can activate the Hh
signaling pathway suggest that mechanical stimulation can be
sensed directly by cilia in a ligand-independent way or with
only trace amounts of ligands. A schematic illustrating of
mechanical stimulation activating Hh signaling in the primary
cilium is shown (Fig. 94).
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We also tried to establish the Pax7-specific f#88 conditional
knockout mouse model. However, the Pﬂx7—]ﬁ$87/7 mice
developed hydrocephalus and could not support their weight
by the age of 3 wk. After examining myoblasts from Pax7-
[]‘2887/7 mice, we found that the response to mechanical stimu-
lation was abrogated. Due to the coexpression of Pax/ and
Myf5 in the majority of myoblasts and the crucial function of
Arl3 and Ift88 in cilia, it is not surprising we observed a similar
response in myoblasts derived from Pax7-Ifi88 "~ and Myf5-
Arl37" mice. It is also not surprising that we observed a simi-
lar response between Pax7-Arl3 '~ and Myf5-Arl3~"~ mice.

We propose that the ciliary-Hh signaling pathway is the pri-
mary pathway responsible for sensing mechanical stimulation in
myoblasts. However, we cannot exclude other signaling molecules.

PNAS 2022 Vol.119 No.24 2103615119

Cilia harbor a calcium-channel protein that is thought to open
when the cilium is bent by the force of fluid flow, allowing cal-
cium ions (Ca®") to enter the cell (39-41). Consistently, several
mechanosensitive ion channels, such as Polycystins, TRPV4 (tran-
sient receptor potential channel vanilloid subfamily 4), and
PIEZO1 (piezo-type mechanosensitive ion channel component 1)
have been implicated in the context of mammalian cilia (20,
42-44). Tt is thus likely mechanical stimulation promotes an
increase in cytosolic calcium concentration ([Caz+]cyt) in myo-
blasts or that calcium and Hh signaling are not mutually exclusive.
Further investigation can clarify the link between Hh signaling,
the regulation of [Ca2+]cyt, and mechanical stimulation in SCs.
Moreover, nitric oxide (NO), a key regulator of homeostasis and
adaptive responses of the vascular system, generated by NO

https://doi.org/10.1073/pnas.2103615119 7 of 11
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mice after treadmill training (T). Each dot represents the data from one mouse. (One-way

ANOVA with Tukey's multiple comparisons tests, *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant.)

synthases (NOS), may also play a role in transducing mechanical
stimulation (45). The main NOS isoform in endothelial cells is
eNOS and cyclic stretch is an important inducer of eNOS expres-
sion and activity (46).

In addition, circulating mediators are known to play a signif-
icant role in regulating muscle regeneration (47). However, we
did not observe that conditioned medium promotes the activa-
tion of the Hh-signaling pathway in myoblasts. The Hh signal-
ing pathway is one of the most important signaling pathways
involved in development and tissue homeostasis (48). Our data
suggest that mechanical stimulation itself likely substitutes for
Hh ligands, or may strengthen the signal of residual Hh ligands
that could not be detected by our analysis, to activate Hh
response in cilia-dependent manner. Moreover, other signaling
pathways that cross-talk with Hh signaling may be involved.
Further investigation on different signaling pathways is highly
suggested.

https://doi.org/10.1073/pnas.2103615119

Ligand-independent Hh signaling is associated with a subset of
human tumors, such as basal cell carcinoma, medulloblastoma,
colorectal, breast, and so forth (49). The deletion of mutation
in Ptchl and SMO in tumors results in ligand-independent
constitutive Hh pathway activation. Our findings in SC that
ligand-independent Hh signaling may be significant for the
understanding of the supportive microenvironment for tumor
growth.

In summary, we provide proof-of-concept evidence that pri-
mary cilia in SCs are the mechanical sensors for muscle hyper-
trophy. In general, exercise exerts benefits on body composition
for many people. Some individuals quickly adapt to exercise,
build up muscle mass, and reduce body fat (50, 51). However,
other individuals are resistant to exercise (52). Identifying the
mechanical sensors in skeletal muscle and their mechanisms of
signal transduction will decipher a fundamental physiological
problem to explain why some people are exercise-resistant (Fig.
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9B). Clarifying the responsive molecular events will provide
possible molecular targets for the prevention or amelioration of
muscle atrophy due to physical disability, coma, paralysis, or
improve the effects of exercise in those who are less responsive
to it.

Materials and Methods

Cell Models. Primary mouse myoblasts were isolated based on a previously pub-
lished method (53). At the age of 2 to 3 wk, WT and Myf5-Ar3~'~ mice were
killed, the hind limb muscles were isolated, and excess connective tissues and fat
were cleaned in sterile PBS. Muscle tissues were then minced into small pieces,
followed by culture on a 10% Matrigel-coated dish with growth medium (high-
glucose DMEM [Gibco], supplemented with 20% fetal bovine serum, [Gibco],
0.5% chicken embryo extract [CEE, Accurate Chemical and Scientific], 2.5 ng/mL
basic fibroblast growth factor [bFGF, PeproTech], and 1% penicillin-streptomycin).
AMfter outgrowth from muscle explants was observed, muscle tissues were

PNAS 2022 Vol.119 No.24 2103615119

removed and cells were grown to confluence. For serial cultivation, cells were pre-
plated on a non-Matrigel-coated dish and placed at 37 °C in a CO; incubator for
1 h. Then the supernatant was transferred to a 10% Matrigel-coated dish for the
first five passages to select for a pure myoblast population. The isolated myoblasts
were grown on Matrigel-coated dishes with 20% serum, CEE, and FGF.

Human skeletal muscle myoblasts primary cell strains from different donors
of similar ages were obtained from Lonza and propagated using a growth
medium purchased from Lonza and cultured following the company's standard
protocol.

Animal Models. WT mice (C57BL/6J) and Myf5 cre mice are from the Jackson
Laboratory. The Ari3 floxed mice were established by Wolfgang Baehr's labora-
tory, University of Utah, Salt Lake City, UT (12). Myf5-Arl3~'~ mice were obtained
from breeding Myf5 cre mice and Arl3 floxed mice. Pax7 cre [Pax7tm1(cre)
Mrc/J] mice and 1ft88 (B6.129P2-Ift88tm1Bky/J) mice are from the Jackson Lab-
oratory (54). Pax7-Ift88 '~ mice were obtained from breeding Pax7-cre mice
and Ift88-floxed mice. Pax7-Arl3~"~ mice were obtained from breeding Pax7-cre
mice and Arl3- floxed mice. An equal number of male and female mice were
assessed. All mice were confirmed by genotyping. All experimental protocols
with mice were approved in advance by the Institutional Animal Care and Use
Committee and Institutional Biosafety Committee at the Mayo Clinic.

Treadmill Testing. Physical function was characterized by measuring running
time and distance using a motorized, inclined treadmill. Mice were acclimated
to the treadmill for 3 consecutive days for 5 min at a speed of 10 m/min ata 5%
grade. The next day animals ran on the treadmill at an initial speed of 10 m/min
and 5% grade for 4 min, and every additional 4 min the speed was increased by
2 m/min until the mice were exhausted. Running time was recorded and run-
ning distance and work (the product of body weight [kg], gravity [9.81 m/s?],
vertical speed [m/s x angle], and time [s]) were calculated.
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Fig. 9. A schematic illustrating how mechanical stimulation activates Hh
signaling in the primary cilium. (A) In the absence of mechanical stimula-
tion, cilia do not activate nuclear GLI activity. In the presence of mechanical
stimulation, the nuclear GLI activity activates the downstream targets of
the Hh signaling pathway. (B) A cartoon indicates WT mice can build up
muscle. However, SC cilium-dysfunctional mice show exercise resistance.
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Analysis of Muscle Hypertrophy. For imaging analysis, TA was fixed and
embedded in an optimum cutting temperature compound (Sakura Finetek) and
snap-frozen in liquid nitrogen-cooled isopentane. Muscles were cryosectioned at
10 um at midbelly. Randomly selected images across all sections were used for
histology. The muscle structure was analyzed by H&E staining and histomorph-
ometry, and the basement membranes surrounding the myofibrils were stained
with laminin antibodies (Sigma). The CSA of muscle fibers was analyzed with
ImageJ and MyoVision software (developed by the Center for Muscle Biology,
University of Kentucky).

Mechanical Induction of Myoblast Differentiation. For each cell strain,
cells were seeded and grown to confluence. Half of the cells were treated with
mechanical stimulation on Dynamic Motion Platform for 10 min every day or
mechanical stretch for 1 h every day as the experimental group, and half of the
cells were untreated as the control group. At each time point (days 1, 3, and 5),
MyHC immunofluorescence staining and myoblast fusion index were measured,
and RNA expression of MyoG, MyoD, and MyHC was examined.

Differentiation and Fusion Assays. Myoblasts were maintained in growth
medium until reaching ~70% confluency and then seeded onto 10% Matrigel-
coated six-well plates in Growth Medium until reaching confluency. Myoblasts
were then switched to differentiation medium (DM) (DMEM [Gibco] supple-
mented with 2% horse serum). For the serum-free experiment (S/ Appendix, Fig.
S6), myoblasts were cultured with DMEM only. Cultured myoblasts were fixed
for 15 min in 4% PFA after 1, 3, or 5 d in DM, rinsed in PBS and PBS-T(0.2% Tri-
ton X-100 in PBS), and processed for immunofluorescence. The differentiation
index was defined as the percentage of nuclei in myosin™ cells. The fusion index
was calculated as the percentage of nuclei in the myotubes. More than 100
MyHC* myotubes containing two or more nuclei were counted to measure
fusion efficiency. More than five field images (20x objective) were analyzed per
experimental group. The results presented are from four to five independent
experiments. Image parameters were equally adjusted using Photoshop CS6
software (Adobe).

SAG and Vismodegib Treatment Analysis. Myoblasts were seeded onto
10% Matrigel-coated six-well plates in growth medium until reaching conflu-
ency. After 24-h starvation, myoblasts were treated with 200 pM SAG (R&D
Company) or 1 uM Vismodegib (ThermoFisher) in DMEM serum-free medium.
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After 24 h, total RNA was collected and the expression of MyoG, MyoD, MyHC,
Gli1, and PtchT was compared by real-time PCR.

Mechanical Stimulation-Conditioned Medium Treatment Analysis. WT
myoblasts were seeded onto 10% Matrigel-coated six-well plates in a growth
medium until reaching confluency. After 24-h starvation, myoblasts were treated
with mechanical stimulation in DMEM serum-free medium. After another 24 h,
a portion of the supernatant was collected for mass spectrometry of protein and
peptides analysis, and a portion of the superatant was used to treat the
myoblasts for 24 h. The expression of Gli7 and Ptch? was compared by
real-time PCR.

Bodyweight and Body Composition. Bodyweight was measured every week.
The lean mass and fat mass of individual mice was measured by quantitative
NMR using an EchoMRI analyzer (EchoMRI) and normalized to body weight.

Cilia Length Measurement. The length of cilia was measured using a Nikon
ECLIPSE Ti with MetaMorph software (Molecular Devices). An average of 300 cilia
was measured in each group.

statistical Analyses. All experiments were performed with at least three tech-
nical and biological replicates unless otherwise indicated in the figure legends.
Data were checked for normality using histograms, and all variables were tested
for skewness and kurtosis. The key primary comparisons were between exercise
or mechanical stimulation and control samples using a one-way ANOVA with
mechanical treatment or exercise as an independent variable with a significance
level of 0.05. Following ANOVA, Tukey's test was used to adjust for multiple
comparisons. Data were represented as mean + SEM.

Data Availability. All study data are included in the main text and supporting
information.
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