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Abstract
Background: The purpose of this study was to illustrate the characteristics of skeletal muscle ECM
hydrogels and assess the function and underlying mechanisms of hydrogels combined with TGFβ1 for
the myogenesis of skeletal muscle stem cells (SkMSCs).

Methods: Six methods were used to obtain extracellular matrix (ECM) from rat skeletal muscle. Hydrogel
components and cytocompatibility were assessed by Masson’s trichrome staining, scanning electron
microscopy, the sulfated glycosaminoglycan (s-GAG) and bFGF contents and a cell viability assay.
Satellite cells were sorted, identi�ed and seeded into skeletal muscle ECM hydrogels with TGFβ1. To
determine the function of decellularized aligned skeletal muscle ECM hydrogels with TGFβ1 for the
proliferation and differentiation of SkMSCs, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, 5-ethynyl-2′-deoxyuridine (EdU) analysis and immuno�uorescence staining were conducted.
RNA stability assay and Gene set enrichment analysis (GSEA) were used to further investigated the
mechanism underlying the function.

Results: Our study established a highly e�cient method for the decellularization of skeletal muscle and
fabricated an ECM hydrogel without cell components that preserves the rich ECM composition. This
hydrogel formed a three-dimensional microstructure and showed good biocompatibility. We found that
the decellularized aligned ECM scaffold with TGFβ1 promoted SkMSC proliferation and suppressed
SkMSC differentiation through extracellular signal-regulated kinase (ERK) signaling. Our study suggested
that TGFβ1 increases the m6A methylation of the integrin mRNA 3’UTR, thereby inducing the
phosphorylation of ERK and promoting SkMSCs proliferation and differentiation.

Conclusions: Our study explored a highly e�cient method for the decellularization of skeletal muscle and
fabricated an ECM hydrogel with a three-dimensional microstructure and good biocompatibility.
Furthermore, we demonstrated that decellularized aligned ECM scaffolds with TGFβ1 promoted SkMSC
proliferation and differentiation through enhancing the m6A methylation of the integrin mRNA 3’UTR,
which may serve as a potential therapeutic strategy for the acute and chronic muscle injuries

Background
Severe trauma due to tra�c accidents, severe injuries, and long-term denervation injury resulting in soft
tissue loss is considered one of the most frequent clinical problems, and surgical reconstruction does not
fully repair the tissue and frequently causes donor site morbidity[1–4]. Therefore, new treatment methods
must be explored for severe skeletal muscle injuries[5–7].

Decellularized extracellular matrix (ECM) is a common material adopted for the rehabilitation and
reconstruction of damaged tissues, and it can be obtained by various techniques involving physical
methods, chemical reagents and/or biological reagents[6, 8, 9]. Various decellularized ECM-derived
biomaterials, such as small intestine submucosa and urinary bladder tissue, have been adopted; however,
these materials have limitations associated with heterogeneity [10–14]. Hydrogels made by ECM are
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three-dimensional (3D) scaffolds that have a similar three-dimensional microstructure to that of native
ECM[12, 15, 16]. A previous study focused on improving tissue regeneration and function after major
trauma reported that an ECM hydrogel implanted in skeletal muscle has the potential to function in tissue
development, structural support, and force transmission. However, the results are still not entirely
satisfactory.

Many studies have reported that skeletal muscle stem cells (SkMSCs) can promote muscle regeneration
and can be transplanted to damaged tissues[17–19]. In addition, substantial evidence suggests that TGF-
β1 regulates the regeneration of muscle[20–22], and reports have indicated that C2C12 and SkMSCs can
be activated via the extracellular signal-regulated kinase-1/2 (ERK1/2) pathway, which is involved in
muscle cell proliferation and differentiation[19, 23]. To optimally utilize SkMSCs, we investigated the
behavior of SkMSCs on synthetic skeletal muscle ECM hydrogels with TGF-β1 in vitro.

To identify the regulatory mechanisms of the ERK pathway, we found that it may be related to the N6-
methyladenosine (m6A) methylation modi�cation. Some studies have reported the function of m6A
modi�cation, such as mRNA stability, splicing, and translation[24, 25]. Recent studies demonstrated that
METTL3 enhances cell adhesion by stabilizing integrin β1 in prostatic carcinoma[26]. In addition, studies
have indicated that m6A modi�cation of integrin6 mRNA regulates the development and progression of
bladder cancer[27]. Integrin 4 regulates airway epithelial cells through the EGFR, ERK and NF-κB
pathways[28]. However, the mechanism of METTL3-mediates m6A modi�cation of integrin to regulate the
proliferation and differentiation of SkMSCs has not been reported.

The purpose of this study was to explore and illustrate the characteristics of skeletal muscle ECM
hydrogels and assess the function of hydrogels combined with TGFβ1 for the myogenesis of SkMSCs.
We further proposed that TGF-β1 can regulate SkMSCs proliferation and differentiation through the
METTL3/integrin/ ERK signaling axis.

Materials And Methods
Animals and cell culture

Fresh skeletal muscle was obtained from 8-week-old Sprague-Dawley rats. Rat tibialis muscles were
dissociated by collagenase type I (0.2% collagenase, Sigma), then were �ltered through a 40 μm �lter
(Biosharp). After isolation, myo�ber-associated cells were subjected to �ow cytometry analysis (see
below). Markers for CD45 (BD Pharmingen), CD11b (BD Pharmingen), anti-integrinβ1 (ab95622, Abcam)
and CD34 (ab81289, Abcam) were used. After sorting, cells were cultured in DMEM supplemented with
20% FBS and 1% chick embryo extract. Myogenic differentiation was induced using DMEM supplemented
with 2% heat-inactivated horse serum.

Decellularization protocols
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Fresh skeletal muscle (20 g) was obtained from 8-week-old adult Sprague-Dawley rats. Samples were
decellularized at room temperature according to the following procedures: shaking in 1% SDS for 48
hours (method A), shaking in 0.2% sodium deoxycholate for 48 hours followed by shaking in 1% SDS
for16 hours (method B), shaking in 1% Triton X-100 for 36 hours followed by shaking in 1% SDS for 36
hours (method C), shaking in 0.1% ethylenediaminetetraacetic acid (EDTA) for 6 hours followed by
shaking in 0.2% sodium deoxycholate for 8 hours (method D), shaking in 0.2% trypsin/0.1% EDTA for 36
hours followed by shaking in 0.5% Triton X-100 at for 48 hours (method E), or shaking in 0.1% EDTA for 6
hours followed by shaking in 1% SDS for 12 hours (method F). Then, we removed the remaining nuclear
materials by shaking in 9×106 U/l DNase-I (Thermo Fisher Scienti�c, USA) and 6×107 U/l RNase (Yami
Biotechnology Co., Ltd., Beijing) for 24 hours. Finally, residual reagents were removed from the samples
by repeated washes with deionized water and centrifugation.

Histological analysis

Samples were �xed in 4% paraformaldehyde for 24 hours and then processed according to the
manufacturer’s instructions. Staining with hematoxylin and eosin (H&E), Masson’s trichrome and 4’,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) was performed. Images of
the samples were obtained using an Axio Observer Z1 inverted microscope (Carl Zeiss, Inc., Germany)
with an Axiovision 4.8 camera.

Preparation of decellularized rat skeletal muscle matrix hydrogel and assessment of its properties

To prepare the decellularized skeletal muscle matrix hydrogel, 10 mg of ECM powder was put into 900 µl
pepsin (Sigma-Aldrich) solution (0.01 M HCl, pepsin: ECM = 1:10) and then incubated under shaking for
48 hours until dissolved. After NaOH was added to stop the reaction. Then, phosphate-buffered saline
(PBS) was added and evenly mixed and the mixture was incubated at 37°C for 30 min, 2 hours, and 24
hours for in vitro gelation. The matrix solution (500 µl) was placed at 37°C for gelation and assessed
every 20 min. The ECM hydrogel was disinfected under ultraviolet light and its thickness was very thin.

Quantitative analysis of the DNA content, protein content and growth factors

The DNA content of fresh skeletal muscle, ECM and hydrogel was analyzed by a dsDNA Assay Kit
(Invitrogen Inc.). To evaluate the protein content in the three kinds of samples, a bicinchoninic acid (BCA)
protein detection kit (Sigma-Aldrich) was adopted. A Blyscan GAG Assay Kit (Biocolor) and rat enzyme-
linked immunosorbent assays (ELISAs) (Minneapolis, MN) were used to quantitatively identify the levels
of sulfated glycosaminoglycans (s-GAG) and �broblast growth factor (bFGF).

Scanning electron microscopy

All samples were prepared according to the manufacturer’s instructions prior to analysis via scanning
electron microscopy. Sample cross-sections were analyzed by a scanning electron microscope (Quanta
250, FEI) at an accelerating voltage of 30 kV.
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Flow cytometry

Flow cytometry analysis and cell sorting were performed at the central laboratory of The First A�liated
Hospital of Sun Yat-sen University. Both sorting and analysis were carefully performed according to the
manufacturer’s instructions.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA extraction and ampli�cation were performed according to the manufacturer’s instructions. The
following primers were used: Pax7: forward 5′-AGCCGAGTGCTCAGAATCAA-3′ and reverse 5′-
TCCTCTCGAAAGCCTTCTCC-3′, MyoD: forward 5′CGACTGCCTGTCCAGCATAG-3′ and reverse 5′-
GGACACTGAGGGGTGGAGTC-3′, MyHC: forward 5′-TGCCAAGACCGTGAGGAATG-3′ and reverse 5′-
AATGCATCACAGCTCCCGTG-3′, and GAPDH: forward 5′-GGGTGATGCTGGTGCTGAGTATGT-3′ and reverse
5′-AAGAATGGGAGTTGCTGTTGAAGTC-3′.

Cell viability analysis

MTT assay was performed according to the manufacturer’s instructions. SkMSCs were seeded in 96-well
plates (1 × 104 cells/ml) coated with or without decellularized skeletal muscle ECM hydrogels. The
concentration of solubilized MTT formazan was measured by a microplate reader (TECAN, Austria) at an
absorbance wavelength of 490 nm.

Cell proliferation assay

 A 5-ethynyl-2′-deoxyuridine (EdU) kit (RiboBio, Guangzhou) was adopted to evaluate the proliferation of
SkMSCs. Brie�y, SkMSCs were seeded in 6-well plates (8×105 cells/well) coated with decellularized
skeletal muscle ECM hydrogels and cultured in growth medium and then sorted into the following four
treatment groups: NC group, TGFβ1 group (2.5 ng/ml TGFβ1), TGFβ1 + PD98059 group (2.5 ng/ml
TGFβ1 + 10 µM PD9809) and PMA group (25 nmol/L phorbol 12-myristate 13-acetate (PMA). 

Immuno�uorescence staining and microscopy

Cultures were �xed with 4% paraformaldehyde, processed for single and double

immuno�uorescence and stained with DAPI to identify the nuclei. Primary antibodies against PAX7
(1:100 dilution, ab199010, Abcam, USA), MyoD (1:250 dilution, ab203383, Abcam), myosin heavy chain
(1:200 dilution, ab11083, Abcam, USA), anti-laminin (ab11575), anti-collagen IV (ab6586), and anti-
desmin [Y66] cytoskeletal markers (ab32362) (1:100 dilution, ab129002, Abcam, Cambridge, MA, USA)
were used. Matching secondary antibodies conjugated to goat anti-mouse IgG H&L (1:1000 dilution,
Alexa Fluor® 594) (ab150116) and goat anti-rabbit IgG H&L (Alexa Fluor® 488) (1:1000 dilution,
ab150077, Abcam) were used. Cell nuclei were counterstained with DAPI (ab228549, Abcam, USA). Cell
images were obtained by an Axiovision 4.8 camera and an Axio Observer Z1 inverted microscope (Carl
Zeiss, Inc., Germany).
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Confocal electron microscopy

Cells were seeded on confocal dishes and maintained in an incubator for 24 hour. The procedures were
performed according to the manufacturer’s instructions. The primary antibodies included Pax7 (1:200
dilution) and MyoD (1:200 dilution), which were then incubated with goat anti-mouse IgG H&L (1:1000
dilution, Alexa Fluor® 594) (ab150116) and goat anti-rabbit IgG H&L (Alexa Fluor® 488) (1:1000 dilution,
ab150077, Abcam) for 1 hour in the dark at room temperature. Then, DAPI was added and a confocal
microscope (Nikon) was used to acquire images.

Dual-luciferase reporter assay

The luciferase reporter assay was performed using the Dual-Luciferase Reporter Assay System
(Promega). Cells were transfected with pmiGLO-based luciferase vector fused or not fused to the wild-
type or mutated integrin–3′UTR. METTL3 or empty vectors were cotransfected. 

RNA stability assay

Actinomycin D (Sigma-Aldrich) was added to SkMSCs at 5 mg/ml to assess RNA stability. After
incubation for indicated time points, the cells were collected and RNA samples were extracted for reverse
transcription and qPCR. mRNA transcription was inhibited with Actinomycin D and the degradation rate
of RNA (K decay) was estimated.

Statistical analysis

Statistically signi�cant differences were determined by t-tests for comparisons between two groups and
by one-way analysis of variance (ANOVA) for comparisons between more than two groups. All data were
analyzed using SPSS 22.0 software.

Results
Preliminary evaluation of decellularized skeletal muscle ECM

Decellularization can be performed according to six methods (A-F). H&E and DAPI staining (Fig. 1A) did
not identify intact nuclei on the decellularized skeletal muscle ECM compared with that on fresh muscle.
The residual content of DNA after decellularization was quanti�ed as shown in Fig. 1B. The protein
content of the decellularized ECM from rat muscle tissue is shown in Fig. 1C. The acellular matrix and
fresh muscle results showed that the protein laminin and type IV collagen were expressed, and
immuno�uorescence showed that the location was on the basement membrane. Signi�cant differences
were not observed among the different groups (Fig. 1D).

Evaluation of decellularized skeletal muscle ECM hydrogels.

Masson’s trichrome staining was used to assess the properties of the decellularized skeletal muscle ECM
hydrogels (Fig. 2A). Masson’s trichrome staining of the fresh muscle, decellularized ECM and hydrogel
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indicated changes in the properties. In all samples, collagen was located in the stromal compartment of
the tissues, although signi�cant differences were not observed among the three groups. Scanning
electron microscopy (SEM) revealed that skeletal muscle consisted of many muscle �bers while the
hydrogel consisted of a porous structure with various pore sizes (Fig. 2B). The content of GAG is shown
in Fig. 2C. In the skeletal muscle ECM and fresh muscle, 0.66 ± 0.09 µg/mg and 3.09 ± 0.32 µg/mg of s-
GAG were observed, respectively, whereas in the hydrogel, this amount was only 0.64 ± 0.08 µg/mg.

A BCA protein assay was performed for the remaining proteins in the skeletal muscle ECM, hydrogel, and
fresh muscle (Fig. 2D). The amounts of protein from the skeletal muscle ECM and hydrogel were 0.23 ±
0.09 and 0.19 ± 0.07 mg protein/g dry weight, respectively, which were two orders of magnitude less than
the amount extracted from fresh muscle (0.46 ± 0.12 µg/mg tissue). The total amounts of bFGF are
shown in Fig. 2E. The hydrogel retained bFGF, whereas lower amounts of bFGF were retained in the
hydrogel than the skeletal muscle ECM. The total bFGF content was 8.9 ± 1.8 ng bFGF/g dry weight in the
hydrogel, which was less than that in the skeletal muscle ECM (9.5 ± 2.3 ng bFGF/g dry weight) and fresh
muscle (20.2 ± 4.6 ng bFGF/g dry weight). As shown in Fig. 2F, the bFGF values normalized to the
amount of total extracted protein were similar for the skeletal muscle ECM, hydrogel, and fresh muscle
(5.9 ± 2.4, 5.78 ± 1.8, and 1.8 ± 0.21 ng bFGF/mg protein, respectively). To further con�rm cell viability,
stem cells seeded on the hydrogel scaffolds or seeded in empty wells (NC) were analyzed by an MTT
assay (Fig. 2G), and signi�cant differences were not observed between the two groups.

Isolation and identi�cation of SkMSCs

FACS analysis suggested that SkMSCs were positive for CD34 and integrin β1 and negative for CD11b
and CD45 (Fig. 3C). SkMSCs were con�rmed via light microscopy to have a �broblast-like morphology. To
investigate the characteristics of SkMSCs, we examined the expression of Pax7 and MyoD. As shown in
Fig. 3B, the majority of adhered SkMSCs showed robust expression of Pax7 and MyoD. After culture in
DMEM supplemented with 2% heat-inactivated horse serum, the cells showed more robust expression of
MyoD over time while Pax7 showed the opposite expression pattern (Fig. 3C and D). Furthermore, we
analyzed the expression of Pax7, MyoD, desmin and MyHC in undifferentiated and differentiated cells.
Consistent with these data, the percentage of Pax7-positive cells was signi�cantly lower among
differentiated cells than among undifferentiated cells. Compared with the Pax7 expression pattern, the
percentage of MyoD-, desmin- and MyHC-positive cells markedly increased over time (Fig. 3E).

Aligning ECM hydrogels with TGFβ1 affected the proliferation and differentiation of SkMSCs

Initially, we investigated the effect of ECM hydrogels with TGFβ on the survival of SkMSCs using an MTT
assay. The results showed that hydrogels combined with TGFβ1 signi�cantly promoted cell viability
compared with the control group (Fig. 4A). Moreover, signi�cant differences were not observed in cell
viability between the NC and hydrogel groups. Furthermore, immuno�uorescence staining suggested that
the expression of MyoD and MyHC was the lowest in the hydrogel + TGFβ1 group (Fig. 4B, C). Finally,
signi�cantly downregulated expression of MyoD and MyHC was observed in the hydrogel + TGFβ1 group,



Page 8/23

which was further con�rmed by western blot analysis (Fig. 4D, E). These data revealed that ECM
hydrogels aligned with TGFβ1 promoted SkMSC proliferation and inhibited SkMSC differentiation.

ECM hydrogels aligned with TGFβ1 regulated the proliferation and differentiation of SkMSCs through
ERK signaling

To further investigate the mechanism underlying the function of the aligned ECM hydrogels with TGFβ1
in terms of the proliferation and differentiation of SkMSCs, EdU assays were performed (Fig. 5A, B), and
they demonstrated that TGFβ1 promoted SkMSC proliferation. An inhibitor of ERK signaling (PD98059)
reversed this trend, while an activator of ERK signaling (PMA) enhanced cell proliferation.
Immuno�uorescence staining showed that TGFβ1 signi�cantly attenuated the expression of MyoD and
MYHC (Fig. 5C, D). Moreover, the expression of MyoD and MyHC was upregulated by PD98059 and
downregulated by PMA due to the inhibition or enhancement of ERK signaling, respectively. Consistent
with these data, the qRT-PCR (Fig. 5E) and western blot assays (Fig. 5F, G) showed that TGFβ1
suppressed ERK signaling, MyoD expression and MYHC expression, PD98059 reversed the TGFβ1
function, and p-ERK showed the opposite trend. Therefore, these results indicated that the ECM hydrogels
aligned with TGFβ1 regulated the proliferation and differentiation of SkMSCs through ERK signaling.

m6A modi�cation-mediated integrin regulates the proliferation and differentiation of SkMSCs through
inducing ERK signaling 

To investigate the mechanism by which TGFβ1 regulates the proliferation and differentiation of SkMSCs
through ERK signaling, q-PCR was performed, revealing that TGFβ1 promoted METTL3 and integrin
expression, while inhibition of TGFβ1 reduced the levels of METTL3 and integrin (Fig. 6A). Consistent
with these data, western blot analysis suggested that TGFβ1 increased METTL3 and integrin expression,
while inhibition of TGFβ1 suppressed their expression (Fig. 6B, C). Then METTL3-KO decreased the
expression of integrin, but METTL3 overexpression enhanced integrin expression. Furthermore, to
determine whether TGFβ1 is a direct target of METTL3, we performed luciferase reporter assays. The
luciferase activity of SkMSCs-METTL3-KO transfected with a reporter construct carrying wild-type integrin
3’ UTR and CDS was decreased compared with that of METTL3-OE SkMSCs, this decrease was
abrogated in mutated SkMSCs (Fig. 6D). As expected, forced expression of wild-type METTL3 increased
the m6A levels of integrin mRNA and enhanced the luciferase activity of the reporter construct carrying
the wild-type integrin 3’ UTR and CDS relative to that of the control (Fig. 6E). To explore the biological
function of METTL3-mediated m6A modi�cation in integrin mRNA metabolism, actinomycin D (Sigma-
Aldrich) was added to SkMSCs to assess RNA stability. Knockdown of METTL3 decreased, while
METTL3 overexpression improved, the mRNA stability of integrin (Fig. 6F, G). The results showed that
METTL3 knockdown induced the downregulation of integrin in SkMSCs, suggesting that METTL3
regulates integrin synthesis by modulating the stability and/or translation of integrin mRNA. Taken
together, our results demonstrated that the modulation of integrin expression was under the control of
METTL3-associated m6A modi�cation.
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We next identify the mechanism by which integrin regulates SkMSC proliferation and
differentiation. Gene set enrichment analysis (GSEA) demonstrated that integrin was related to the MAPK
signaling pathway (Fig. 7A). Then, integrin downregulation greatly decreased ERK phosphorylation (Fig.
7B), while upregulation of integrin enhanced ERK phosphorylation (Fig. 7C). Then, western blot assays
also showed the levels of p-ERK when integrin was upregulated (Fig. 7D, E). Moreover, the effect of p-ERK
on integrin in SkMSCs was examined using PMD98089 (an ERK-speci�c inhibitor) and it suggested that
PMD98089 reduced the inhibitory effect on ERK phosphorylation of integrin. Furthermore, downregulation
of p-ERK in SkMSCs by integrin knockdown abrogated the increased proliferation (Fig. 7G). Moreover,
qPCR showed that integrin promoted the mRNA expression of Pax7, MyoD and MyHC, indicating
proliferation, while PMD98089 abolished the enhancing effect of integrin (Fig. 7H). Western blot analysis
also veri�ed that the ERK-speci�c inhibitor reduced the promotional effect of integrin (Fig. 7I). These data
suggest that m6A modi�cation-mediated changes in ERK signaling path may be the mechanism
underlying of integrin in SkMSCs.

Discussion
Injuries to extremities due to tra�c accidents and prolonged denervation result in soft tissue loss and are
considered the most frequent clinical problem[1, 2, 4]. In recent years, stem cell transplantation therapy
has been considered an effective strategy for the regeneration of damaged tissues. However, the
therapeutic e�cacy has been impeded by the poor viability of SkMSCs in injured tissues [11, 29]. To
resolve the poor survival of transplanted cells, studies have been performed to promote the proliferation
of SkMSCs. Our study explored a rapid method for skeletal muscle decellularization and fabricated an
ECM hydrogel with a three-dimensional microstructure and good biocompatibility. Furthermore, we
demonstrated that decellularized aligned ECM scaffolds with TGFβ1 promote SkMSC proliferation and
SkMSC differentiation through ERK signaling.

Previous studies have demonstrated that decellularized ECM provides a structure to repair and
reconstruct damaged tissues[14, 30, 31]. Recent studies have reported various methods for the
decellularization of muscle tissue[8, 32].However, an insu�cient treatment may cause in�ammation and
immune rejection because of the remaining antigenic cellular proteins. Furthermore, excessive
decellularization, which could ensure biological safety, may damage the composition and structure of the
ECM[14, 33, 34].In the present study, we evaluated decellularized skeletal muscle ECM hydrogels. The
contents of GAG, bFGF, total protein and residual DNA were quanti�ed in the different samples and found
to be similar to the contents reported in previous studies on pig, mouse and rat hydrogels[8, 10, 13, 35]. To
further con�rm cell viability, SkMSCs were seeded on the hydrogel scaffolds and empty wells (NC) and
analyzed by an MTT assay, and signi�cant differences were not observed between these two groups.
Moreover, studies have suggested that hydrogels support cell growth and enhance myogenic protein
expression[10, 36].

Stem cells are located in a majority of adult tissues and can be activated by acute and chronic injuries to
exert a critical role in tissue growth and regeneration[37, 38]. Many studies have reported that cell sorting
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by a series of cell surface markers that are characteristic of muscle stem cells can be used to
prospectively identify skeletal muscle satellite cells[37–39]. We isolated particular cells by FACS and
analyzed the expression of Pax7 and MyoD. To further investigate this hypothesis, we analyzed the
expression of Pax7, MyoD, desmin and MYHC in undifferentiated and differentiated cells. Consistent with
these data, the percentage of PAX7-positive cells was signi�cantly lower among the differentiated cells
than among the undifferentiated cells. Compared with the PAX7 expression pattern, the percentage of
MyoD-, desmin- and MYHC-positive cells markedly increased over time.

Previous studies have shown that a prerequisite step in myogenic differentiation of SkMSCs is the
activation of MyoD[18, 22, 40, 41]. Moreover, TGFβ1 was reported to regulate the ERK signaling pathway
involved in in�ammation, regeneration and differentiation[42, 43]. To further investigate the mechanism
underlying the function of the ECM hydrogels aligned with TGFβ1 in terms of the proliferation and
differentiation of SkMSCs, the EdU assays demonstrated that TGFβ1 promoted SkMSC proliferation. An
inhibitor of ERK signaling reversed this trend, while an activator of ERK signaling enhanced cell
proliferation. Immuno�uorescence staining was performed and showed that TGFβ1 signi�cantly
attenuated the expression of MyoD and MYHC. Our results indicated that the ECM hydrogels aligned with
TGFβ1 regulated the proliferation and differentiation of SkMSCs through ERK signaling. To identify the
regulatory mechanisms of the ERK pathway, we found that it was related to m6A modi�cation.

Integrin activates FAK/paxillin/AKT signaling pathway and affects the expression of the proliferative
marker Ki67 in tumors[44]. Recent studies have shown that transmembrane integrin α2β1 directly
interacts with lumican, and activates ERK and ALP activities in osteoblasts[45]. Our study �rst indicated
that METTL3 regulates integrin and attenuates its m6A-mediated degradation. Here, we proved that
METTL3 enhanced integrin. which therefore promoted ERK phosphorylation in SkMSCs. However,
whether METTL3 induces mRNA alternative splicing or affects the mRNA stability of integrin remains to
be further studied. Our further studies will focus on the exact binding site of integrin that interacts with
ERK signaling and the molecular mechanism by which integrin activates ERK signaling in SkMSCs.

Conclusion
In summary, our study imply that decellularized ECM scaffolds aligned with TGFβ1 promote SkMSC
proliferation and SkMSC differentiation through ERK signaling by m6A-mediated integrin. Furthermore,
upregulation of integrin is related the substantial ability of SkMSCs to proliferate and differentiate. Thus,
integrin might be a promising therapeutic target for the regeneration of damaged tissues.

Abbreviations
ECM, decellularized extracellular matrix; MyHC, myosin heavy chain; Myod, myogenic differentiation
markers; m6A, N6-methyladenosine RNA; Pax7, paired box (Pax) protein7; SkMSCs, skeletal muscle stem
cells; TGFβ1, transforming growth factor-beta1.
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Figure 1

Evaluation of decellularized skeletal muscle ECM. (A) H&E staining and DAPI staining of rat skeletal
muscle before and after decellularization with methods A-F. (B) DNA content in skeletal muscle and
decellularized ECM obtained by methods A-F and determined by a Quant-iTTM PicoGreen dsDNA Assay
Kit. (C) Protein content in skeletal muscle and decellularized ECM obtained by methods A-F and analyzed
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using a BCA Assay Kit. (D) Immuno�uorescence staining images of the expression of the myogenic
markers laminin and collagen IV.

Figure 2

Evaluation of decellularized skeletal muscle ECM hydrogels. (A) Fresh skeletal muscle, decellularized
skeletal muscle ECM and hydrogel were stained with Masson’s trichrome. (B) Scanning electron
microscopy of cross-sections of fresh skeletal muscle tissue, decellularized skeletal muscle ECM and
hydrogel. (C) Quanti�cation of the s-GAG content in fresh skeletal muscle tissue, decellularized skeletal
muscle ECM and hydrogel. (D) Quanti�cation of proteins in fresh skeletal muscle tissue, decellularized
skeletal muscle ECM and hydrogel. (E) Quanti�cation of bFGF in fresh skeletal muscle tissue,
decellularized skeletal muscle ECM and hydrogel. (F) Quanti�cation of bFGF normalized to the protein
content in fresh skeletal muscle tissue, decellularized skeletal muscle ECM and hydrogel. Panel (C) shows
the total extracted bFGF per initial dry weight of tissue, and panel (D) shows the total extracted bFGF
normalized to the total soluble extracted protein. (G) Cell viability was determined by an MTT assay.



Page 18/23

Figure 3

Isolation and identi�cation of SkMSCs. (A) Double-sorted SkMSCs were positively stained with antibodies
against CD34 and integrin β1 and negatively stained for CD11b and CD45 in freshly sorted SkMSCs. (B)
Immuno�uorescence staining images for antibodies against Pax7 (red) and MyoD (green). Cell nuclei
were stained by DAPI (blue). (C) After culturing in DMEM supplemented with 2% heat-inactivated horse
serum, the cells showed more robust expression of MyoD over time, while PAX7 showed the opposite
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expression pattern. GAPDH was used as an internal control. (D) Quanti�cation of Pax7 and MyoD
normalized to GAPDH. (E) Quantitation of Pax7-, MyoD-, desmin-, and MYHC-positive cells. Marker-
positive cells are presented as the percentage of the total cell number using triplicate samples. Each bar
represents the mean ± standard error of the mean (SEM). *P < 0.05, **P < 0.01, and NS = nonsigni�cant
difference.

Figure 4
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Effect of decellularized aligned skeletal muscle ECM hydrogels with TGFβ1 on the proliferation and
differentiation of satellite cells. (A) Cell viability was analyzed by an MTT assay of the NC, hydrogel and
hydrogel + TGFβ1 groups. (B) Immuno�uorescence staining images of the expression of MyoD and
MYHC in the three groups. (C). Quanti�cation of MyoD and MYHC. (D). Pax7, MyoD and MYHC protein
expression in the three groups was examined by western blot and quanti�ed (E). Each bar represents the
mean ± SEM. *P < 0.05.

Figure 5
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Decellularized aligned skeletal muscle ECM hydrogels with TGFβ1 analyzed for the proliferation and
differentiation of satellite cells by ERK signaling. (A) EdU assays demonstrated the proliferation of
SkMSCs in the different groups. (B) Quanti�cation of Edu-positive cells in the different groups. (C)
Immuno�uorescence staining images of the expression of MyoD and MYHC in the four groups. (D)
Quanti�cation of MyoD and MyHC. (E) Relative expression of Pax7, MyoD and MyHC mRNA in the
different groups analyzed by qRT-PCR. (F) Pax7, MyoD and MyHC protein expression in the different
groups was examined by western blot and (G) quanti�ed. Each bar represents the mean ± SEM. *P < 0.05,
NS = nonsigni�cant difference.

Figure 6
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The expression of integrin in SkMSCs with TGFβ1. (A) Flowchart of the screening process of candidate
genes. (B) western blot analysis demonstrated the �ve of most signi�cantly upregulated and
downregulated genes in SkMSCs in the different groups. (C) The expression of METTL3 and integrin was
assessed by q-PCR. (D). METTL3 and integrin protein expression in the three groups was examined by
western blot and quanti�ed (E). Integrin protein expression due to METTL3 overexpression and METTL3-
KO was examined by western blot and quanti�ed. (F, G) Luciferase reporter and mutagenesis assays.
Each stable cell line was cotransfected with integrin-CDS orintegrin-3’UTR bearing wild-type or mutant. (H,
I) Effects of METTL3 on integrin mRNA stability. *P < 0.05, **P < 0.01. Each bar represents the mean ±
SEM. *P < 0.05.

Figure 7

METTL3 regulated the proliferation and differentiation of SkMSCs through integrin-induced ERK
signaling. (A) Gene set enrichment analysis (GSEA) identi�ed a signi�cant association between integrin
and the MAPK signaling pathway. (B, C) phosphokinase microarray assay analysis of the SkMSCs. (C, D,
E) Representative images of critical members of the MAPK signaling pathway was examined by western
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blotting in SkMSCs. (F) The expression of integrin and p-ERK western blot in SkMSCs. (G) The effect of
integrin downregulation on SkMSCs proliferation. (H, I) The effect of integrin on the expression of Pax7,
MyoD and MyHC. *P < 0.05, NS = nonsigni�cant difference.


