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GsMTx4-blocked PIEZO1 channel promotes @
myogenic differentiation and alleviates

myofiber damage in Duchenne muscular
dystrophy

Wengang Wang'", Mingyang Huang?", Xiusheng Huang'", Ke Ma?, Ming Luo®" and Ningning Yang®

Abstract

Background Duchenne muscular dystrophy (DMD) is a debilitating disease characterized by progressive muscle-
wasting and a lack of effective therapy. Although the application of GsMTx4 has been shown to reduce muscle mass
loss in dystrophic mice, the mechanism of action remains unclear.

Methods We employed single-nucleus RNA sequencing data to scrutinize the expression of mechanosensitive
channels in skeletal muscle. The upregulation of PIEZO1 and its precise localization were corroborated in DMD
patients, mdx mice, and activated satellite cells. To delve into the role of the GsMTx4-blocked PIEZO1 channel in the
myogenic program, we conducted comprehensive in vitro and in vivo studies encompassing the proliferation of
satellite cells, differentiation of myoblasts, and calcium influx into myofibers. Utilizing both a PIEZO1 channel inhibitor,
GsMTx4, and a PIEZO1 channel agonist, Yoda1, we explored the PIEZO1 channel’s impact on satellite cell proliferation
and myogenic differentiation. Additionally, we explored the protective effect of the PIEZO1 channel on myofiber
calcium influx using mdx mouse models and isolated single myofibers.

Results PIEZO1 was upregulated in the muscle of DMD patients and was predominantly expressed in satellite

cells and upregulated during satellite cell proliferation. Treatment with GsMTx4 increased the cross-sectional areas

of myofibers and reduced the proportion of centrally nucleated fibers in mdx mice. GsMTx4 inhibited satellite cell
proliferation while promoting myogenic differentiation. During myogenic differentiation, the YAP nuclear-cytoplasmic
ratio increased in cells treated with GsMTx4 and showed a significant correlation with the nuclear localization of
MyoG. In myofibers, GsMTx4 significantly reduced the level of p-CaMKIl/CaMKIl in muscle and calcium load.

Conclusions PIEZO1 upregulation in DMD could potentially stem from an elevated proportion of proliferating
satellite cells triggered by sarcolemma damage and muscle necrosis. The inhibition of the PIEZO1 channel by GsMTx4
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plays a beneficial role in fostering myogenic differentiation and mitigating myofiber damage. The PIEZO1 channel
emerges as a promising therapeutic target for addressing DMD.

Keywords Duchenne muscular dystrophy, PIEZO1, GsMTx4, Satellite cells, Myogenic differentiation

Background

Duchenne muscular dystrophy (DMD) is the first
gene-related muscle disease discovered and caused by
mutations in the DMD gene encoding dystrophin, a cyto-
skeletal protein that plays an important role in connect-
ing the cytoskeleton of myofibers with the extracellular
matrix [1]. Patients with DMD exhibit progressive mus-
cle degeneration associated with severe muscle weakness,
loss of ambulation, and cardiac and respiratory complica-
tions [2]. Genebased therapies are now in various stages
of clinical development for DMD, and the most advanced
are those targeting the DMD gene using antisense oli-
gonucleotides for exon skipping and CRISPRbased gene
editing [3, 4]. In fact, phase III trials with eteplirsen, the
FDA-approved morpholino exon-skipping drug, have
shown ~1% normal dystrophin levels over 180 weeks,
and the disease has thus far defied all curative strategies
[5]. Therapeutic methods targeted at enhancing muscle
function are extremely important in addition to gene-
based technology.

Aberrant calcium regulation contributes to sarcolem-
mal damage and muscle necrosis in DMD [6].

PIEOZ1, a vital mechanosensitive ion channel with
a preference for calcium influx, which drives various
downstream signaling pathways and governs distinct
cellular and physiological responses [7, 8]. Recent stud-
ies have illuminated the role of Piezol in regulating sat-
ellite cell morphology and regenerative capacity under
physiological conditions [9]. However, the dual regula-
tory roles of PIEZO1 in dystrophic muscle—balancing
myogenic differentiation and calcium overload—remain
unclear. GsMTx4, a peptide derived from spider venom,
is recognized for its ability to stabilize lysine residues at
the membrane surface, leading to partial relaxation of
the outer monolayer and selectively blocking PIEZOL.
While GsMTx4 may exhibit partial activity against other
channels such as TRPC6 under certain conditions, it is
predominantly recognized as the most extensively stud-
ied blocker specifically for the PIEZO1 channel [10].
The application of GsMTx4 to dystrophic murine mus-
cle effectively reduces the loss of muscle mass without
fibrosis reduction, supporting a model where GsMTx4
acts directly on muscle cells [11]. Similarly, GsMTx4 is
reported to be a potent cardioprotectant and to be poten-
tially useful in multidrug strategies to treat ischemia and
reperfusion [12]. However, the mechanism of the protec-
tive effect of GsMTx4 in muscle remains unclear [13].

In this study, we successfully identified the expression
of PIEZO1 in DMD-affected muscle tissue and precisely

determined its localization within the tissue. Moreover,
our investigation extensively explored the role of the
GsMTx4-blocked PIEZO1 channel in muscle regenera-
tion processes, encompassing satellite cell proliferation,
myogenic differentiation, and myofiber calcium dynam-
ics. The opposing effects observed between GsMTx4 and
the PIEZO1-specific agonist Yodal further corroborate
the channel-specific action of GsMTx4 in our experimen-
tal models. Our findings underscore that the inhibition
of the PIEZO1 channel by GsMTx4 fosters myogenic dif-
ferentiation through the YAP-MyoG axis and attenuates
myofiber damage by reducing the calcium load. These
results strongly suggest that targeting the PIEZO1 chan-
nel holds significant promise as a therapeutic strategy for
treating DMD.

Methods

Human muscle samples and the GEO database

Following approval from the Ethics Committee and
obtaining informed consent from each patient’s guardian,
we procured muscle tissue samples from DMD patients
aged 5 to 10 years, and muscle tissue from a control
group of age-matched males who had undergone ortho-
pedic surgery. The detailed information of the DMD
patients was presented in supplementary Table 1. Subse-
quently, the collected tissue samples were bifurcated: one
portion was promptly frozen in pre-cooled isopentane
for immunohistochemistry, and the other portion was
rapidly frozen in liquid nitrogen for subsequent RNA-
seq, quantitative polymerase chain reaction (qQPCR), and
Western blot assays.

To validate the variance in gene expression, we
retrieved RNA-seq data (GSE6011 and GSE38417) from
the GEO database and conducted a comparative analy-
sis of PIEZO1 expression between DMD patients and
controls. All single-nucleus RNA sequencing data were
directly sourced from the GEO database. Petrany et
al. utilized snRNA-seq to determine the extent of tran-
scriptional diversity within multinucleated skeletal myo-
fibers and based on this normal mouse skeletal muscle
sequencing data, we examined the expression levels of
Piezol in different cell types (GSE147127). Chemello
et al. described the creation of a mouse model of DMD
caused by deletion of exon 51 of the dystrophin gene,
which represents a prevalent disease-causing mutation
in humans. Using their snRNA-seq data, we analyzed
the compositional differences of different cell types in
skeletal muscle between mdx mice and wild-type mice
(GSE156498). The methodologies for single-nucleus RNA



Wang et al. Skeletal Muscle (2025) 15:13

sequencing of skeletal myofibers and its application in
the context of muscular dystrophy were previously eluci-
dated by Petrany et al. and Chemello et al., respectively
[14, 15].

Acute muscle injury model and Mdx mice

Following approval from the Ethics Committee, C57BL/6
mice were procured from Dossy Experimental Animals
Co., Ltd., and 8-week-old mice were specifically chosen
for in vivo exploration of myogenic capability. To induce
an acute muscle injury model, 50 ul of cardiotoxin (CTX)
at a concentration of 10 uM (Latoxan, #L.8102) were intra-
muscularly injected into the tibialis anterior (TA) mus-
cle, utilizing a 31 G insulin syringe. For the mdx mouse
model, we used the C57BL/6Smoc-Dmdemi(Q995X)Smoc
strain, which typically exhibits muscle fiber necrosis
starting at 4—7 weeks of age, and consistently shows mus-
cle phenotypes resembling clinical DMD by 3 months of
age. All mice used in the study were male. To evaluate the
therapeutic effect of GsMTX4, we initiated drug inter-
vention in 3-month-old mice. After phenotypic valida-
tion, 3-month-old mdx mice were selected to assess the
therapeutic efficacy of the PIEZO1 channel blocker in
vivo. The stock solution of Yodal (AbMole, #M9372) was
prepared at a concentration of 10mM in DMSO, result-
ing in a DMSO concentration of 1:2000 in the working
solution. GsMTx4 (MCE, #HY-P1410) was dissolved in
PBS and prepared at a concentration of 10mM. Intra-
muscular injections of 50 pl of GsMTx4 (5 uM) or Yodal
(5 pM) were administered to the TA muscle of the right
hindlimb using a 31 G insulin syringe, with PBS serving
as the vehicle control.

EdU incorporation was visualized using the Beyo-
Click™ EdU-488 kit (Beyotime #C0071S) according to the
manufacturer’s protocol. Briefly, EAU was dissolved in
drinking water at a concentration of 0.3 mg/mL, and the
solution was freshly prepared daily. EAU administration
commenced on day 7 post-CTX injury and continued
until sample collection on day 21 post-CTX injury. Grip
strength was assessed using a grip strength meter (SA417,
Sansbio). The mdx mice were gently held by the tail and
lowered toward the grid until both hindlimbs grasped it.
The tail was pulled horizontally until the mouse released
its grip, and the peak force was recorded. Five trials
were conducted per mouse, with a 1-minute rest inter-
val between trials. The average of the three highest val-
ues was used for analysis to minimize variability. The TA
muscles were harvested and measured for further use.

Satellite cells and single myofibers

Satellite cell cultures were established using four-week-
old mice, and satellite cells were extracted following
established protocols [16]. These cells were maintained
under controlled conditions of 37 °C and 5% CO,. The
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expression of Piezol was assessed using immunofluo-
rescence and qPCR at various intervals to track changes
during satellite cell activation. To elucidate the role of the
PIEZO1 channel in these cells, we incubated them with
GsMTx4 (5 uM) and Yodal (5 uM), followed by immuno-
fluorescence analysis and cell counts after a 3-day incu-
bation. Additionally, Piezol expression in proliferating
satellite cells was compared between wild-type (WT) and
mdx mice using Western blot assays.

Isolation of single myofibers was conducted from the
extensor digitorum longus (EDL) muscle. The EDL mus-
cles were subjected to prewarmed collagenase solution
and placed in a 37 °C water bath for 60 min to facilitate
myofiber release. Subsequently, single myofibers were
mechanically dissociated by triturating with Pasteur
pipettes of decreasing bore size. Myofibers were also
isolated from 3-month-old mdx mice. Fluo-4 AM (Bey-
time, #S1060) served as a fluorescent indicator for mea-
suring calcium influx. Loading with Fluo-4 AM (5 pM)
was performed for 20 min, followed by perfusion with
Hank’s Balanced Salt Solution for an additional 30 min.
Treatment with Yodal (5 uM) and GsMTx4 (5 uM) was
conducted for 10 min, and Fluo-4 AM signals were con-
tinuously collected over 30 min, following the experi-
mental protocol. Fluo-4 AM fluorescence was captured
using a fluorescence microscope (ECLIPSE Ti2, Nikon,
Japan) with 488 nm illumination. Background subtrac-
tion was applied, and relative calcium intensity was cal-
culated as (F-F,)/F,, where F represents fluorescence and
F, indicates basal fluorescence levels.

Primary cell derived myoblasts culture and myogenic
differentiation

We obtained myoblasts from primary satellite cells.
These cells were cultured under standard conditions at
37 °C with 5% CO, and expanded through subculturing
in growth medium containing 20% fetal bovine serum
(Gibco). Upon reaching a cell density of 90%, the cul-
ture medium was replaced with differential medium
containing 2% horse serum (Hyclone). All siRNAs tar-
geting Piezol were custom-designed and synthesized
by RIBOBIO. The transfection of siRNAs into cells was
accomplished using Lipofectamine™ RNAIMAX Reagent
(Invitrogen, #13778150) following the manufacturer’s
instructions. The efficiency of Piezol knockdown was
validated through Western blot analysis. Additionally,
GsMTx4 (5 uM) and Yodal (5 uM and 10 uM) were intro-
duced into the differential medium, and the expression
levels of genes associated with myogenic differentiation
were assessed using both qPCR and immunofluorescence
techniques.
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Immunohistochemistry and Immunofluorescence

Human muscle samples and mouse TA muscle tissues
were cryopreserved in isopentane pre-cooled with liquid
nitrogen. Subsequent slicing was executed using a refrig-
erated slicing machine (Leica, Germany) with a thickness
of 8 mm, followed by fixation in 4% paraformaldehyde for
20 min. Haematoxylin and eosin (H&E) staining proce-
dures were conducted according to the manufacturer’s
guidelines. Muscle tissue sections underwent a blocking
step with 10% goat serum for 2 h, followed by permeabi-
lization with 1% Triton X-100 for 20 min. Cultured cells
were fixed in 4% paraformaldehyde for 20 min, subjected
to a 2-hour blocking with 10% goat serum, and permea-
bilized with 1% Triton X-100. For immunohistochemis-
try, the PIEZO1 primary antibody (1:200, Proteintech,
#15939-1-AP) was incubated with the samples overnight
at 4 °C. DAB was employed for restaining and film seal-
ing. In the case of immunofluorescence, tissue sections
and cells were incubated with primary antibodies against
PIEZO1 (1:200, Proteintech, #15939-1-AP), PAX7 (1:5,
DSHB, #PAX7), Ki67 (1:200, Proteintech, #27309-1-AP),
MHC (1:10, DSHB, #MF20), and MyoG (1:50, DSHB,
#F5D) at 4 °C overnight. Subsequently, a fluorescence
secondary antibody (Goat Anti-Rabbit/Mouse IgG H&L,
Abcam, Alex Fluor 488/594) was applied at room tem-
perature for 2 h. The specificity of the PIEZO1 antibody
for immunofluorescence used in this study was verified
with siRNA-mediated knockdown experiments. Images
were acquired after DAPI staining, utilizing a fluores-
cence microscope (ECLIPSE Ti2, Nikon, Japan) or a laser
scanning confocal microscope (STELLARIS 5, Leica,
Germany).

The complete section of the TA muscle was assessed
for each replicate. Utilizing Image | software (Version
1.52v), the cross-sectional area of myofibers and propor-
tion of centrally nucleated fibers were quantified from
stained sections. The fibrotic area, corresponding to the
area stained in red, was measured based on five individ-
ual microscope fields. Hematoxylin stains the nuclei blue,
and eosin stains the cytoplasm pink, allowing for clear
visualization of both the nuclei and muscle fiber struc-
ture. The centrally nucleated fibers were identified based
on the position of the nucleus in relation to the fiber in
the analyzed field. Specifically, differentiated myotubes
were identified by their staining with MHC, a marker
indicative of mature myotubes, while MHC-negative cells
were indicative of undifferentiated myoblasts. The fusion
index was calculated by determining the ratio of myo-
nuclei within myotubes to the total number of nuclei. A
myotube was defined as having at least two nuclei within
the same cytoplasm. The widest segment of the muscle
fiber cross-section was chosen as the measurement for
myotube width. In total, five fields from a minimum of
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three distinct replicate samples were analyzed for this
assessment.

qPCR and Western blot assay

Tissue or cell lysates were prepared using TRIzol, and
subsequent total RNA extraction followed the prescribed
protocols provided by the manufacturer. Following RNA
isolation, the concentration and purity of the RNA were
assessed. For reverse transcription, 1 pg of total RNA
was employed. Quantitative PCR (qPCR) analysis was
conducted utilizing the SYBR method (Vazyme, #Q111-
02), employing primer sequences specified in the Sup-
plementary Tables. Relative expression levels of target
genes were determined using the 27 AACT method. The
qPCR reactions were performed using the QuantStudio 3
instrument. (Thermo Fisher Scientific, USA).

Total protein extraction was carried out using RIPA
lysis buffer supplemented with 1% PMSE, and protein
quantification was conducted using the BCA method.
Cytosolic and membrane fractions were isolated using
the Mem-PER Plus Membrane Protein Extraction Kit
(Thermo Fisher Scientific, #89842). In brief, muscle tis-
sue underwent washing with a wash buffer and subse-
quent division into small pieces. Permeabilization buffer
was added, and constant mixing ensued until achieving
a homogeneous suspension. Centrifugation at 16,000 x
g for 15 min resulted in the pelletization of permeabi-
lized cells, and the supernatant containing cytosolic pro-
teins was collected. The pellet was then resuspended in
solubilization buffer, subjected to centrifugation, and the
supernatant containing membrane-associated proteins
was collected for future use.

Following standard electrophoresis and membrane
transfer protocols, membranes were blocked with 5%
BSA. Overnight incubation at 4 °C followed with primary
antibodies against PIEZO1 (1:1000, Proteintech, #15939-
1-AP), Dystrophin (1:500, Santa Cruz, #sc-365954), and
p-CaMKII (1:200, Santa Cruz, #sc-32289). Subsequently,
membranes were incubated with the secondary antibody
(HRP-conjugated Affinipure Goat Anti-Rabbit/Mouse
IgG, Proteintech, #SA00001-1 and #SA00001-2) for 2 h at
room temperature. Signal detection was performed using
a Chemiluminescent Imaging System (BioRad, USA).
Grayscale values of the target protein were analyzed
using Image ] software (Version 1.52v) to calculate the
relative expression level, with a minimum of three inde-
pendent sample repetitions.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
(Version 8.4.3). Continuous variables were presented as
mean + SD, and a normality test was executed. Student’s
t-test was employed to compare continuous variables
between two groups, whereas one-way ANOVA was
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utilized for multi-group comparisons. The parameter
‘n’ denoted an independent biological sample, and each
sample’s measurement was derived from an average of
three technical replicates. A Pvalue less than 0.05 was
deemed statistically significant.

Results

Upregulated PIEZO1 in skeletal muscle of DMD

We investigated the expression of mechanosensitive
calcium channels in healthy skeletal muscle, with a spe-
cific focus on the transient receptor potential channel
and PIEZO channel families. Utilizing RNA-seq data for
channel screening, we compared the expression levels of
mechanosensitive calcium channels between normal and
DMD muscles, revealing the up-regulation of TRPC1 and
PIEZOL1 in DMD patients (Fig. 1A). To further substan-
tiate these findings, we validated the results using two
GEO datasets (Fig. 1B-C). Additionally, we confirmed the
increased expression of PIEZO1 in DMD patient samples
through qPCR and Western blot assays (Fig. 1D-F). Col-
lectively, these results provide evidence supporting the
upregulation of PIEZOL1 in the skeletal muscle of indi-
viduals with DMD.

Upregulated PIEZO1 in DMD results from proliferating
satellite cells

To explore the potential selective expression of Piezol
within specific cell types, we assessed Piezol expression
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across diverse cell populations using single-nucleus
sequencing data for skeletal muscle. Our findings reveal
predominant expression of Piezol in satellite cells, endo-
thelial cells, and tenocytes (Fig. 2A). Previous reports
have indicated an increased satellite cell count in DMD
subsequent to muscle damage [17]. Immunofluores-
cence staining of muscle tissue was conducted to deter-
mine the localization of the Piezol protein. Strong
positive signals of Piezol were detected surrounding
myofibers and beneath the sarcolemma, co-localizing
with Pax7 (Fig. 2B). Further verification of Piezol pref-
erential expression in proliferating satellite cells was
accomplished using plated satellite cells and single myo-
fiber model (Fig. 2C-D). To delineate the relationship
between PIEZO1 and satellite cell activation, satellite
cells were isolated from uninjured muscle of wild-type
mice and cultured for 2 days under proliferative condi-
tions. After two days of plated culture, qPCR analysis of
satellite cells demonstrated synchronized upregulation of
Piezol alongside the marker genes for satellite cells, Pax”
and MyoD (Fig. 2E). These collective findings indicate the
preferential expression of Piezo! in proliferating satellite
cells.

To discern the primary cause of the heightened
PIEZO1 expression in DMD, we conducted a compara-
tive analysis of satellite cell proportions in healthy and
DMD patients. Our findings indicate an increased pro-
portion of PAX7* cells and PIEZO1*/PAX7* cells in
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Fig.1 Upregulated PIEZOT1 in skeletal muscle of DMD patients. (A) The expression of mechanosensitive calcium channels, including members of the tran-
sient receptor potential channel family and Piezo channel family (n=5; mean; Student’s t-test). (B) The expression of PIEZO1 was upregulated in muscle
tissue of DMD patients according to GEO datasets GSE6011 (n=14~ 23; mean +SD; Student’s t-test). (C) The expression of PIEZOT was upregulated in
muscle tissue of DMD patients according to GEO datasets GSE38417 (n=6~ 16; mean +SD; Student’s t-test). (D) The expression of PIEZO1 was upregu-
lated in the muscle tissue of DMD patients according to gPCR (n=6; mean +SD; Student’s t-test). (E-F) Representative Western blot of PIEZO1 in muscle
tissue of DMD patients, and the relative PIEZO1 level was significantly increased in DMD patients (n=3; mean + SD; Student’s t-test). Statistical significance
was set at P<0.05. *P<0.05; **P<0.01; ¥****P < 0.0001



Wang et al. Skeletal Muscle (2025) 15:13 Page 6 of 17

|

A Piezo1

Expression Level
- n w B
23 ><>—;

& @ © & % > &) S @ © o
& P P Q\p & (\\p @o\ < P \§’° ocg"' & 0\00
» & & \y\° \ﬁc @\0 N\ < & Ne o
N & & \ ° O ©
5 S N N N ) § « B
S o @ £ N %
& «f <8 A ¢

W

0

= =

= 3

> )

c =

2 L

[} @

o) (7))

= o

o [6)

> -—

S 0

o

B DayO

Culture of single myofibers

Relative mRNA expression

Piezo1 Pax7 MyoD

Fig. 2 PIEZO1 is preferentially expressed in activated satellite cells. (A) The expression pattern of Piezol in different subsets of cells in skeletal muscle
according to single-nucleus RNA sequencing dataset showed that Piezol was predominantly highly expressed in satellite cells, endothelial cells, and
tenocytes. (B) Immunofluorescence colocalization analysis showed that Piezo1 was preferentially expressed on the cell membrane of satellite cells in vivo.
(C) Immunofluorescence colocalization analysis showed that Piezo1 was preferentially expressed on the cell membrane of satellite cells in plated satellite
cells. (D) Immunofluorescence colocalization analysis showed that Piezo1 was preferentially expressed on the cell membrane of satellite cells of single
myofiber. (E) gPCR showed that the mRNA expression of Piezo1, Pax7, and MyoD were upregulated in muscle tissue after CTX injection (n=5; mean+SD;
Student’s t-test). Statistical significance was set at **P < 0.01. Scale bar, 50 um



Wang et al. Skeletal Muscle (2025) 15:13

DMD patients (Fig. 3A-C). Previous findings reveal pre-
dominant expression of Piezo! in satellite cells, endothe-
lial cells, and tenocytes (Fig. 2A), we therefore assessed
the composition of distinct cell types in mdx mice using
single-nucleus sequencing data. The results revealed an
elevation in the proportion of proliferating satellite cells
in mdx mice (6.6% vs. 5.3%), accompanied by a signifi-
cant reduction in endothelial cell proportion (3.4% vs.
8.6%), with no alteration in the proportion of tenocytes
(2.5% vs. 2.5%) (Fig. 3D). To eliminate the possibility of
pathological expression intrinsic to satellite cells, we
isolated satellite cells from both WT and mdx mice and
extracted total protein. However, Western blot analysis
failed to discern any differences in Piezol relative expres-
sion (Fig. 3E-F). Immunofluorescence staining of muscle
tissue revealed a moderate fluorescent signal on the sar-
colemma, yet no significant differences were observed in
the intensity of Piezol on the sarcolemma between W'T
and mdx mice (Fig. 3G-H). Collectively, these results sug-
gest that the elevated PIEZO1 expression in DMD may
arise from the increased presence of proliferating satellite
cells, which are activated in response to muscle necrosis.

GsMTx4-blocked PIEZO1 channel ameliorates muscular
dystrophy in mdx mice

To assess the potential of the PIEZO1 channel as a thera-
peutic target for DMD treatment, we initially character-
ized the muscular dystrophy phenotype through Western
blot assays (Fig. 4A). Subsequently, we administered
GsMTx4 (5 uM) and Yodal (5 uM) injections into the TA
muscles of mdx mice over a 30-day period (Fig. 4B). H&E
staining revealed notable outcomes following GsMTx4
treatment, including an increase in the cross-sectional
area of myofibers and a reduction in the proportion
of centrally nucleated fibers (Fig. 4C-E), additional
functional assessments also showed an increased grip
strength (Fig. 4F). Conversely, activation of the PIEZO1
channel by Yodal led to decreased myofiber cross-sec-
tional area and grip strength (Fig. 4G-J). Moreover, after
a 30-day treatment with GsMTx4, H&E staining of vital
organs such as the heart, liver, spleen, lung, and kidney,
and no obvious tissue toxicity of GsMTx4 was observed
in mdx mice (Fig. S1). These findings suggest that inhibit-
ing the PIEZO1 channel with GsMTx4 holds promise in
alleviating muscular dystrophy in mdx mice.

GsMTx4-blocked PIEZO1 channel inhibits satellite cell
proliferation while promoting myogenic differentiation
We further explored the impact of the GsMTx4-blocked
PIEZO1 channel on satellite cell proliferation and myo-
genic differentiation. For satellite cell proliferation assess-
ment, plated satellite cells were treated with GsMTx4 (5
uM) and Yodal (5 uM) for a period of 3 days. Notably,
GsMTx4 treatment significantly reduced the percentage

Page 7 of 17

of Ki67* cells and the total cell count, while Yodal treat-
ment exhibited a stimulatory effect on satellite cell pro-
liferation (Fig. 5A-C). These findings indicate that the
GsMTx4-blocked PIEZO1 channel hinders satellite cell
proliferation.

Piezol expression was observed to be downregu-
lated during satellite cell differentiation into myoblasts
(Fig. 5D), implying that Piezol downregulation may facil-
itate the transition from proliferation to differentiation.
Yodal (5 uM and 10 pM) was introduced to myoblasts
cells during the transition from complete to differenti-
ated medium at a cell density of 90%, strategically miti-
gating the confounding effects of cell proliferation. We
found that Yodal treatment impeded myogenic differen-
tiation in a concentration-dependent manner (Fig. 5E-H).
Conversely, siRNA knockdown of Piezol in myoblasts
resulted in an elevation of the fusion index, and Yodal
treatment partially prevented the uncontrolled fusion of
myotubes (Fig. S2A-E). Subsequently, we delved into the
potential role of the GsMTx4-blocked PIEZO1 channel
in myogenic differentiation. GsMTx4 (5 pM) was intro-
duced to myoblasts during the transition from complete
to differentiated medium at a cell density of 90%. Cells
treated with GsMTx4 exhibited a pronounced increase in
the fusion index, MyoG-positive nuclei index, and myo-
tube width (Fig. S2G-]). These outcomes suggest that the
GsMTx4-blocked PIEZO1 channel promotes myogenic
differentiation in vitro.

We further investigated the potential of the GsMTx4-
blocked PIEZO1 channel to promote myogenic differen-
tiation in vivo. Satellite cells typically exit the cell cycle
and undergo differentiation into myotubes approxi-
mately 5 days after CTX-induced muscle injury [18]. To
minimize any potential confounding effects of GsMTx4
treatment on satellite cell proliferation, we administered
GsMTx4 (5 uM) and Yodal (5 uM) five days after induc-
ing muscle injury with CTX, and the muscles were sub-
sequently stained (Fig. 6A). Our findings indicate that
GsMTx4 treatment resulted in an increased TA muscle
weight and cross-sectional area of myofibers, a reduc-
tion in the proportion of centrally nucleated fibers, the
expression of Pax7, and the proportion of PAX7" cells.
These changes collectively suggest enhanced myogenic
differentiation (Fig. 6B-H). In contrast, Yodal treatment
led to a decrease in TA muscle weight and cross-sec-
tional areas, the expression of Pax7 and Piezol, and the
proportion of PAX7" cells, implying a delay in the regen-
eration process (Fig. 6B-H). We further identified newly
incorporated myonuclei within regenerating myofibers
via EdU staining. Our results demonstrated that GsMTx4
treatment for 2 weeks significantly increased the propor-
tion of peripheral EdU-positive cells beneath the sarco-
lemma, but no central EAU + nuclei were observed within
the fiber. This suggests that GsMTx4 promotes myoblast
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Fig. 3 Upregulated PIEZO1 results from proliferating satellite cells. (A-C) Representative immunofluorescence images showed increased proportion
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Fig. 4 GsMTx4-blocked PIEZO1 channel ameliorates muscular dystrophy in mdx mice. (A) Representative Western blot of dystrophin in muscle tissue of
WT and mdx mice. (B) Flow diagram of the treatment in mdx mice, the red markings indicate the time points for drug injections. (C) Representative H&E
images show myofibers treated with GsMTx4 for 30 days. (D-F) The cross-sectional area of myofibers and grip strength were increased, and the propor-
tion of centrally nucleated fibers was decreased after treatment with GsMTx4 (n=5; mean £ SD; Student’s t-test). (G) Representative H&E images show
myofibers treated with Yoda1 for 30 days. (H-J) The cross-sectional area of myofibers and grip strength were decreased after treatment with Yodal (n=5;

mean + SD; Student’s t-test). Statistical significance was set at P<0.05. *P < 0.05. Scale bar, 50 um

fusion at the investigated time points (Fig. S3A-C).
These results strongly suggest that the GsMTx4-blocked
PIEZO1 channel has the potential to promote myogenic
differentiation in vivo.

Mechanically, we investigated the impact of blocking or
activating the PIEZO1 channel on the nucleocytoplasmic

distribution of YAP during myogenic differentiation.
Interestingly, we found that the total YAP N/C ratio
increased in cells treated with GsMTx4 (5 uM), while it
decreased when treated with Yodal (Fig. 7A-B). XMU-
MP-1, a specific inhibitor of MST1/2, partially rescued
the nuclear aggregation of YAP, along with the expression
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Fig.5 Activating PIEZO1 channel inhibits myogenic differentiation in vitro. (A) Representative immunofluorescence images of Ki67 for GsMTx4 treatment
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(n=5; mean+SD; Student's t-test). (C) Cell counts analysis showed consistent trends with the immunofluorescence analysis of Ki67 (n=5; mean +SD;
Student’s t-test). (D) gPCR analysis showed that Piezo1 was upregulated in plated satellite cells at Day 2 and declined gradually at Day 5 (n=5; mean +SD;
One-way ANOVA). (E) Representative immunofluorescence images showed that Yoda1 treatment restrained myogenic differentiation in a concentration-
dependent manner. (F) The MyoG positive nuclei index was decreased after treatment with Yodal (n=5; mean + SD; One-way ANOVA). (G) The myotube
width were decreased after treatment with Yoda1 (n=5; mean +SD; One-way ANOVA). (H) gPCR showed that the expression levels of Myh1, Myh2, Myh4
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***P<0.001. Scale bar, 50 pm
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Fig. 6 GsMTx4-blocked PIEZO1 channel promotes myogenic differentiation in vivo. (A) Flow diagram of the experiment in WT mice, the red markings
indicate the time points for drug injections. (B) Representative H&E images show myofibers treated with GsMTx4 and Yoda1. (C) The weight of tibialis
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The proportion of centrally nucleated fibers was decreased after treatment with GsMTx4 (n=5; mean +SD; Student’s t-test). (F) Piezol expression was
increased after treatment with Yoda1l (n=5; mean+ SD; Student's t-test). (G) Pax7 expression was decreased after treatment with GsMTx4 and increased
after treatment with Yoda1 (n=>5; mean % SD; Student’s t-test). (H) The proportion of PAX™ cells was increased after treatment with Yodal (n=5; mean +SD;
Student’s t-test). Statistical significance was set at P<0.05. *P<0.05; **P<0.01. Scale bar, 50 um
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mean; Student’s t-test). (C) Representative immunofluorescence images of YAP after myogenic differentiation after treatment with Yodal for 3 days.
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(n=85~109; mean; One-way ANOVA). (E) XMU-MP-1 treatment partially rescued the suppressive effect of Yodal on Myh4 and Myh7 expression (n=5;
mean £ SD; Student’s t-test). (F) XMU-MP-1 treatment partially rescued the suppressive effect of Yodal on MyoG expression (n=5; mean+SD; Student’s
t-test). (G) Immunofluorescence colocalization analysis showed that YAP and MyoG were aggregated in the nuclei of the differentiated myotubes. (H)
Correlation analysis showed that the YAP N/C ratio was positively correlated with the mean intensity of the MyoG nucleus (n=107; Pearson correlation
coefficient method). (I) Mymk and Mymx expression were increased after treatment with GsMTx4 (n=5; mean + SD; Student's t-test). (J) Mymk and Mymx
expression were decreased after treatment with Yodal (n=5; mean +SD; Student’s t-test). Statistical significance was set at P<0.05. *P<0.05; **P<0.01;
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of Myh4 and Myh7 (Fig. 7C-D). Furthermore, we inves-
tigated the expression of myogenic regulatory factors,
including MyoG, MyoD, Myf5, and Mrf4. The qPCR
results showed a significant increase in MyoG expres-
sion after treatment with XMU-MP-1 (Fig. 7E-F). The

immunofluorescence revealed the colocalization of YAP
and MyoG in myotubes, and Pearson correlation analysis
showed a significant correlation between YAP N/C and
the mean intensity of nuclear MyoG (Fig. 7G-H). Finally,
we found that the expression of Mymk and Mymsx,
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downstream targets of MyoG, was significantly increased
after treatment with GsMTx4. Conversely, Yodal treat-
ment inhibited the expression of Mymk and Mymx in
a concentration-dependent manner (Fig. 7I-J). Taken
together, these results suggest that GsMTx4-blocked
PIEZO1 channel promotes myogenic differentiation
through the YAP-MyoG axis.

GsMTx4-blocked PIEZO1 channel inhibits calcium overload
in myofibers

The absence of dystrophin stands as a pivotal pathologi-
cal hallmark in DMD, leading to heightened membrane
permeability, facilitating calcium influx, and subsequent
myofiber damage [19]. In our pursuit to pinpoint the
localization of the Piezol protein, we conducted immu-
nofluorescence staining of muscle tissue from mdx mice,
revealing a moderate fluorescent signal predominantly
localized on the sarcolemma (Fig. 8A). While this aligns
with the established notion that PIEZO1 is a mechani-
cally sensitive ion channel residing on the cell mem-
brane’s surface, it’s crucial to note that its expression
on the sarcolemma was comparatively less pronounced
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than that observed in satellite cells. The sustained esca-
lation of calcium influx through surface-bound PIEZO1
channels can induce diverse phenotypic alterations in
the skeletal muscles of mdx mice owing to the activation
of calcium-dependent enzymes. Supporting this prem-
ise, the relative level of p-CaMKII/CaMKII was notably
elevated in mdx skeletal muscle following treatment with
Yodal. Conversely, the relative level of p-CaMKII/CaM-
KII significantly decreased post-treatment with GsMTx4
(Fig. 8B-C), indicating a reduction in calcium load within
myofibers in vivo. To delve deeper into GsMTx4’s poten-
tial to impede calcium entry in individual myofibers,
we isolated single myofibers from the EDL muscle and
quantified calcium influx using the fluorescent indica-
tor Fluo-4 AM. Following a 10-minute treatment with
GsMTx4 (5 uM), a substantial restriction in relative cal-
cium influx was evident, whereas incubation with Yodal
(5 uM) led to increased calcium influx (Fig. 8D-G). Col-
lectively, these in vivo and in vitro findings strongly
suggest that GsMTx4, a PIEZO1 channel inhibitor,
attenuates calcium overload in myofibers by suppressing
mechanosensitive calcium influx.

DMSO

Relative Fluo-4 (AF/Fo)

Yoda1

0 10 20 30
Time (min)

Fig. 8 GsMTx4-blocked PIEZO1 channel inhibits calcium overload in myofibers of mdx mice. (A) Representative immunohistochemical images showed
that Piezo1 was expressed in the sarcolemma of mdx mice. (B-C) Representative Western blot of CaMKIl and p-CaMKII after treatment with GsMTx4 and
Yodal in mdx mice, and the relative p-CaMKIl/CaMKIl level was significantly increased decreased after treatment with GsMTx4 and increased after treat-
ment with YodaT in mdx mice (n=5; mean+SD; Student’s t-test). (D) Representative immunohistochemical images after treatment with GsMTx4. (E) The
relative calcium influx in isolated single myofiber was significantly restrained after treatment with GsMTx4 (n=5; mean + SD; One-way ANOVA). (F) Repre-
sentative immunohistochemical images after treatment with Yoda1. (G) The relative calcium influx in isolated single myofiber was significantly increased
after Yodal was added (n=5; mean + SD; One-way ANOVA). Statistical significance was set at P<0.05. *P < 0.05. Scale bar, 50 um
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Table 1 Recent studies on the role of Piezo1 in skeletal muscle
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Authors Function Main conclusion

Hirano et al. [21] Satellite cell regeneration

cell division.

Ma et al. [9] Morphologies of satellite

PIEZO1 promotes proliferation and regenerative functions of MuSCs through precise control of

Satellite cells were classified into three functionally distinct stem cell states: responsive, intermedi-

cell ate, and sensory. Yoda1 treatment promoted an increased percentage of responsive satellite cells.

Quiroga et al. [22]
Peng et al. [23]
Hirata et al. [34]

Myogenic differentiation
Satellite cell activation

Muscle atrophy
atrophy.

Short-term treatment with Yoda1 significantly enhanced cell fusion
Piezo1 represses activation, leading to fewer satellite cell via cell senescence.
Acute disruption of Piezo1 in skeletal muscle induced KIf15 and 116 expression as well as muscle

Discussion

The current study reveals an upregulation of PIEZO1
in the skeletal muscles of individuals with DMD, with a
preferential expression observed in satellite cells. More-
over, our findings offer compelling evidence that the
inhibition of the PIEZO1 channel, achieved through
GsMTx4, effectively restrains the proliferation of satel-
lite cells, fosters myogenic differentiation, and provides
a protective effect against myofiber damage induced by
calcium influx. The targeted inhibition of the PIEZO1
channel emerges as a promising therapeutic strategy for
DMD, offering the potential to enhance myogenic differ-
entiation while mitigating calcium overload in myofibers.

Using the GEO databases, clinical muscle samples,
muscle injury model, and satellite cells culture method,
we screened several mechanosensitive channels and
identified that PIEZO1 was upregulated in DMD.
Recently, Scripture-Adams et al. developed a methodol-
ogy to efficiently isolate individual nuclei from minute
quantities of frozen skeletal muscle [20]. They performed
single-cell distribution analysis on WT and mdx mice,
and the results were similar to those of our single-cell
data analysis, with a significant increase in satellite cells
in mdx mice (4.28% vs. 2.23%) but a decrease in endo-
thelial cells (7.48% vs. 14.73%). They further analyzed
the activation status of satellite cells and found that all of
them were quiescent in WT mouse (2.23%), while mdx
mice had proportions of quiescent, early activated, and
late activated cells at 2.42%, 1.43%, and 0.44%, respec-
tively [20]. This indicates that the increased number of
satellite cells in mdx mice is mainly composed of pro-
liferating satellite cells, especially early activated ones.
Our study found that Piezol expression was significantly
upregulated in the activation phase of satellite cells, and
the proportion of PIEZO1*/PAX7" cells was significantly
increased in DMD, further supporting the view that the
increased PIEZO1 expression in DMD is due to the pro-
liferating satellite cells.

Our results suggest that GsMTx4-blocked PIEZO1
channel suppresses the proliferation of satellite cells.
Hirano et al. employed a genetic engineering approach
in mice, which demonstrated that Piezol-deficient sat-
ellite cells exhibit proliferation defects via Rho-GTPase

signalling, ultimately affecting cytokinesis [21]. Our find-
ings complement but critically extend the work of Ma et
al., who highlighted PiezoI’s role in satellite cell respon-
siveness during physiological regeneration [9]. While
their study elegantly linked PiezoI to cytoskeletal remod-
eling in healthy muscle, we uncover its pathological
duality in DMD: PIEZO1 upregulation drives aberrant
satellite cell proliferation while exacerbating calcium-
mediated myofiber damage. The therapeutic inhibition of
PIEZOL1 thus achieves a dual benefit—restoring differen-
tiation capacity and mitigating necrosis—that is uniquely
relevant to dystrophic pathology. This distinction under-
scores the importance of context-specific PIEZO1 modu-
lation, as its roles in healthy versus dystrophic muscle are
mechanistically and therapeutically divergent. We sum-
marised the recent studies on the role of PIEZO1 in skel-
etal muscle (Table 1).

In contrast to inhibiting satellite cell proliferation, the
GsMTx4-blocked PIEZO1 channel promotes myogenic
differentiation. However, a previous study reported that
short-term treatment with Yodal significantly enhanced
cell fusion [22]. The different drug treatment regimens
could be one of the reasons that explain the contrasting
results. In Quiroga’s study, short-term treatments (within
1 h) of Yodal promoted myogenic differentiation, and
they admitted that continued activation (4 h) showed
a significant decrease in the fusion of myotubes. In our
study, Yodal was added to the differential medium for 3
days. In the Piezol loss-of-function study, Quiroga et al.
reported that the knockdown of Piezol in early-formed
myotubes confirmed a significant reduction in the fusion
index [22]. Another recent study reported that Piezol sckO
myoblasts were reduced by approximately 50% com-
pared to the control [23]. Interestingly, Quiroga et al. also
admitted their contrasting results with another study,
which reported that Piezol deficiency promoted myo-
blast fusion [24]. Recently, academic perspectives on the
PIEZO1 channel, such as the “Time Window” effect [25],
cortical actomyosin assembly [24], force-from-filament
model [8], and mechano-transduction complex [26], have
been proposed. The function of PIEZO1 may be far more
complex and intricate than a simple ion channel on the
cell surface as initially thought.
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Most satellite cells reacquire quiescence 5-10 days
post-muscle injury, following the differentiation and
fusion of the majority of cells to regenerate myofibers
[27]. To further investigate how PIEZO1 modulates the
temporal dynamics of myonuclear incorporation, we
employed EdU labeling and discovered that GsMTx4-
mediated blockade of PIEZO1 channels elevated the pro-
portion of EdU-positive cells beneath the sarcolemma,
indicative of myocyte-myofiber fusion. These findings
align with recent perspectives suggesting that early-
phase density-dependent myocyte fusion, occurring
within residual basement membrane tubes of necrotic
myofibers, whereas late-phase myocyte-myofiber fusion
contributes to their radial expansion [28]. Mechanisti-
cally, prior work has identified YAP as a novel regula-
tor of C2C12 myogenesis [29]. Importantly, our data
revealed that PIEZO1 inhibition via GsMTx4 enhanced
nuclear localization of YAP and upregulated the expres-
sion of fusion-associated genes (MyoG, Mymk, and
Mymx), thereby extending these regulatory dynamics to
the mechanosensitive PIEZO1 pathway.

Previous studies have provided evidence that stretch-
activated channels are an important source of calcium
influx [30-33]. PIEZO1, a vital mechanosensitive ion
channel with a preference for calcium influx, can be
blocked by GsMTx4 and selectively activated by Yodal
[13]. In this study, the proportion of centrally nucleated
fibers and the phosphorylated CaMKII in mdx muscles,
and the calcium load in single myofibers were decreased
after treatment with GsMTx4. These results suggest
that the GsMTx4-blocked PIEZO1 channel exerts some
protection against myofiber calcium overload. Hirata
et al. reported a role for the Piezol/KLF15/IL-6 axis in
immobility-induced muscle atrophy, and that the CaMK
pathway acts as Piezol’s downstream effector in muscle
[34]. There are a few potential explanations for these dif-
fering conclusions. First, the roles of CaMKK and CaM-
KII in skeletal muscle are not mutually exclusive but
rather exhibit considerable overlap. They are more likely
to function in a downstream-upstream relationship:
CaMKK is an upstream kinase that regulates signaling
pathways by activating other downstream kinases, such
as AMPK and CaMKII [35]. Furthermore, the experi-
mental conditions in the two studies may vary in ways
that influence PIEZO1 signaling. For instance, Hirata et
al. focused on chronic muscle mass maintenance, while
our study explored acute effects of Piezol activation in
the context of dystrophic muscle. The mdx mouse model,
which we used, has distinct characteristics compared to
the healthy muscles studied by Hirata et al., which may
also explain the differential responses observed in terms
of muscle mass regulation and signaling pathways [34].

Many mechanosensitive ion channels have been
reported to regulate calcium entry in myofibers. PIEZO1
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is activated by mechanical stimuli, and it is responsible
for an inward current induced by mechanical stimula-
tion in C2C12 myotubes [34]. TRPV2 was localized in
the sarcolemma of mdx fibers, and specific inhibition
of TRPV2 led to a significant amelioration of muscle
pathology by inhibiting calcium entry in myofibers [36].
The expression of TRPC1 is increased in mdx muscle,
and it might contribute to the elevated calcium load in
myofibers, which is characteristic of muscular dystro-
phy [37]. Overexpression of TRPC3 and the associated
increase in calcium influx resulted in a phenotype of
muscular dystrophy, and inhibition of TRPC channels
in mice dramatically reduced calcium influx in myofi-
bers and dystrophic disease manifestations [38]. TRPC6
contributed to abnormal calcium stress responses in car-
diomyocytes from mice lacking dystrophin, and pharma-
cological TRPC6 inhibition improved muscle function
in mdx mice [32]. Recent studies have largely solidified
the calcium hypothesis of muscular dystrophy, such that
models with artificially elevated calcium in skeletal mus-
cle manifest fulminant dystrophic-like disease, whereas
models with enhanced calcium clearance or inhibited
calcium influx are resistant to myofiber death and mus-
cular dystrophy [33]. Hirata et al. reported a role for the
Piezo1/KLF15/IL-6 axis in immobility-induced muscle
atrophy, which uncovered an important role of Piezol in
regulating cytosolic calcium concentration [34]. There-
fore, we propose that the GsMTx4-blocked PIEZO1
channel exerts some protection against myofiber damage
in mdx mice by inhibiting calcium influx. These findings
are expected to provide new ideas for the treatment of
DMD and related muscle damage diseases.

This study possesses several limitations. Firstly,
GsMTx4 may influence PIEZO1 function in satellite
cells, thereby altering the delicate balance between pro-
liferation and differentiation, the benefits of this shift in
either direction for tissues exhibiting discordant satellite
cell states and ongoing regeneration remain unclear. Fur-
ther investigation is warranted to elucidate the intricate
regulatory role of PIEZO1 in the maturation process of
muscles. Secondly, there is currently no small molecule
drug available for the specific inhibition of the PIEZO1
ion channel. To enhance the credibility of our results,
we introduced Yodal, a specific activator of the PIEZO1
channel, for comparison. The observed opposing effects
compared to GsMTx4 reinforce our conviction that
GsMTx4 exerts a crucial role through the PIEZO1 ion
channel. Thirdly, while our findings strongly support the
therapeutic potential of PIEZO1 modulation in DMD, we
acknowledge that the absence of genetic validation (e.g.,
Piezol-conditional knockout in mdx mice) limits mecha-
nistic certainty. Future studies employing such models
are essential to confirm the satellite cell-autonomous
versus systemic roles of PIEZO1 in dystrophic pathology.
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Nevertheless, our complementary pharmacological and
molecular approaches—combined with human tissue
validation—provide robust preliminary evidence to jus-
tify further exploration.

Conclusion

PIEZO1 exhibits upregulation in the skeletal muscle
of individuals with DMD, with preferential expression
observed in satellite cells. The heightened expression of
PIEZOL1 in DMD is posited to emanate from the prolif-
erating satellite cells. Blocking the PIEZO1 channel with
GsMTx4 has demonstrated the ability to impede the pro-
liferation of satellite cells, facilitate myogenic differen-
tiation, and provide protection against myofiber damage
induced by calcium influx. The PIEZO1 channel, identi-
fied through these findings, holds promise as a prospec-
tive therapeutic target for addressing the challenges
associated with DMD.
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