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Muscle degeneration is a common issue caused by rotator cuff tear (RCT) which significantly affects
prognosis. Muscle stem cells (MuSCs) play a crucial role to prevent muscle degeneration after RCT.
However, the pathological changes and detailed molecular mechanism underlying the myogenesis of
MuSCs after RCT remain incomplete. The current study established single-cell landscape of supraspinatus
muscles and found decreased expression of PIEZO1 and impaired myogenic potential of MuSCs from RCT
patients. Reduced expression of PIEZO1 impaired the myogenesis of MuSCs by inhibiting the ERK/MAPK
pathways. Furthermore, selective PIEZO1 agonist Yoda1 had the potential to alleviate muscle degener-
ation and improve shoulder function following RCT. This study emphasized the role of PIEZO1 in the
myogenesis of MuSCs and suggested that activating PIEZO1 could be a potential non-surgical treatment
option to reduce muscle degeneration after RCT.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Rotator cuff tear (RCT) is a common musculoskeletal condition
that causes shoulder pain and disability, affecting about 22.1 % of
the general population [1]. Although surgical repair is a primary
treatment for severe RCT, its effectiveness is often disappointing.
Studies have shown that the retear rate after RCT repair can be as
high as 94 %, largely due to significant muscle degeneration
including muscular atrophy, fatty infiltration and fibrosis [2e4].
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Especially, it severely impairs muscular function in RCT patients,
reduces the success rate of surgery, and accelerates the progression
to irreversible RCT [4]. Therefore, understanding the complex
mechanisms behind muscle degeneration following RCT is crucial
for developing effective treatment strategies.

Muscle stem cells (MuSCs), also known as satellite cells, are a
group of stem cells situated between the basement membrane and
the fibrous plasma membrane [5e7]. Under normal conditions,
MuSCs remain quiescent but become activated in response to
external stimuli affecting skeletal muscle. Once activated, MuSCs
begin their myogenic program, entering the cell cycle to proliferate,
differentiating, and ultimately forming new skeletal muscle fibers
or fusing with existing ones [8]. Thus, these cells have the potential
for myogenic differentiation, playing a crucial role to prevent
muscle degeneration after RCT. However, the pathological changes
and detailed molecular mechanism underlying the myogenesis of
MuSCs after RCT remain incomplete.

RCT is marked by painful limitations in range of motion and
presents a significant clinical challenge for orthopedic surgeons [9].
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Previous researches have shown that RCT could impair the
biomechanical balance of the shoulder, thereby decreasing the
mechanical stimuli transmitted to skeletal muscles via the tendon
[10]. Mechanical force is essential for maintaining muscular quality
[7]. However, it is still unclear whether mechanical stimuli play a
role in mediating myogenesis of MuSCs following RCT.

In this study, we established single-cell landscape of supra-
spinatus muscles and found decreased expression of PIEZO1 and
impaired myogenic potential in MuSCs from RCT patients. Reduced
expression of PIEZO1 impaired the myogenesis of MuSCs by
inhibiting the ERK/MAPK pathways. Furthermore, selective PIEZO1
agonist Yoda1 had the potential to alleviate muscle degeneration
and improve shoulder function following RCT. This study empha-
sized the role of PIEZO1 in the myogenesis of MuSCs and suggested
that activating PIEZO1 could be a potential non-surgical treatment
option to reduce muscle degeneration after RCT.

2. Results

2.1. Single-cell RNA sequencing revealed decreased differentiation
potential and mechanical stimulus response in supraspinatus MuSCs
after rotator cuff tear

To investigate the mechanism of muscular degeneration after
RCT, we first collected discarded supraspinatus muscles from in-
dividuals with or without RCT for single-cell RNA sequencing. In the
scRNA-seq analysis, cells were categorized into 8 clusters including
endothelial cells, FAP cells, macrophages, muscle stem cell, smooth
muscle cells, T/NK cells, tenocytes (Fig. 1a and b). Due to the crucial
role of MuSCs in muscle degeneration, we mainly focused on this
cluster which highly expressed Pax7, MYF5 (Fig. 1b). Further Gene
Ontology (GO) enrichment analysis of significantly downregulated
genes of MuSCs in RCTgroups indicated that cell differentiation and
cell response to mechanical stimulus were suppressed (Fig. 1c).
Thus, the scRNA-seq data indicated MuSCs in rotator cuff muscle
might suffer decreased differentiation potential and mechanical
stimulus response after RCT.

2.2. There were decreased myogenic differentiation ability and
reduced expression of PIEZO1 in supraspinatus MuSCs after rotator
cuff tears

To confirm the finding from scRNA-seq data, fluorescence-
activated cell sorting (FACS) was used to firstly purify MuSCs in
supraspinatus muscle from individuals with rotator cuff tear (RCT)
and control groups (Fig. 2a). Marker gene PAX7 was analyzed using
immunofluorescence staining, revealing almost all the obtained
cells were PAX7 positive MuSCs (Fig. 2b and c). Then the myogenic
differentiation ability of MuSCs were investigated. Following
myogenic induction, immunofluorescence staining of myogenic
differentiation marker MYHC showed significantly decreased
myofiber fusion rate in MuSCs from patients with RCT (RCT group)
when compared those from control patients without RCT (CTRL
group) (Fig. 3a and b). RT-qPCR results also demonstrated signifi-
cantly lower expression levels of myogenic markers (MYH1, MYOG,
MCK) in the RCT group compared to controls, indicating reduced
myogenic differentiation potential in MuSCs from RCT group
(Fig. 3c). Furthermore, since the ion channel PIEZO plays an
important role in translating mechanical forces into intracellular
signals and further biological effects [7], decreased mechanical
stimulus response enriched in scRNA-seq data indicated potential
changes in PIEZO expression. There wasn't statistic significance
discovered in the expression of Piezo2 between RCT and CTRL
group (Fig. 3d). However, both gene and protein expression levels
of PIEZO1 were found significantly decreased in the RCT group
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compared to controls, suggesting altered mechanosensitive chan-
nels in muscle cells after RCT (Fig. 3d and e). Taken together, MuSCs
from patients with RCT exhibited impaired myogenic differentia-
tion potential and reduced expression of PIEZO1.

2.3. Ablation of Piezo1 in MuSCs led to decreased myogenic
differentiation ability

To investigate the role of Piezo1 in myogenic differentiation
potential of MuSCs, we generated a MuSCs-specific Piezo1 condi-
tional knockout (KO) mouse model by crossing Pax7-CreERT2 and
Piezo1 flox/flox (f/f) mice. Following tamoxifen induction, Piezo1
KOMuSCs were isolated, and the efficiency of Piezo1 knockout was
confirmed by RT-qPCR for gene expression and Western blot for
protein levels (Fig. 4a and b). Immunofluorescence staining for
myogenic differentiation marker MYHC showed significantly
decreased myotube fusion rate in Piezo1 KO MuSCs, indicating
impaired myogenic differentiation potential (Fig. 4c and d). Gene
expression analysis of myogenic markers (MYH1, MYOG, MCK)
further supported these findings, showing markedly decreased
expression levels in Piezo1 KO MUSCs compared to controls
(Fig. 4e). These collective evidences underscored that Piezo1 defi-
ciency in MuSCs led to impaired myogenic differentiation capacity.

2.4. PIEZO1 regulated myogenic differentiation of MuSCs by MAPK
pathways

To further explore the mechanism of how PIEZO1 regulate
myogenesis of MuSCs, the mRNA-seq was firstly performed to
obtain differently expressed genes between MuSCs isolated from
patients with RCT (RCT group) or control patients without RCT
(CTRL group). We noticed the KEGG analysis enriched MAPK
signaling pathway (Fig. 5a). This enrichment term suggested
PIEZO1 might regulate myogenic differentiation of MuSCs through
MAPK pathways.

Subsequently, healthy human MuSCs were treated with Piezo1
agonist Yoda1 and Piezo1 inhibitor GsMTx4, respectively. Western
blot analysis showed activation of Piezo1 significantly increased the
phosphorylation of MEK/ERK protein levels, while inhibitor treat-
ment suppressed their activation (Fig. 5b). Thus, Piezo1 could in-
fluence downstream activity of MAPK signaling. To further
investigate the biological effects of MAPK in myogenesis of MuSCs,
MAPK agonist TBHQ and MAPK inhibitor U0126 were used during
myogenic differentiation of MuSCs.

Immunofluorescence staining for MYHC revealed enhanced
myogenic differentiation ability after treatment with MAPK agonist
TBHQ and reduced myogenic differentiation ability after treatment
with MAPK inhibitor U0126 (Fig. 5c and d). Furthermore, gene
expression analysis demonstrated a consistent trendwith the result
of MYHC immunofluorescence staining, where TBHQ treatment
upregulated myogenic marker genes (e.g., MYH1, MYOG, MCK),
while U0126 treatment led to their downregulation (Fig. 5e). Thus,
MAPK could effectively regulate the myogenic differentiation
ability of MuSCs.

Taken together, these findings suggested that Piezo1 regulated
myogenic differentiation of MuSCs by MAPK pathways, high-
lighting the critical role of Piezo1 in preventing muscle degenera-
tion after RCT.

2.5. Yoda1 could alleviate the muscle degeneration and enhance the
shoulder function in RCT model

According to aforementioned data, activating Piezo1 of MuSCs
might be a potential strategy to prevent muscle degeneration after
RCT. To explore the rescue effects, MuSCs from RCT patients were



Fig. 1. Single-Cell RNA Sequencing revealed decreased differentiation potential and mechanical stimulus response in supraspinatus MuSCs after rotator cuff tear. a. The
UMAP plots of cell clusters. Discarded human samples isolated from supraspinatus muscle tissues with or without rotator cuff tears were obtained during surgery and subsequent
scRNA-seq was performed. A total of 22858 cells were finally clustered into 8 groups. b. Violin plots of representative marker genes expressed in different cell clusters. c. Gene
Ontology enrichment analysis of significantly downregulated genes of MuSCs in RCT groups.
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induced to differentiate into myotubes with or without Piezo1
agonist Yoda1 in vitro. Treatment with the Piezo1 agonist Yoda1
significantly promoted MYHC-positive myotube formation of
MuSCs from RCT patients, indicating improved myogenic differ-
entiation ability (Fig. 6a and b). Consistently, gene expression
analysis also revealed upregulated expression of myogenic marker
genes (e.g., MYH1, MYOG, MCK) upon Yoda1 treatment (Fig. 6c).
These results further supported the notion that activating Piezo1
could improve myogenic differentiation ability of MuSCs after RCT.

To further investigate the effects of Yoda1 in vivo, 12-week-old
mouse RCT models were firstly established and randomly divided
into two groups. Two weeks later, the mice in Yoda1 group were
treated with 5 mmol/kg Yoda1 for two weeks (Intraperitoneal in-
jection, every twice day), while the mice in control group were
injected with equal volume of vehicle (DMSO diluted in 5 %
ethanol) (Fig. 7a). Four weeks after establishment of RCT model,
subsequent analyses (gait analysis, treadmill and muscle sample
assessment) were conducted.

Immunostaining for Laminin was performed to assess cross-
sectional area of myofibers in supraspinatus muscles (Fig. 7b).
The RCT model treated with Yoda1 showed significantly larger
cross-sectional area of myofibers when compared to untreated
controls (Fig. 7c). Thus, these data indicated that activating Piezo1
could prevent muscle degeneration after RCT. To further investigate
the recue effects of Yoda1, shoulder function was subsequently
evaluated. Gait analysis experiments demonstrated an increase in
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step length, indicating enhanced muscle function and mobility af-
ter Yoda1 treatment (Fig. 7d). Furthermore, treadmill endurance
tests showed improved exercise capacity and delayed exhaustion in
mice treated with Yoda1, highlighting enhanced muscle perfor-
mance and shoulder function (Fig. 7e and f).

Taken together, Yoda1 treatment could alleviate the muscle
degeneration and enhance the shoulder function in RCT model.

3. Discussion

The current study revealed that there was significantly
decreased expression level of PIEZO1 and impaired myogenic po-
tential in MuSCs after RCT. Reduced expression of PIEZO1 impaired
the myogenesis of MuSCs by inhibiting the ERK/MAPK pathways.
Furthermore, selective PIEZO1 activator Yoda1 had the potential to
alleviate muscle degeneration and improve shoulder function
following RCT. This study emphasized the role of PIEZO1 in the
myogenesis of MuSCs and suggests that activating PIEZO1 could be
a potential non-surgical treatment option to reduce muscle
degeneration after RCT.

Rotator cuff tear (RCT) is a prevalent issue in orthopedic surgery,
often resulting in chronic shoulder pain and disability [11].
Although surgical repair is the primary treatment for RCT, the re-
tear rate remains notably high despite advanced surgical tech-
niques [12]. Irreversible muscular degeneration following RCT is a
major factor contributing to poor surgical outcomes [13,14].



Fig. 2. Purification of human muscle stem cells by fluorescence-activated cell sorting. a. Diagrams of fluorescence-activated cell sorting for human muscle stem cells. b and c.
Immunofluorescence staining and statistical analysis of PAX7 for purified human muscle stem cells from supraspinatus muscle tissues (n ¼ 5). Scale bar, 50 mm.
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However, addressing this issue in clinical practice is challenging
due to an incomplete understanding of the mechanisms underlying
muscle degeneration. Therefore, it is crucial to investigate the
mechanisms of muscle degeneration after RCT.

MuSCs are a heterogeneous stem cell population primarily
contributing to postnatal skeletal muscle growth, regeneration, and
repair. These cells are activated by external stimuli to proliferate,
differentiate, and fuse into damaged myofibers [5e7]. The poor
clinical outcomes of RCT have been attributed to the inability of
rotator cuff muscle to properly recover in response to restored
functional loading [15]. Normally, muscle regeneration and hyper-
trophy depend on MuSCs to add fiber volume and sarcomeres.
However, the limited recovery of rotator cuff muscle following
repair suggests a potential deficit with MuSCs. Thus, the current
study was performed to investigate the potential pathological
changes and detailed molecular mechanism underlying the myo-
genesis of MuSCs after RCT. Schubert et al. found reduced myogenic
and increased adipogenic capacity of MuSCs from rotator cuff
muscles when compared with gastrocnemius muscle in mouse
model [6]. Meyer et al. isolated skeletal muscle progenitor cells and
found significantly reduced proliferative ability which could impair
regenerative capacity in torn rotator cuff [16]. These studies indi-
cated the potential deficits of MuSCs in rotator cuff, while in-depth
investigation is still waiting to be performed. In current study,
single cell landscape of supraspinatus muscle cells after RCT indi-
cated the potential impaired ability of myogenesis for MuSCs. Pu-
rified MuSCs were then confirmed by PAX7 staining and impaired
myogenic differentiation was determined in vitro. Thus, deficits of
myogenesis of MuSCs isolated from supraspinatus muscles after
RCT was robustly demonstrated in this study.

The current study also found that PIEZO1 was downregulated in
MuSCs in supraspinatus muscles after RCT, which impaired
myogenic differentiation potential of these cells both in vivo and
in vitro. Given that RCT inevitably disrupts the biomechanical
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microenvironment of rotator cuff muscles, it is reasonable to
conclude that RCT contributes to altered biological effects through
the mechanosensory protein PIEZO1 [17]. PIEZO1 is a well-known
mechanosensory protein integral in transducing mechanical sig-
nals and mediating physiological activities [7]. Peng et al. have
demonstrated that expression of PIEZO1would be increased during
in vitro myogenesis of MuSCs, indicating the potential crucial role
of PIEZO1 in myoblast fusion [18]. It has also been reported that
activation of PIEZO1 could ameliorate the regenerative defects of
dystrophic muscles by adjusting states of MuSCs [7]. In addition,
knockdown of PIEZO1 could significantly suppress myoblast fusion
and lead to smaller myotubes, which was accompanied by signifi-
cant decreased expression of fusogenic marker Myomaker [19].
Thus, PIEZO1 plays a crucial role in regulating physiology of skeletal
muscle by targetingMuSCs. However, the detailed role of PIEZO1 in
muscle degeneration after RCT still remains unclear. It is worth
noting that it was the first study to find the decreased expression of
PIEZO1 in MuSCs after RCT, which also elucidated the direct regu-
latory role of PIEZO1 on the myogenesis of MuSCs, shedding light
on the mechanism behind muscular degeneration after RCT. Thus,
potential therapeutic effects of specific PIEZO1 channel agonist
Yoda1 was investigated for muscle degeneration after RCT.
Myogenic differentiation inability, muscular atrophy and shoulder
function were significantly improved after treatment of Yoda1 in
RCT model. Therefore, activation of PIEZO1 channels could be a
potential non-surgical treatment option to reduce muscle degen-
eration after RCT.

The current study added more knowledge to the pathophysi-
ology for rotator cuff degeneration in RCT patients. Since all the
patients enrolled were the elderly aged from fifty to seventy years
old in current study, ageing factor was excluded in the finding of
current study. Furthermore, PIEZO1, the well-known mechano-
sensory protein integral in transducing mechanical signals [7], was
identified as the key gene to bridge the reduced mechanical



Fig. 3. There were decreased myogenic differentiation ability and reduced expression of PIEZO1 in supraspinatus MuSCs after rotator cuff tears. a and b. Immunofluorescence
staining and statistical analysis of MYHC for myogenically differentiated human MuSCs from healthy supraspinatus muscle (CTRL) or supraspinatus muscle with rotator cuff tears
(RCT) (n ¼ 5). Scale bar, 100 mm. c. The mRNA expression of MYH1, MYOG, and MCK of myogenically differentiated MuSCs in CTRL group and RCT group (n ¼ 3). d. The mRNA
expression of PIEZO1 and PIEZO2 of MuSCs in CTRL group and RCT group (n ¼ 3). e. The protein levels of PIEZO1 in CTRL group and RCT group. ** indicated p < 0.01, ***indicated
p < 0.001.
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stimulation and impaired myogenesis. Thus, the myogenesis de-
fects of MuSCs were more likely to be due to the mechanical
detachment in RCT, which was also consistent with the patho-
physiology of the widely used mouse RCT model [12,14] in current
study. It seems reasonable that themechanical unloading caused by
RCT decreased the expression of PIEZO1 in MuSCs, while the
impaired PIEZO1-MAPK axis suppressed the myogenesis of MuSCs.
Then rotator cuff degeneration occurred due to dysfunction of
MuSCs, which in verse contributed to poor clinical outcomes and
failed rotator cuff repair. However, further investigations should be
performed to detail this theory.

In conclusion, there was significantly decreased expression
level of PIEZO1 and impaired myogenic potential in MuSCs after
RCT. Reduced expression of PIEZO1 impaired the myogenesis of
MuSCs by inhibiting the ERK/MAPK pathways. Furthermore, se-
lective PIEZO1 activator Yoda1 had the potential to alleviate
muscle degeneration and improve shoulder function following
RCT. This study emphasized the role of PIEZO1 in the myogenesis
of MuSCs and suggested that activating PIEZO1 could be a
potential non-surgical treatment option to reduce muscle
degeneration after RCT.
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4. Methods and materials

4.1. Animal and human samples

All animal-related experimental procedures were conducted in
accordance with the guidelines approved by the Animal Ethics and
Welfare Committee of the local institution (Approval NO. IACUC-
FPH-PZ-20240528 and K2024-01-011). Wild-type male mice
(C57BL/6, twelve weeks old) and Piezo1 f/f mice were obtained
from Gem Pharmatech (Nanjing, China). Pax7-CreERT2 mice were
sourced from Jackson Laboratory. To induce conditional gene
knockout, mice were administered 100 mL of 10 mg/mL tamoxifen
(ABCONE, Cat# T56488) daily for one week, starting in the three
weeks old. Then the collection of muscle specimen from MuSCs-
specific Piezo1 KO mouse for MuSC separation was performed at
the age of six weeks old. The RCTanimalmodels were established at
twelve weeks old following previously described protocols [12,14].
In brief, the tendons of the supraspinatus and infraspinatusmuscles
in the right shoulder were completely transected near the humeral
head. For the left shoulder, a sham surgery was performed without
tendon detachment to serve as a control.



Fig. 4. Ablation of Piezo1 in MuSCs led to decreased myogenic differentiation ability. a. The mRNA expression of Piezo1 in Piezo1 flox/flox (f/f) MuSCs and Piezo1 knockout (KO)
MuSCs (n ¼ 3). b. The protein levels of Piezo1 in Piezo1 flox/flox (f/f) MuSCs and Piezo1 knockout (KO) MuSCs. c and d. Immunofluorescence staining and statistical analysis of MYHC
for myogenically differentiated Piezo1 f/f MuSCs and Piezo1 KO MuSCs (n ¼ 5). Scale bar, 50 mm. e. The mRNA expression of MYH1, MYOG, and MCK of myogenically differentiated
Piezo1 f/f MuSCs and Piezo1 KO MuSCs (n ¼ 3). *indicated p < 0.05, ** indicated p < 0.01, ***indicated p < 0.001, ****indicated p < 0.0001.
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Muscle samples, both with and without RCT, were obtained
from patients undergoing arthroscopic repair, total reverse shoul-
der replacement, or tendon transfer surgery. All the patients
enrolled were the elderly aged from fifty to seventy years old. The
collection of these samples did not introduce any additional com-
plications for the patients. Informed consent was obtained and
signed by all participants.

4.2. Isolation of muscle stem cells

The digestion procedure for skeletal muscle was carried out as
previously described [20]. Fresh muscle tissue was mechanically
minced and digestedwith collagenase II (Worthington Biochemical,
700e800 U/ml, Cat# LS004177) for 1 h. Subsequently, the muscle
fragments were treated with a combination of collagenase II
(70e80 U/ml) and Dispase (Life Technologies, Cat# 17105041, 11 U/
ml) for 30 min. The resulting single-cell suspension was filtered
through 70 mm and 40 mm strainers (BD Falcon). Red blood cells
were eliminated using a red cell lysis buffer (Thermo Fisher Sci-
entific, Cat# 00-433-57).

For the isolation of human muscle stem cells, the single-cell
suspension was stained with Percp/cy5.5 anti-human CD31 (Bio-
Legend, Cat# 30313), Pecy5 anti-human CD45 (BD Biosciences,
Cat# 555484), AF-488 anti-human CD29 (BioLegend, Cat#303016)
and PE anti-human CD56 (BioLegend, Cat#304606) for 45 minwith
agitation. The subgroup of CD31-CD45-CD56þCD29þ cells was
subsequently sorted using a BD Influx sorter (9).

For the isolation of mice muscle stem cells, the mice mono-
nuclear cells were stained with AF700-anti-mouse Sca-1, PerCP/
Cy5.5-anti-mouse CD31, PerCP/Cy5.5-anti-mouse CD45, FITC anti-
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mouse CD34, APC-anti-mouse Integrin a7þ), the CD31-CD45-
SCA-1-CD34þIntegrinaþ subcluster cells were isolated (BD
Biosciences).

4.3. Cell culture, treatment, and differentiation

Primary human and mouse muscle stem cells were cultured in
F10 basal medium (Gibco, cat#11550043) containing 20 % FBS
(Gibco, Cat# 10-013-CV), 2.5 ng/mL bFGF (R&D, Cat# 233-FB-025),
and 1 % penicillin-streptomycin (Gibco, Cat# 15140-122). To
investigate the physiological role of PIEZO1 in the myogenesis of
muscle stem cells and its related mechanisms, 2.5 mM Yoda1 (MCE,
Cat#HY-18723), 2.5 mM GsMTx4 (MCE, Cat#HY-P1410), 5 mM TBHQ
(MCE, Cat#HY-100489), and 1 mM U-0126 (MCE, Cat#HY-12031A)
were applied. For the myogenic induction experiment, muscle
stem cells were treated with a myogenic induction medium
comprising high-glucose DMEM (Gibco, Cat# 12100-046) supple-
mented with 2 % horse serum, and 1 % penicillin-streptomycin.
Induction of myogenesis was performed for 2 days for mouse
MuSCs and 4 days for human MuSCs.

4.4. Single-cell RNA sequencing

Single-cell suspensions were isolated from discarded supra-
pinatus muscles of patients with or without RCT. The single-cell
RNA sequencing procedure and subsequent analysis were con-
ducted as previously described. Live cells were stained with pro-
pidium iodide (Sangon Biotech, Cat# E607328) and Hoechst
(Sangon Biotech, Cat# A601112), followed by FACS sorting. Chro-
mium Single Cell 3’ Reagent Kits (10X Genomics, Cat# 1000121-



Fig. 5. PIEZO1 regulated myogenic differentiation of MuSCs by MAPK pathways. a. KEGG enrichment analysis of differently expressed genes between human MuSCs from
healthy supraspinatus muscle (CTRL) or supraspinatus muscle with rotator cuff tears (RCT). b. The protein levels of MEK, p-MEK, ERK, p-ERK, and GAPDH in MuSCs from healthy
supraspinatus muscles after treatment with PIEZO1 agonist Yoda1 or inhibitor GsMTx4. c and d. Immunofluorescence staining and statistical analysis of MYHC for myogenically
differentiated healthy MuSCs with treatment of MAPK signaling agonist TBHQ or inhibitor U0126 (n ¼ 5). Scale bar, 50 mm. e. The mRNA expression of MYH1, MYOG, and MCK of
myogenically differentiated healthy MuSCs with treatment of MAPK signaling agonist TBHQ or inhibitor U0126 (n ¼ 3). ** indicated p < 0.01, ***indicated p < 0.001.
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1000157) were used for library construction, and sequencing was
performed on the Illumina Novaseq 6000 platform (Illumina). Data
analysis was carried out on a bioinformatics platform (Majorbio,
China). Cells with fewer than 200 genes, more than 8000 genes, or
over 16 % mitochondrial genes were excluded from the analysis,
resulting in a dataset of 22,858 cells for subsequent analysis. Cell
clustering was carried out using the “FindClusters” function with a
resolution set to 0.15, and dimensionality reduction was achieved
via the “RunUMAP” function. Ultimately, 8 distinct clusters of cells
were identified. To determine cell types, the clusters were analyzed
through the “FindClusters” function. Marker genes specific to each
cluster were identified with the “FindAllMarkers” function,
including only those with p values below 0.05 and |logFC| greater
than 0.25. Cell types were then assigned based on the expression of
established marker genes.
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4.5. Immunofluorescent staining

Fixed cells and muscle slices were permeabilized by 0.5 %
TritonX-100 for 30 min at room temperature, and subsequently
blocked with 1 % BSA (Beyotime Biotechnology, cat#ST023) for 1 h.
Primary anti-PAX7 (Developmental Studies Hybridoma bank,
1:100), anti-MyHC (Millipore, cat#05-716), Laminin (Abcam,
Cat#11575) were incubated overnight at 4 �C. Then, the secondary
antibodies, alexa Fluor goat anti-mouse 594 and alexa Fluor goat
anti-rabbit 488 (Invitrogen, 1:100) were incubated for 1 h. Finally,
the 4, 6-diamidino-2-phenylindole (DAPI, Vector Laboratories,
cat#H-1200) was applied for marking the nucleus of cells. Evalua-
tion of myogenic differentiation efficiency was performed to
calculate the percentage of nuclei within MyHC labeled myotube
(nuclei within MyHC labeled myotube/total nuclei).



Fig. 6. PIEZO1 agonist Yoda1 rescued myogenic differentiation deficit in MuSCs after rotator cuff tears. a and b. Immunofluorescence staining and statistical analysis of MYHC
for myogenically differentiated MuSCs after RCT with or without treatment of PIEZO1 agonist Yoda1 (n ¼ 5). Scale bar, 50 mm. c. The mRNA expression of MYH1, MYOG, and MCK of
myogenically differentiated MuSCs after RCT with or without treatment of PIEZO1 agonist Yoda1 (n ¼ 3). *indicated p < 0.05, ** indicated p < 0.01, ***indicated p < 0.001.

Fig. 7. PIEZO1 agonist Yoda1 could alleviate the muscle degeneration and enhance the shoulder function in RCT model. a. The schematic diagram of animal experimental
design. b and c. Immunofluorescence staining of Laminin and statistical analysis of cross-sectional area of myofibers in supraspinatus muscles with or without treatment of PIEZO1
agonist Yoda1 after rotator cuff tears (n ¼ 6). Scale bar, 50 mm. d. The gait analysis for rotator cuff tears models with or without treatment of PIEZO1 agonist Yoda1 after rotator cuff
tears (n ¼ 6). e and f. Fatigue running time for rotator cuff tears models with or without treatment of PIEZO1 agonist Yoda1 after rotator cuff tears (n ¼ 6). *indicated p < 0.05,
***indicated p < 0.001.

T. Wang, S. Feng, H. Zhou et al. Regenerative Therapy 28 (2025) 143e152
4.6. RNA isolation and cDNA synthesis

Total RNA was isolated using the EZ-press RNA Purification Kit
(EZBioscience, Cat# B0004DP) according to the manufacturer's
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instructions. One microgram of RNA was reverse transcribed into
cDNA using MuLV reverse transcriptase (NEB, Cat# M0253L). The
cDNA products served as templates for real-time PCR reactions
using Genious 2X SYBR Green Fast qPCR Mix (Abclonal, Cat#
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RK21205) in the CFX96 real-time PCR system. The primers were
provided by Tsingke Biotech and the sequences were listed below:

Human GAPDH-F 50-CAAGGCTGAGAACGGGAAGC-30;
Human GAPDH-R 50-AGGGGGCAGAGATGATGACC-30;
Human MYH1-F 50-GGGAGACCTAAAATTGGCTCAA-30;
Human MYH1-R 50-TTGCAGACCGCTCATTTCAAA-30;
Human MYOG-F 50-GCTCAGCTCCCTCAACCA-30;
Human MYOG-R 50-GCTGTGAGAGCTGCATTCG-30;
Human CKM-F 50-ATGCCATTCGGTAACACCCAC-30;
Human CKM-R 50-GCTTCTTGTAGAGTTCAAGGGTC-30;
Human-PIEZO1-F 50-CAGGCCTATGAGGAGCTGTC-3’;
Human-PIEZO1-R 50-TTGTAGAGCTCCCGCTTCAT-3’;
Human-PIEZO2-F 50-GCCCAACAAAGCCAGTTGAA-3’;
Human-PIEZO2-R 50-GGGCTGATGGTCCACAAAGA-3’;
Mouse Gapdh-F 50-ACCCAGAAGACTGTGGATGG-30;
Mouse Gapdh-R 50-ACACATTGGGGGTAGGAACA-30;
Mouse Myh1-F 50-GCGAATCGAGGCTCAGAACAA-30;
Mouse Myh1-R 50-GTAGTTCCGCCTTCGGTCTTG-30;
Mouse MyoG-F 50-GAGACATCCCCCTATTTCTACCA-30;
Mouse MyoG-R 50-GCTCAGTCCGCTCATAGCC-30;
Mouse Mck-F 50-AGACAAGCATAAGACCGACCT-30;
Mouse Mck-R 50-AGGCAGAGTGTAACCCTTGAT-30;
Mouse-Piezo1-F 50-CCTGTTACGCTTCAATGCTCT-3';
Mouse-Piezo1-R 50-GTGTAGGCATATCTGAAAGGCAA-3'.

4.7. Western blot analysis

Total proteins were extracted using Western and IP lysis buffer
(Beyotime, Cat# P0013). The proteins were separated by electro-
phoresis on polyacrylamide gels and transferred to nitrocellulose
membranes. Following 1-h blocking with 5 % BSA, primary anti-
bodies were incubated overnight at 4 �C. The primary antibodies
used in this study included anti-GAPDH (Cell Signaling Technology,
Cat# 5174), anti-ERK1/2 (Cell Signaling Technology, Cat# 4695T),
anti-phospho-ERK1/2 (Cell Signaling Technology, Cat# 4370T),
anti-MEK1/2 (Abclonal, Cat# A4868), Piezo1 (Proteintech, Cat#
15939-1-AP) and anti-phospho-MEK1/2 (Cell Signaling Technology,
Cat# 9154T). After washing the membranes three times with
1 � TBST, an HRP-conjugated secondary antibody, anti-rabbit IgG
(Santa Cruz, Cat# sc-2357), was incubated for 1 h. Visualization of
specific bands was achieved using LumiQ ECL liquid (ShareBio, Cat#
SBWB012) and GelDoc XR system (Bio-Rad).

4.8. Gait analysis

Gait analysis of mice with RCT was conducted using the Noldus
Catwalk System, as previously detailed [14]. Prior to the formal
experiment, mice underwent tunnel navigation training with
speeds more than 10 m/min. This experiment recorded various gait
parameters, including stride length, stance width, and paw area at
peak stance. Stride length indicates shoulder abduction in mice,
stance width reflects limb load-bearing capacity, and paw area at
peak stance indicates chronic pain. Assessment of these parameters
allows for evaluation of the functional consequences of shoulder in
RCT mice.

4.9. Treadmill analysis

Treadmill analysis was performed using the Zll-PT/5 S treadmill
apparatus, as previously outlined [12]. Mice were familiarized with
the treadmill apparatus before formal experiments. In the endur-
ance experiment, mice ran on the treadmill at a speed of 20 m/min.
In exhaustion experiments, the initial speed was set at 16 m/min
and increased by 2 m/min every 3 min. Termination criteria for
151
both tests were met when mice ceased running for 10 s, despite
electrical stimulus.

4.10. Statistical analysis

The reliability and reproducibility of the results were described
in the figure legends. To minimize bias, the operator remained
blinded to group information during data analysis and evaluation.
Randomization was conducted using SPSS software. Experimental
data were presented as mean ± SD. Statistical differences between
groups were evaluated using Student's t-test or one-way ANOVA in
GraphPad Prism 8 software. A significance threshold of P < 0.05 was
applied.
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