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MRTF-A regulates myoblast commitment to differentiation by
targeting PAX7 during muscle regeneration
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1 | INTRODUCTION by sustained degeneration and abrogation of muscle tissue.>?

Myogenic progenitor cells, designated as satellite cells (SCs) local-
Dysregulation of muscle homeostasis involved factors can lead to a ized between the basal lamina and the myofibre sarcolemma, play
wide spectrum of pathologic disorders, including sarcopenia, ossi- a critical role in the postnatal muscle development and regenera-
fication, and muscular dystrophy, which are typically characterized tion.%? Emerging evidence revealed that the SC-mediated muscle
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repair and the targeted therapeutic strategies not only contribute
to the correction of disease aetiology and progression,® but are also
necessary for enhancing the regenerative capacity of skeletal mus-
cle in response to traumatic injuries.” SCs normally exist in a quies-
cent state juxtaposed to the myofibre. The activation of SCs by an
exogenous stimulant may lead to the self-renewal and proliferation,
followed by myogenic differentiation events.®2 However, the imbal-
ance of SCs niche replenishment versus myoblast differentiation is
a common phenomenon in pathologic conditions. Identification of
key factors that regulate the myogenic lineage could provide a rea-
sonable outlook on the innovative cell-based solutions for treating
muscle damage.

The metabolic properties that maintaining SCs homeostasis
such as self-renewal, proliferation, and differentiation act as posi-
tional cues for skeletal muscle regeneration.9 The process is tightly
regulated by paired box 7 (PAX7) and intrinsic muscle regulatory
factors (MRFs).1° PAX7, a well-defined transcriptional regulator, is
required for the establishment and function of SCs lineage. Genetic
ablation of PAX7 results in a severe deficit loss of SCs pool and
blocks the regenerative capacity of myogenesis.'"*? Previous in
vivo studies revealed that PAX7 null mice showed SCs exhaustion
due to the restricted self-renewal competence, which subsequently
impeded myoblast differentiation and muscle regeneration, lead-
ing to impaired formation of hypaxial somite and limb muscles.*>*
Transcriptome and genome sequencing assays revealed that PAX7
can determine the cell fate of myogenic programme by inducing the
expression of myogenic factor 5 (Myf5) and myogenic differentia-
tion-1 (MyoD).2>¢ Interestingly, declining PAX7 expression in dif-
ferentiated myoblasts and PAX7 retention in self-renewing SCs are
observed in the transition of SCs into fused myofibre, suggesting
the dual effects of PAX7 in muscle progenitors.?*® Although these
observations indicate that the PAX7 is implicated in skeletal muscle
repair, the factors that regulate PAX7 signalling and the associated
mechanisms have yet been identified during muscle regeneration.

The family of Myocardin-related transcription factors (MRTFs)
function as co-activators of serum response factor (SRF) that con-
tribute to the transcriptional regulation of genes involved in tumour
formation and metastasis, cardiac and smooth muscle development,
and skeletal muscle metabolism and regeneration via binding to a
conserved CArG box sequence (CC(A/T),GG) in the promoter re-
gion.}”?2 MRTF-A, a member of the MRTFs family, has previously
been linked with physiological process of muscle injury and muscular
dystrophy. Knockdown of MRTF-A in C2C12 myoblasts can block
the expression of SRF targeted differentiation involving genes.?®
The mutant mice harbouring global MRTF-A deletion are viable, but
the skeletal muscles present irreversible hypoplasia.24 Previous mo-
lecular signalling assays revealed that MRTF-A and PAX7 showed
markedly increased expressions in SCs during muscle regenera-
tion.?> Satellite cell-specific ablation of MEF2 activating motif and
SAP domain containing transcriptional regulator (MASTR), another
MRTFs member, can impair the myogenic programme by regulating
the transcriptional activity of MyoD, which is substantially aug-
mented in the MASTR and MRTF-A double knockout mice due to

aberrant differentiation.?® These observations highlight the crucial
role of MRTF-A in skeletal muscle maintenance and regeneration.
Considering the up-regulated MRTF-A expression in SCs (PAX7
positive) and its essential role in myofibrillogenesis, the molecu-
lar mechanisms by which MRTF-A regulates these processes are
unknown. Thus, in this study, we used the C2C12 myoblast as a
cell model to examine the mechanical function of MRTF-A in the
myoblast commitment and cell fate specification during muscle re-
generation. This could provide promising evidence to develop new

therapeutic target of various skeletal myopathies.

2 | MATERIAL AND METHODS

21 | Animals

All C57BL/6 mice aged 8-week-old used in this study were pur-
chased from Shulaibao Biotech Co. (Wuhan, China). The mice were
maintained at 22°C with 30% relative humidity on a 12-h light/
dark cycle and provided food and water ad libitum. Animal stud-
ies were carried out in accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals from the
National Institutes of Health. The protocols were approved by the
Institutional Animal Care and Use Committee of Wuhan University
of Science and Technology. The cardiotoxin (CTX) (cat. no. 11061-
96-4, Sigma-Aldrich, MERCK) and lentivirus injection were per-
formed under anaesthesia, and all efforts were made to minimize

animal suffering.

2.2 | Cell culture and differentiation

The C3H murine skeletal muscle cell line C2C12 myoblasts (American
Type Culture Collection, CRL-1772) were cultured in growth medium
(GM), which was consisting of Dulbecco's modified Eagle's medium
(DMEM) (cat. no. 10569-010, Gibco), 10% FBS (cat. no. 10099-141,
Gibco) and 1% penicillin-streptomycin (cat. no. SV30010, Hyclone)
at 37°C under a humidified atmosphere with 5% CO,. Primary myo-
blasts were isolated from the limbs of 2- to 5-day-old C57BL/6 mice.
The limb tissue was firstly digested with 1% type Il collagenase (cat.
no. 17101-015, Invitrogen), 2.4 U/ml dispase Il (cat. no. 42613-33-2,
Sigma-Aldrich) and 2.5 mM CaCl, in PBS for 30 min at 37°C. The
digested tissue block was screened by nylon mesh filter (100 um).
After centrifugation, the isolated myoblasts were cultured in DMEM
supplemented with 30% FBS and 1% penicillin-streptomycin at 37°C
with 5% CO, atmosphere. For differentiation of muscle cells into
myotube, the GM was replaced with differentiation medium (DM)
containing DMEM supplemented with 2% horse serum (cat. no.
26050088, Gibco) and 1% penicillin-streptomycin when C2C12 cells
and primary myoblasts at 90% confluence. The DM was changed
every 24 h and detected in the indicated number of differentiation
days. All experimental groups of cell culture were performed at least
in triplicate.
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2.3 | Quantitative real-time PCR

Total RNAs were extracted from C2C12 cells, murine primary
myoblasts and skeletal muscle tissue using TRIzol reagent (cat.
no. 15596026, Invitrogen). The RNA quantity and quality were
detected using Nanodrop™ One (Thermo Scientific). Reverse tran-
scription assay was performed in a 20 ul reaction volume with
2 pg total RNA using the PrimeScript RT Reagent Kit with gDNA
Eraser (Perfect Real Time) (cat. no. RRO47A, Takara Bio). The SYBR
Green kit (cat. no. 4367659, Invitrogen) was used for quantitative
real-time PCR, and the reactions were conducted by a CFX 96™
RealTime Detection System (Bio-Rad Laboratories) according to
the manufacturer's protocol. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as a candidate housekeeping gene for
normalization. The relative expression of all measured genes was
normalized to the GAPDH level, and the fold change of gene ex-
pression was calculated according to the 2744Ca method. All gPCR
assays were repeated in triplicate. Primer sequences for gPCR are
presented in Table S1.

2.4 | Western blot analysis

Western blot was performed to detect the protein level of can-
didate genes. In detail, the control or treated C2C12 cells were
rinsed with PBS three times and then lysed with 200 pL radio-
immunoprecipitation assay (RIPA) buffer (20 mM Tris-HCI, 1%
SDS, 150 mM NaCl, 1% sodium deoxycholate and 1% Triton X-
100) containing 1 mM PMSF and 0.02% protease phosphatase
inhibitors. For tissues, a total of 30 mg tibialis anterior muscle
from C57BL/6 mice was homogenized with 600 ul RIPA buffer.
Cells or tissue extracts were centrifuged at 14,000 g and 4°C for
15 min to remove the insoluble matter. The protein concentra-
tion in the supernatants was quantified by BCA detection assay.
Aliquots containing 20 pg total protein were diluted in 5x load-
ing buffer and separated in 10% SDS-PAGE. The dispersive pro-
teins in gel were then transferred to PVDF membrane, which was
blocked in Tris saline with Tween (TBST) containing 5% skim milk
and Tween 20 for 2 h at room temperature. Next, the membrane
was incubated with primary antibodies at 4°C overnight in block-
ing buffer, followed by incubation with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 2 h at room tempera-
ture. Finally, the protein bands were detected using chemilumi-
nescent HRP kit (cat. no. WBKLS0500, Merck KGaA, Darmstadt,
Germany). The information of all primary antibodies was as fol-
lows: rabbit anti-MRTF-A (1:1000, cat. no. 147608, Cell Signaling
Technology), rabbit anti-PAX7 (1:1500, cat. no. abs124153,
Absin), mouse anti-MyoD (1:500, cat. no. NBP2-32882, Novus),
mouse anti-MyoG (1:1000, cat. no. M5815, Sigma-Aldrich), rab-
bit anti-p-actin (1:1000, cat. no. 37008, Cell Signaling Technology)
and mouse anti-GAPDH (1:1000, cat. no. sc-47724, Santa Cruz).
Secondary antibodies were HRP-conjugated anti-rabbit or anti-
mouse IgG antibodies.

2.5 | RNA-Seq and data analysis

Total RNA of the C2C12 cells with stable transfected sh-MRTF-A
or sh-control was isolated using TRIzol reagent. For RNA sequenc-
ing, the RNA quality and integrity were examined using Bioanalyzer
2100 and RNA 1000 Nano LabChip Kit (Agilent), and the sample
with RIN (RNA Intergrity Number) less than 7 was excluded from the
subsequent assay. The mRNA was enriched from the qualified RNA
using oligo (dT) beads and then fragmented into short sequences
using fragmentation buffer. After cDNA library preparation, RNA-
seq was performed by Illumina HiSeq 4000 (paired-end, 150 bp,
PE150). Raw data files (.fastq) were mapped to the mouse reference
genome Mus_musculus GRCm38 using HISAT package (http://ccb.
jhu.edu/software/hisat2). The aligned reads were assembled using
StringTie software. Then, all transcriptomes were merged to recon-
struct a comprehensive transcriptome using perl scripts. StringTie
and EdgeR were used to estimate the differentially regulated genes
of all transcripts by calculating FPKM. The differentially expressed
genes were determined with log2 (fold change) >1 or log2 (fold
change) <-1 and with statistical significance (p value < 0.05) by R
package.

2.6 | Dual-Luciferase reporter assay

Two CArG box motifs were predicted in promoter region of the
PAX7 gene. According to this regulatory region, a ~619-bp sequence
containing point-mutated CArG-1/2 or cut-off CArG-1/2 was ampli-
fied and inserted into the luciferase reporter vector pGL3-Basic (cat.
no. E1751, Promega, Madison, WI) using Kpn | and Hind Il double
digestion assay. For promoter activity detection, C2C12 cells were
seeded in a48-well plate, and 400 ng total plasmids containing pGL3-
CArG and pRL-TK (cat. no. E2231, Promega, Madison, WI) were
transfected using Lipfectamine™ 3000 reagent (cat. no. L3000015,
Invitrogen, Carlsbad, CA) when the C2C12 cells reached a 70% con-
fluence. Further culture for 48 h, the C2C12 cells were lysed, and the
luciferase activity was determined using Dual-Luciferase Reporter
Assay System (cat. no. E1910, Promega, Madison, WI) according to
the manufacturer's protocol. The promoter activity for each sam-
ple was detected by normalizing the fluorescence intensity of firefly
luciferase to renilla luciferase and then compared with the control
group. In addition, the co-transfections of pGL3-CArG, pRL-TK, plus
either pCDH-MRTF-A or pLKO.1-sh-MRTF-A into C2C12 cells were
also established to investigate the effect of MRTF-A on promoter
activity of the PAX7 gene.

2.7 | Cell proliferation assay

The proliferation of the stable C2C12 cell with overexpressed
MRTF-A or interfered MRTF-A was detected by EdU Cell
Proliferation Assay Kit (cat. no. C10310, RiboBio, Guangzhou, China)
and Cell Counting Kit-8 (CCK-8) reagent (cat. no. C0042, Beyotime,
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Shanghai, China). First, the treated and control C2C12 cells were
separately seeded in a 24-well plate and cultured in GM for approxi-
mately 70% confluence, and then, the GM was replaced with fresh
medium containing 50 uM EdU for further 2.5-h incubation. The
EdU immunostaining was performed following the manufacturer's
instruction, and the images were recorded using Olympus FV3000
confocal microscope (Olympus, Tokyo, Japan). The ratio of EdU-
positive C2C12 cells was calculated by normalizing the total nuclei.
For CCK-8 assay, the treated and control C2C12 cells were sepa-
rately seeded in a 96-well plate and cultured in GM for 24, 48 and
72 h. A volume of 10 pL CCk-8 reagent was added in each plate for
24-hintervals. After 1-h incubation, optical density was measured at

450 nm on a SpectraMax i3 Multimode Reader (Molecular Devices).

2.8 | Flow cytometry

Apoptosis of C2C12 cells under different treatment was measured
using FITC Annexin V Apoptosis Detection Kit (cat. no. 556547, BD
Biosciences) through flow cytometry assay. Cells were seeded at
the density of 1 x 10° cells/well into 6-well plate and cultured for
24 h. Then, the cells were washed with PBS for three times, digested
with trypsin and suspended in 1 x binding buffer. The suspended
cells (1 x 10° cells) were incubated with 5 pl of FITC Annexin V and
5 ul of Pl for 15 min at room temperature in the dark. Afterwards,
the dispersive cells were detected by flow cytometry, and each
group had three independent experimental replicates. Four stages
of C2C12 myoblasts were detected: live (Annexin V'/PI"), early ap-
optosis stage (annexin V'/PI"), late apoptosis stage (Annexin V*/PI")
and necrocytosis (Annexin V'/PI").

2.9 | Plasmid construction and lentivirus infection
According to the sequence of MRTF-A (GenBank ID: 223701), the
coding sequence (CDS) region was amplified and cloned into the Xba
| and EcoR | sites of pCDH-vector-v5 (Promega) to construct pCDH-
MRTF-A. For MRTF-A knockdown, the shRNA sequences (Target:
CATGGAGCTGGTGGAG AAGAA) were annealed and inserted into
pLKO.1 vector (Sigma-Aldrich, MERCK) using the Age | and EcoR | re-
striction sites (hamed as sShRNA-MRTF-A). The primers used for vec-
tor construction were shown in Table S1. The constructed plasmids
pCDH-MRTF-A or shRNA-MRTF-A, and packaging plasmids (pCMV-
VSV-G and pCMV-Gag-Pol) were co-transfected in HEK-293T cells
by Lipofectamine 3000 reagent (cat. no. L3000015, Invitrogen).
After 72-h incubation, the medium was collected, and the virus titre
was determined using Lenti-Pac™ HIV qRT-PCR Titration Kit (cat. no.
HPR-LTK-050, GeneCopoeia) according to the manufacturer's pro-
tocol. C2C12 cells were infected with the lentivirus (MOl = 5) and
8 pg/ml polybrene. Then, the infected C2C12 cells were screened
using 2 pg/ml puromycin for 2 weeks. The remaining C2C12 cells
were evaluated for overexpression or knockdown efficiency of the
MRTF-A by qPCR and Western blot assay.

2.10 | Muscle injury and regeneration

Muscle injury in mice was induced with CTX (cat. no. 11061-96-4,
Sigma-Aldrich, MERCK) injection. In detail, the ketamine (10 mg/kg)
plus xylazine (1 mg/kg) was firstly injected into enterocoelia of
C57BL/6 mice aged 8-week-old for anaesthesia. Then, muscle injury
was induced by injection of 50 pl of 10 uM CTX (diluted in PBS) into
the mid-belly of the right tibialis anterior (TA) muscle. Meanwhile,
an equal amount of PBS was injected into the left TA muscle of
each mouse as an internal control. At respective 1, 2, 3, 5, 7, 10 and
14 days after treatment, mice were euthanized and both TA mus-
cles were harvested to assess the degree of muscle regeneration
and repair. In addition, the TA muscles from 5 C57BL/6 mice aged
8-week-old were injected with lentivirus of control and MRTF-A
overexpression, respectively. After one week of lentivirus injection,
muscle injuries of these mice were induced by injection of 50 pl of
10 uM CTX. After 5 days of CTX injection, the mice were euthanized
and all TA muscles were collected for further detection.

2.11 | Satellite cell isolation

The TA muscles of C57BL/6 mice were dissected and digested
with collagenase/dispase, and the satellite cells were enriched by
magnetic-activated cell sorting. The isolated satellite cells were cul-
tured with growth medium (DMEM with 20% FBS supplemented
with 10 ng/mL basic fibroblast growth factor) or differentiation me-
dium (DMEM with 2% horse serum).

2.12 | Haematoxylin-eosin staining

The injured or regenerated murine TA muscles at different stages
were firstly immersed in 4% paraformaldehyde for 30 min at room
temperature, and then, the tissues were dehydrated in paraffin. The
murine muscle sections were prepared from paraffin-embedded
tissues and stained with HE Staining reagents (cat. no. C0105S,
Beyotime, Shanghai, China) following the manufacturer's instruc-
tions. The HE staining images of TA muscle sections were recorded

using Olympus BX53 microscope (Olympus, Tokyo, Japan).

2.13 | Immunohistochemistry assay

Immunohistochemistry assay was performed for the paraffin sec-
tions of murine TA muscles by UltraSensitive™ SP (Mouse/Rabbit)
IHC Kit (cat. no. KIT-9710, Maxim, Fuzhou, China). In detail, the
muscle sections were deparaffinized and rehydrated using xylene
and ethyl alcohol with different concentrations, and antigen re-
trieval was performed by boiling the samples in the retrieval solu-
tion (0.1 M citric acid/sodium citrate) for 15 min. Then, the samples
were blocked for 1 h using normal non-immunone serum at 37°C

and incubated with primary antibodies directed against MRTF-A
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FIGURE 1 RNA-seq results reveal MRTF-A knockdown down-regulates/up-regulates the skeletal muscle regulation involving genes in
C2C12 cells. (A) The mRNA and protein levels of MRTF-A in C2C12 cells transfected with shRNA lentivirus targeting MRTF-A as compared
to the shRNA-control group. (B) Volcano plot of differentially expressed genes between sh-MRTF-A and shRNA-control in C2C12 cells as
determined by RNA-seq. (C) Statistics of GO Enrichment analysis to categorize the pathways that are significantly altered upon MRTF-A
knockdown. The striated muscle thin filament, skeletal muscle contraction, regulation of muscle contraction and muscle contraction
signalling are highlighted. (D) The heat map analysis showing the differentially regulated skeletal muscle development genes, data were
presented as log,(FPKM+1). (E) Validation of identified muscle cell self-renewal-related genes through FPKM (Reads Per Kilobase of

exon model per Million mapped reads, FPKM >1) in MRTF-A knockdown or control muscle cells. (F) Validation of identified muscle cell
differentiation related genes through FPKM. *p < 0.05, **p < 0.01

(1:200, cat. no. orb1706, Biorbyt), PAX7 (1:500, cat. no. abs124153, antibodies for 10 min at room temperature. After washing and hae-
Absin) and Desmin (1:200, cat. no. ab15200, Abcam) overnight at matoxylin restaining, the stained slides were observed by Olympus
4°C. Sections were then incubated with biotin-labelled secondary BX53 microscope (Olympus, Tokyo, Japan).
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2.14 | Immunofluorescence staining

Immunofluorescence assay was performed to determine the ef-
fects of different treatment on cell commitment towards differ-
entiation. Briefly, myoblast cells grown on glass coverslips were
firstly washed with PBS for three times and then fixed with 4% for-
maldehyde for 20 min and permeabilized in 0.2% Triton X-100 for
15 min. Thereafter, the cells were blocked non-specific binding by
incubating with 5% bovine serum albumen (BSA) in PBS for 1 h and
incubated with primary antibodies diluted in 1% BSA at 4°C over-
night, followed by incubation with the corresponding fluorophore-
conjugated secondary antibodies (1:400, cat. no. BA1101/BA1032,
FITC/Cy3-labelled IgG, Boster, China) in dark for 1 h at room temper-
ature. After washing with PBS for five times, cell nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) for 20 min in dark. The
primary antibodies used were as follows: PAX7 (1:200, cat. no. sc-
81648, Santa Cruz), MyoD (1:300, cat. no. NB100-56511, Novus),
MyoG (1:500, cat. no. M5815, Sigma-Aldrich) and MyHC (cat. no.
MF20, 1:500, DSHB). The coverslips were imaged using Olympus
FV3000 confocal microscope (Olympus, Tokyo, Japan). All immu-
nostaining was performed in three independent experiments, and at

least six views were captured from each cell well.

2.15 | Electrophoretic Mobility Shift Assay (EMSA)
According to the CArG box sequences of PAX7 promoter, we designed
the specific probes for EMSA detection. The double-strand DNA
probes containing the CArG box 1 were Probel-F (5'-AAACCCAAATT
TGCCAGTGAAGAGCTACCAA AC-3') and Probe1-R (5'-GTTTGGTAG
CTCTTCACTGGCAAATTTGGGTTT-3'), as well as Probe2-F (5'-CTGC
CATACCAGGAGGGTGTTGGTGGGGGTAG-3') and Probe2-R (5'-CTA
CCCCCACCAACACCCTCCTGGTATGGCAG-3') for CArG box 2. Both
biotin end-labelled probes and unlabelled oligonucleotides were syn-
thesized by Genewiz (Suzhou, China). EMSA was performed using the
Chemiluminescent Nucleic Acid Detection Module Kit (cat. no. 89880,
Thermo Scientific) according to the manufacturer's instructions. In de-
tail, the nuclear extracts of C2C12 cells were prepared for the next
step. Protein-DNA binding reactions were conducted in 20 pl volume
containing nuclear extracts and biotin-labelled probes, while biotin-
labelled probes without nuclear extracts were used as the negative
control, and a combination of nuclear extracts, biotin-labelled probes
and unlabelled probe (200x) were incubated for competition. The

mixed reaction products were separated by a 6% polyacrylamide gel,

and then, the protein-DNA complexes were transferred to a positively
charged nylon membrane. Finally, the membrane was cross linked and

detected by chemiluminescence.

2.16 | Chromatin immunoprecipitation (ChlP) assay
ChIP assay was performed using SimpleChIP® Enzymatic Chromatin
IP Kit (Agarose Beads) (cat. no. 9003S, Cell Signaling Technology)
according to the manufacturer's protocols. Firstly, the C2C12 cells
were incubated with 1% formaldehyde to crosslink nuclear proteins
and chromatin for 10 min at room temperature. After treatment
with PBS and PIC, the cell nucleus was extracted by centrifugation
at 4°C, and then, the nuclear chromatin was sheared to small frag-
ments (200-300 bp) by 0.5 pL micrococcal nuclease treatment and
sonication. Different antibodies including MRTF-A (1:200, cat. no.
147608, Cell Signaling Technology), Normal Rabbit 1gG (negative
control) and Histone H3 Antibody (positive control) were added to
immunoprecipitate the sheared DNA overnight at 4°C. The pulled
down DNA from the treated samples and the input was analysed by
direct PCR and SYBR Green gPCR assay. Primers used for ChlP are
given in Table S1.

2.17 | Statistical analysis

All data are obtained based on at least three independent experiments
for each treatment. Student's t test was used to analyse the statisti-
cal difference between two groups. The significant variation among
multiple groups was determined by one-way analysis of variance with
Tukey's post hoc test. Data are expressed as the mean + standard
error of the mean (SEM). Data analysis was performed using SPSS
software (version 20.0; Illinois). Statistical significance was achieved
when the value of p < 0.05 (*p < 0.05, **p < 0.01 and ***p < 0.001).

3 | RESULTS

3.1 | MRTF-A knockdown impacts the skeletal
muscle regulation involving genes

To investigate the differential effects of MRTF-A on a global tran-
scriptome changes in muscle cells, we first constructed the C2C12
cells with stable MRTF-A knockdown (shRNA-MRTF-A) or control

FIGURE 2 Up-regulation of MRTF-A and PAX7 during muscle cell differentiation and muscle regeneration. (A) MRTF-A and PAX7
presented the same expression patterns during satellite cells (SCs) differentiation. The gPCR assay was conducted using sorted SCs, SCs
maintained in growth medium (GM), and SCs at days 1, 2 or 3 of differentiation in differentiation medium (DM). (B) The mRNA expression

of the MRTF-A and PAX7 genes in differentiating C2C12 cells. (C) Haematoxylin-eosin stain was performed to assess the muscle repair after
CTX injection for 1, 5, 7 and 10 days. NS represented the normal saline-treated group. Scale bar, 50 um. (D) The MRTF-A mRNA expression
in NS control and muscle tissue after CTX injection for O, 1, 3, 5, 7, 10 and 14 days. (E) The PAX7 mRNA expression in NS control and muscle
tissue after CTX injection for 0, 1, 3, 5, 7, 10 and 14 days. (F) The protein level of the MRTF-A and PAX7 in CTX-injected tissues. (G) The
densitometric quantification analysis of three independent Western blot experiments. The B-actin was used to serve as a loading control.

**p < 0.01
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(shRNA-control), and total RNA was isolated and subjected to
RNA-seq analysis. The mRNA and protein level of the MRTF-A gene
in shRNA-MRTF-A-transfected C2C12 cells were significantly re-
duced to 29.4% and 22.3% of the level in shRNA-control group,
respectively, as determined prior to sequencing (Figure 1A). A vol-
cano plot analysis revealed that a total of 1084 up-regulated and
943 down-regulated genes were determined in MRTF-A knock-
down C2C12 cells based on the significance criterion (p-value)
(Figure 1B). Next, we performed GO enrichment analysis, and the
results showed that the biological processes including striated
muscle thin filament and skeletal muscle contraction were en-
riched (Figure 1C). To further identify the functional genes related
to skeletal muscle development, we listed 25 representative up-
regulated and 15 down-regulated genes as a heat map. As shown in
Figure 1D, the expression levels of PAX3 and PAX7 were decreased,
while the other myogenic genes including Myh1, Myh3, MyoD and
MyoG were increasingly expressed in response to MRTF-A knock-
down. The significant expression alterations of these genes were
demonstrated according to FPKM value in shRNA-MRTF-A and
shRNA-control transfected C2C12 cells (Figure 1E and F). Previous
studies revealed that PAX7 and PAX3 play crucial roles in muscle
stem cell quiescence and activation, and Myh1, MyoD and MyoG
contribute to skeletal muscle cell differentiation.?”?® Therefore,
the RNA-seq data suggest that MRTF-A may participate in skel-
etal muscle development and regeneration by regulating the cor-

responding target genes.

3.2 | Consistent expression of MRTF-A and
PAX7 during myoblast differentiation and muscle
regeneration

The other family members of the Myocardin transcription factors
are predominantly implicated in the regulation of vascular smooth
muscle and skeletal muscle differentiation.?*° Considering the in-
hibitory role of MRTF-A knockdown in PAX7 expression, we ask
whether MRTF-A associates with myoblast cell commitment and
muscle regeneration. First, we isolated the SCs from murine skel-
etal muscle and examined the expression pattern of MRTF-A and
PAX?7 during proliferation and differentiation of SCs (Figure 2A) and
C2C12 cells (Figure 2B) in vitro. As expected, MRTF-A and PAX7 ex-
pression was elevated when SCs or C2C12 cells were activated to
proliferate, whereas their expressions declined when the cells were
induced to differentiate into myotubes. Moreover, to address if
MRTEF-A, similar to PAX7, is involved in muscle regeneration in vivo,
we used the mouse model for muscle degeneration and regeneration
by CTX injection. Severe damage was observed at 5 days, and the
repair was almost completed at 10 days (Figure 2C). Consistently, we
detected the highest mRNA expression levels of MRTF-A and PAX7
at 5 days, which then gradually diminished from 7 days to 14 days
post-injection (Figure 2D and E). Similar protein levels were also
confirmed by Western blot (Figure 2F and G) and immunohisto-
chemistry (Figure S1). In addition, we isolated the SCs from murine

TA muscles at 1, 5 and 10 days post-CTX injection, respectively, and
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FIGURE 3 MRTF-A promotes the proliferation of myoblast. (A) C2C12 myoblasts were transfected with pCDH-vector or pCDH-MRTF-A,

and cell proliferation was assessed using 5'-Ethynyl-2'-deoxyuridine

(EdU) assay. The scale bar represents 100 pm. (B) The percentage of

EdU-positive cells was analysed in figure (A). (C) The EdU assay was used to detect the cell proliferation of C2C12 cells that was transfected
with shRNA-control or shsRNA-MRTF-A. The scale bar represents 100 um. (D) The percentage of EdU-positive cells was analysed in figure
(C). Cell proliferation was detected using the cell counting kit-8 (CCK-8) assay in C2C12 cells with MRTF-A overexpression (E) and MRTF-A
knockdown (F) comparing to control groups. (G, H) The mRNA levels of the proliferation marker gene CyclinD1 and PCNA were quantified
using gPCR. Data are presented as means + SEM for three independent experiments. *p < 0.05, **p < 0.01.
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FIGURE 4 MRTF-A overexpression inhibits myoblast commitment towards differentiated cells. (A) Coimmunostaining for PAX7 (red) and
MyoD (green) of C2C12 control cells, MRTF-A knockdown and MRTF-A overexpression C2C12 cells at 0, 12 and 24 h. The representative
images of each group are shown. The inset photograph (large box) represented the higher magnification (200x) of the C2C12 cells from

the small box. The scale bar represents 100 um. (B) Percentage of PAX7"/MyoD~, PAX7"/MyoD* and PAX7 /MyoD" cells were analysed
during onset of the differentiation process in 15 different microscopic fields. The data show mean values of the percentage of cells on
three different slides, error bars represent standard error of the mean. The experiment was repeated twice with similar results. (C) The
MRNA expression of potential PAX7-target genes in C2C12 cells. C2C12 cells were divided into three groups: stably transfected pCDH-
vector, stably transfected pCDH-MRTF-A, transfected siRNA-PAX7 in stably transfected pCDH-MRTF-A cells. (D) The mRNA expression
of potential PAX7-target genes by rescuing of the MRTF-A knockdown C2C12 cell with PAX7 overexpression (PAX7 OE). C2C12 cells

were divided into three groups: stably transfected shRNA vector, stably transfected shRNA-MRTF-A, transfected pCDH-PAX7 in stably

transfected shRNA-MRTF-A cells. *p < 0.05, **p < 0.01
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FIGURE 5 MRTF-A inhibits the differentiation of myoblast. (A) The mRNA expression of MRTF-A, PAX7, MyoD and MyoG in C2C12 cells
transfected with pCDH-vector or pCDH-MRTF-A. (B) Western blot for MRTF-A, PAX7, MyoD and MyoG in C2C12 cells transfected with
pCDH-vector or pCDH-MRTF-A. (C, D) The mRNA and protein level of MRTF-A, PAX7, MyoD and MyoG in C2C12 cells transfected with
shRNA-control and shRNA-MRTF-A. The densitometric quantification was analysed from three independent Western blot experiments

(B, D). GAPDH expression was analysed to ensure equal loading of samples. (E) The differentiation of C2C12 cells stably overexpressing
MRTF-A was examined by staining for MyoG after 0 d (DO) and 3 d (D3) of culture in DM. Cells with an empty vector as the control. (F) The
graph shows MyoG-positive cells as a proportion of total cell number (shown by DAPI staining) for MRTF-A-overexpressing cells compared
to control cells. (G) MyHC immunocytochemistry (red) for MRTF-A overexpressing cells and control cells (pCDH-vector) at DO and D3 of
differentiation. (H) Number of fibres per field of view and number of nuclei per fibre in images used for counting in (G), shown relative to

control cells, *p < 0.05, **p < 0.01

performed immunofluorescence for PAX7, MyoD and MyoG. The re-
sults showed increased numbers of PAX7* SCs at 5 days but reduced
PAX7" SCs at 10 days. Conversely, declining MyoD* and MyoG* SCs
were observed at 5 days, however, they climbed up to a high level
at 10 days (Figure S2A). The results were also verified by Western
blot (Figure S2B). Based on these findings, we conclude that MRTF-A
is involved in the early muscle repair along with SCs activation and
proliferation and displays a consistent expression with the SCs
marker PAX7.

3.3 | Forced expression of MRTF-A enhances
myoblast proliferation

The acceleration of MRTF-A level in early injury indicates its po-
tential role in muscle cell expansion. To assess whether MRTF-A
contributes to the proliferation of undifferentiated myoblasts, we
generated the C2C12 cells with stable MRTF-A overexpression
(pCDH-MRTF-A) and MRTF-A knockdown (shRNA-MRTF-A), as
well as the control groups pCDH-vector and a scrambled shRNA-
control, respectively. EAU assay was used to evaluate cell prolif-
eration, and the results showed that the MRTF-A overexpression
significantly promoted mitotic activity in comparison to the
control C2C12 cells (Figure 3A and B). The effect was reversed
in MRTF-A knockdown C2C12 myoblasts (Figure 3C and D). Cell
proliferation was also analysed using the CCK-8 assay. Similarly,
we found that exogenous overexpression of MRTF-A resulted
in a significant increase of C2C12 cell proliferation (Figure 3E),
while down-regulation of MRTF-A caused decreased proliferation
(Figure 3F). Besides the cell phenotypic characteristics, elevated
expression of the marker genes for cell proliferation (Cyclin D1 and
PCNA) was investigated in C2C12 cells with MRTF-A overexpres-
sion compared to the knockdown group, which were detectible
at the mRNA level (Figure 3G and H). In addition, we found that
MRTF-A overexpression or knockdown had no effects on C2C12
cell apoptosis (Figure S3A and B). Collectively, these data indicate
that MRTF-A promotes the myoblast proliferation.

3.4 | MRTF-A regulates myoblast heterogeneity by
enhancing PAX7 levels

The three typical clusters of muscle cell progeny including self-
renewing (PAX7'/MyoD"), proliferating (PAX7*/MyoD") and

differentiating (PAX7 /MyoD") are commonly used for evaluating
cell heterogeneity.®! To further explore whether MRTF-A regu-
lates the myoblast commitment towards differentiation, the coex-
pression of PAX7 and MyoD was detected during the first 24 h of
the differentiation process (Figure 4A). In control C2C12 cells at
0 h, the proportions of PAX7"/MyoD~, PAX7*/MyoD" and PAX77/
MyoD* cell populations were 52.3%, 39.6% and 8.1%, respectively.
In MRTF-A overexpressed cells, the pool of progenitors, PAX7"/
MyoD", was significantly replenished among the three time points.
Moreover, the population of PAX7 /MyoD" cells in MRTF-A
knockdown group was drastically increased in favour of PAX7"/
MyoD~ and PAX7"/MyoD" cells (Figure 4B). We next assessed
whether MRTF-A regulates transcription profile of PAX7 and its
downstream genes. The results showed that PAX7 and its target
genes including Lix1, Mest, PlagL1 and Ciparl were significantly
increased in MRTF-A overexpressed cell, while Igfbp2, a gene
that is negatively regulated by PAX7, was reduced. The levels of
these genes can be returned by simultaneous knockdown of PAX7
(Figure 4C). Moreover, the effects were reversed when PAX7 was
overexpressed in MRTF-A knockdown cell (Figure 4D). Together,
our results demonstrate that the MRTF-A is required for PAX7-

mediated myoblast commitment.

3.5 | Forced expression of MRTF-A inhibits
myoblast cell differentiation

Increased PAX7 /MyoD" cell population is required to initiate
myogenic differentiation. Since the number of PAX7"/MyoD" cells
was negatively correlated with MRTF-A expression, we next ex-
amined whether MRTF-A can regulate the differentiation of myo-
blasts into myotubes. First, we confirmed the overexpression of
MRTF-A in C2C12 cells at the mRNA and protein level (Figure 5A
and B). In addition, the increased PAX7 and decreased expressions
of MyoD and MyoG were also identified in response to MRTF-A
overexpression, while both MyoD and MyoG were up-regulated
in C2C12 cells lacking MRTF-A (Figure 5C and D). We also placed
MRTF-A overexpressed C2C12 cells in differentiation medium for
0 and 3 days, respectively, and the extent of differentiation was
quantified by immunofluorescence assay for MyoG and MyHC. As
shown in Figure 5E and F, the differentiation was inhibited to a
much lower extent in MRTF-A overexpressed cell, as evidenced
by fewer MyoG" cells (Figure 5G) and reduced muscle fusion
(myotube numbers and number of nuclei in MyHC* myotubes)
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compared with control cells (Figure 5H), indicating that MRTF-A is

involved in the suppression of myogenic differentiation.

3.6 | Lentivirus with MRTF-A injection in mice
attenuates satellite cell differentiation and muscle
regeneration

To further characterize the role of MRTF-A in muscle develop-
ment, we induced acute muscle damage by CTX injection in mice
and assessed muscle regeneration capacity when MRTF-A was
overexpressed by lentivirus injection. The expression of MRTF-A
was confirmed at 3 days post-lentivirus injection (Figure 6A). As ex-
pected, the PAX7 expression was increased, while MyoD and MyoG
were markedly reduced when MRTF-A was overexpressed in both
CTX- and saline-injected muscles (Figure 6B). Moreover, consist-
ent results of the protein levels were also detected at 5 days after
CTX injection (Figure 6C). To determine the effects of MRTF-A on
SCs quiescence and differentiation, we isolated the fresh SCs from
MRTF-A overexpressed or control muscles and performed the im-
munostaining for PAX7, MyoD and MyoG. The results showed that
PAX7* cells were higher (Figure 6D); however, the proportions of
MyoD* and MyoG* cells were much lower in MRTF-A overexpressed
muscles compared to control muscles (Figure 6E and F), indicating
that the SCs were primed less for differentiation. Moreover, the
muscle regeneration was also evaluated by H&E or Desmin stain-
ing. As shown in Figure 6G, the control muscles were composed of
more regenerating myofibres (centralized nuclei) than Lenti-MRTF-
A-injected muscle at 5 and 10 days post-injury (Figure 6H). Similarly,
Desmin-positive myofibres were remarkably reduced in muscles
with MRTF-A overexpression at 5 days after injury and were still
fewer in number and immature at 10 days after injury. Taken to-
gether, the in vivo data convincingly suggest that MRTF-A activation
impairs muscle regeneration by enhancing PAX7 and disallowing SCs
commitment to differentiation.

3.7 | MRTF-A promotes the PAX7 expression by
binding to its promoter region

Given that PAX7 contributes to muscle cell proliferation and dif-
ferentiation by targeting the myogenic genes, such as MyoD and
Myo0G,3?33 we hypothesized that MRTF-A may governs cell commit-
ment by directly regulating PAX7 expression. To test this possibil-
ity, we analysed that the promoter sequences of the PAX7 gene and
found two CArG box regions in -2345/-2335 (Car1) and -2285/-2276
(Car2) position of the PAX7 promoter, respectively. Next, the reporter
plasmids were constructed, containing either a wild-type (WT), Carl
deleted (Cut-1), Car2 deleted (Cut-2), Carl mutated (Mutation-1)
or Car2 mutated (Mutation-2), and then sequenced the plasmids
(Figure S4). Luciferase activity assay revealed that cells transfected
with Cut-1 or Mutation-1 displayed significantly decreased tran-
scriptional activity than WT (Figure 7A). MRTF-A overexpression or

knockdown markedly promoted or inhibited the luciferase activity of
WT group, respectively (Figure 7B). However, the corresponding ef-
fects disappeared when MRTF-A was co-transfected with the Cut-1
plasmid (Figure 7C). In addition, EMSA was performed to confirm the
direct binding of MRTF-A to the CArG box. To ensure the specific
binding of MRTF-A to the probe, unlabelled probes were added as
competitors prior to the addition of the labelled probe. As shown in
Figure 7D, a specific protein-DNA complex was supershifted in cells
using CArG box 1 probe. To characterize the interaction between
nuclear extracts and the target sequence in vivo, we established a
ChIP assay and revealed a parallel result to EMSA that an expected
fragment was detected in the CArG box 1 group by PCR (Figure 7E)
and gPCR (Figure 7F), while no fragment was generated by amplifi-
cation targeting CArG box 2. All these data indicated that MRTF-A
could promote the PAX7 transcription by directly binding to the
CArG box 1 recognition element.

4 | DISCUSSION

Cell-based muscle regeneration is considered a heterologous or
autologous approach to reconstitute and ameliorate muscle dystro-
phy.24% However, the depletion of satellite cells can severely com-
promise muscle regeneration due to continuous rounds of muscle
degeneration and repair. The process of self-renewal of satellite
cells is an important internal driver for maintaining and replenish-
ing the muscle stem cell niche.®® Given the high expression patterns
in quiescent satellite cells and their proliferating myoblast progeny,
PAX7 functions as a molecular switch to instruct the myogenic fate

.37 Although a previous study reported that reduction

of myoblas
or removal of PAX7 remarkably inhibits myoblast self-renewal and
is a key prerequisite for muscle cell differentiation,®® the molecular
mechanism that regulates and retains the PAX7 level during muscle
regeneration needs to be fully defined. In this study, we described a
novel mechanism whereby MRTF-A contributes to the elevated ca-
pacity of myoblast commitment towards differentiation by directly
binding to the PAX7 promoter.

Since MRTFs were discovered as the partner proteins of SRF
to regulate skeletal muscle growth, maturation and regenera-

3940 substantial studies were established to explore the exact

tion,
role and mechanisms of MRTF members. MASTR was reported to
enhance the differentiation and impair proliferation by activating
the transcriptional expression of MyoD.?° Selvaraj et al. revealed
that MKL2/MRTF-B contributed to the differentiation process
from myoblasts to myotubes in vitro by regulating the skeletal
a-actin and a-myosin heavy chain, while no activated event of
MKL1/MRTF-A (nucleus entry) was determined,?® suggesting that
MRTF-A may play contrasting roles with other MRTFs members.
Herein, we report the declining expression of MRTF-A at the late
stages of muscle regeneration and investigated the inhibitory ef-
fects of MRTF-A on myoblast differentiation. Our results were
consistent with those of Holstein et al.** who found that miR-

24-3p/miR-486-5p-mediated MRTF-A reduction was observed



8658 SONG ET AL.
—LWI LEY

A pGL3-Basic
Wi — ~ mr
I—} T**
Cut-1" —e
*
Cut2 — x ™ v
Mutation-1 —— ot I" Luc
Mutation-2 —— o I" Luc
0 5 10 15 20 25
Relative Luciferase Activity
B c 351
> 307 &= Cut1 L
> S 251 mm Cut2
£ S 201
= © 154
Q o
© _
2 g 10
© o
o S
'S 3
2 o
o 2
& B
it °
&’ 4
pCDH-vector + - - - pCDH-vector + - - - + - - -
pCDH-MRTF-A — + - - pCDH-MRTF-A - + - - -+ - -
shRNA-control  — - + - shRNA-control - -+ - - -+ -
shRNA-MRTF-A — - - + shRNA-MRTF-A - - - + - - - +
D
CArG box1 Probe CArG box2 Probe
Unlabeled-Probes  — - 200 fold Unlabeled-Probes - - 200 fold
Nuclear Extracts  — + + Nuclear Extracts - + +
Biotin-Probes  + + + Biotin-Probes + + +
— ey
E F
« ot% 0.05
£ N
£ D & i
o S 0.04
S o v
S & &
S & o G 0.03-
\QQ Q€ ) P <

0.02

0.01
0.00-

Percentage of input (%)

CArG box 1 CArG box 2



SONGET AL.

WiILEY-L%¥

FIGURE 7 MRTF-A regulates PAX7 expression by directly binding to the CArG box region of the PAX7 promoter. (A) Promoter activity

of the PAX7 gene with WT, Cut-1 (CArG box 1 cut-down), Cut-2 (CArG box 2 cut-down), Mutation-1 (CArG box 1 mutation) and Mutation-2
(CArG box 2 mutation) promoters by dual-luciferase reporter assay. (B) The effects of MRTF-A on promoter activity of the PAX7 gene. The
pCDH-vector, pCDH-MRTF-A, shRNA-control and shRNA-MRTF-A were co-transfected with dual-luciferase reporter plasmids, respectively.
(C) The effects of MRTF-A on promoter activity of the PAX7 gene with Cut-1 or Cut-2 promoter. The pCDH-vector, pPCDH-MRTF-A, shRNA-
control and shRNA-MRTF-A were co-transfected with Cut-1 or Cut-2 plasmid, respectively. (D) Detection of interaction of MRTF-A and
CArG box 1 or CArG box 2 within the PAX7 promoter by EMSA. A complete set of three reactions was performed using the nuclear extracts
prepared from normal C2C12 cells. The 200-fold of unlabeled probes were used as specific competitors to demonstrate that the signal shift
observed results from specific protein: DNA interaction. Arrowhead shows the specific complex. (E) The binding of the MRTF-A on CArG
box of the PAX7 gene promoter by ChIP assay. Histone H3 Antibody treatment was used as the positive control. (F) The percentage of input

in 1IgG and MRTF-A antibody-treated groups. *p < 0.05, **p < 0.01

during differentiation of murine C2C12 and primary human
myoblast. The distinct functions may attribute to the alternative
protein structures where MRTF-A lack of the N-terminal region,
which is present in MRTF-B, demonstrates an intensive interac-
tion with SRF in mammalian cells.*? In addition, we also identified
that MRTF-A promoted the PAX7*/MyoD™ myoblast population
proportion in vitro and significantly increased PAX7 positive cells
in muscle injected by lentivirus in vivo. Extensive studies indicated
that PAX7 is indispensable for SCs self-renewal that account for
supplementing the reservoir of SCs and driving muscle regener-
ation.*® Yu et al. reported that MRTF-A had positive effects on
self-renewal capability in glioblastoma cells.** However, whether
MRTF-A regulates SCs self-renewal and the regulatory mecha-
nisms have to be elaborated further.

Our study adds the MRTF transcriptional factor family to multi-
ple regulators that drive the PAX7 expression in myoblast to affect
adult muscle regeneration. Post-transcriptional (ie miRNAs) or post-
translational (ie NEDD4) modifications have been described in pre-
vious studies to regulate the lineage specification and cell fate of
the myoblast subpopulation by fine-tuning PAX7 levels.*>**” MRTFs
have been reported to couple extracellular signalling to adjust MyoD
expression and alterations from SCs niche to SC activation.*® Our
findings demonstrated that MRTF-A and PAX7 presented reduced
expressions in differentiated myoblasts and that MRTF-A performed
an operative role in regulating PAX7 levels. Precise manipulation of
PAX7 expression is required for mediating SC heterogeneity, and the
myoblast with PAX7 down-regulation is primed more for myogenic
differentiation through MyoD alteration.®® In addition, the PAX7-
MyoD protein ratios can determine the self-renewal, proliferation
and differentiation of myoblasts.>**’ Here, we showed that MRTF-A
overexpression markedly reduced the PAX7 MyoD* populations that
towards differentiation, which raises the novel convincing evidence
that the MRTF-A acts as an effective sensor to regulate SCs cell fate
by governing the MRTF-A (high)-PAX7 or MRTF-A (low)-PAX7-MyoD
signalling axis. Interestingly, many studies reported that the genes
controlling SCs commitment and differentiation strongly contribute
to muscular pathogenesis. For instance, miRNA-431-PAX7 axis accel-
erates muscle regeneration and ameliorates muscular dystrophy by
regulating SCs heterogeneous population.*> Moreover, Wnt7a delays
the muscular dystrophy progression by stimulating SCs expansion in
mdx mice.”° Therefore, our findings about the role of MRTF-A in mus-
cle regeneration raises the possibility of therapeutic strategies that

inhibition of MRTF-A in myoblast, whether by dominant-negative ex-
pression or antagonist treatment, will benefit patients with muscular
disorders.

The regulation of SRF through CArG elements are required for
the transcription of a wide variety of myogenic genes involved in
differentiation and muscle regeneration.>>? Considering the ubig-
uitous expression of SRF, exploring the key factors that contribute
to muscle-specific transcription is critical to elucidate its regula-
tory mechanisms. In this study, we unveiled the novel functions of
MRTEF-A as a transcriptional coactivator of PAX7 in myoblast prolif-
eration and differentiation by interaction with CArG box elements
within PAX7 promoter. Further compelling experimental evidence
in this study includes site-directed mutagenesis, EMSA and the
ChIP assay, which revealed that it is the distal CArG box (-2345
to -2335 bp), but not the proximal CArG box (-2345 to -2335 bp),
interacting with MRTF-A in the requirement for myoblast prolifera-
tion and differentiation. Interestingly, Kim et al.>® reported that the
proximal CArG box within the a-actin promoter was responsible for
the Epcl binding and synergistic activation of downstream genes
that modulate skeletal muscle differentiation, suggesting that the
coactivator of SRF presents a selective mode that accounts for the
position of CArG elements. Our findings are relevant not only to
establish the MRTF-A as an important determinant in muscle re-
generation, but also to clarify the regulatory mechanism of MRTF-A
through interacting with the PAX7 promoter CArG box.

In conclusion, our study is, to our knowledge, the first to high-
light the regulatory function of MRTF-A in regulating myoblast com-
mitment during muscle regeneration by targeting PAX7. Consistent
expression profiling of MRTF-A and PAX7 was demonstrated from
acute muscle injury to coordinate repair. Overexpression of MRTF-A
enhances the proliferation process and impairs the myoblast dif-
ferentiation and myotube formation. We further delineated the
mechanism that MRTF-A participates in the committed myoblast
phenotypic regulation by directly binding to the CArG box element
(Car1) of the PAX7 promoter. Overall, the identification and assess-
ment of the MRTF-A function in this study represent an important
advance in our understanding of the role of Myocardin family in
satellite cell biology and open novel avenues to explore promising
stem cell-based therapy for muscle degenerative diseases. The ex-
tent of the contribution of MRTF-A in the molecular mechanism and
regulatory networks of myogenic cell fate determination and muscle
regeneration requires further exploration.



SONG ET AL.

8660
—I—Wl LEY

ACKNOWLEDGEMENTS

This study was supported by the National
Foundation of China (Grant No. 31600617, 81802008), Scientific
Research Project of Hubei Province (Q20181102) and Foundation of
Wuhan University of Science and Technology (2016xz036).

Natural Science

CONFLICT OF INTEREST

The authors have declared no conflict of interest.

AUTHOR CONTRIBUTIONS
Ruhui Song: Data curation (equal); Project administration (lead);
Writing-review & editing (supporting). Shengnan Zhao: Data cu-

ration (equal); Project administration (equal); Writing-original

draft (equal). Yue Xu: Data curation (equal); Project administra-
tion (equal); Writing-original draft (equal). Jian Hu: Formal analysis
(equal); Methodology (equal). Shuangao Ke: Data curation (equal);
Methodology (equal); Visualization (equal). Fan Li: Investigation
(equal); Methodology (equal). Gaohui Tian: Methodology (equal);
Resources (equal). Xiao Zheng: Data curation (equal); Methodology
(equal). Jiajun Li: Data curation (equal); Methodology (equal). Lixing
Gu: Conceptualization (lead); Writing-review & editing (lead). Yao

Xu: Conceptualization (lead); Writing-review & editing (lead).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Yao Xu "= https://orcid.org/0000-0001-7926-3791

REFERENCES

1. Feige P, Brun CE, Rudnicki RM, Rudnicki MA. Orienting muscle
stem cells for regeneration in homeostasis, aging, and disease. Cell
Stem Cell. 2018;23(5):653-664.

2. Shieh PB. Muscular dystrophies and other genetic myopathies.
Neurol Clin. 2013;31(4):1009-1029.

3. McCarthy JJ, Mula J, Miyazaki M, et al. Effective fiber hyper-
trophy in satellite cell-depleted skeletal muscle. Development.
2011;138(17):3657-3666.

4. Murphy MM, Lawson JA, Mathew SJ, Hutcheson DA, Kardon
G. Satellite cells, connective tissue fibroblasts and their in-
teractions are crucial for muscle regeneration. Development.
2011;138(17):3625-3637.

5. Schmidt M, Schuler SC, Huittner SS, von Eyss B, von Maltzahn J.
Adult stem cells at work: regenerating skeletal muscle. Cell Mol Life
Sci. 2019;76(13):2559-2570.

6. Qazi TH, Duda GN, Ort MJ, et al. Cell therapy to improve regen-
eration of skeletal muscle injuries. J Cachexia Sarcopenia Muscle.
2019;10(3):501-516.

7. Finnerty CC, McKenna CF, Cambias LA, et al. Inducible satellite cell
depletion attenuates skeletal muscle regrowth following a scald-
burn injury. J Physiol. 2017;595(21):6687-6701.

8. Chargé SBP, Rudnicki MA. Cellular and molecular regulation of
muscle regeneration. Physiol Rev. 2004;84(1):209-238.

9. Dumont NA, Bentzinger CF, Sincennes MC, Rudnicki MA.
Satellite cells and skeletal muscle regeneration. Compr Physiol.
2015;5(3):1027-1059.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bachman JF, Klose A, Liu W, et al. Prepubertal skeletal muscle
growth requires Pax7-expressing satellite cell-derived myonuclear
contribution. Development. 2018;145(20):dev167197.

von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is critical for
the normal function of satellite cells in adult skeletal muscle. Proc
Natl Acad Sci USA. 2013;110(41):16474-16479.

Pasut A, Chang NC, Gurriaran-Rodriguez U, et al. Notch signaling
rescues loss of satellite cells lacking Pax7 and promotes brown adi-
pogenic differentiation. Cell Rep. 2016;16(2):333-343.

Relaix F, Rocancourt D, Mansouri A, Buckingham M. Divergent
functions of murine Pax3 and Pax7 in limb muscle development.
Genes Dev. 2004;18(9):1088-1105.

Bi P, McAnally JR, Shelton JM, et al. Fusogenic micropeptide
Myomixer is essential for satellite cell fusion and muscle regenera-
tion. Proc Natl Acad Sci USA. 2018;115(15):3864-3869.
Kassar-Duchossoy L, Giacone E, Gayraud-Morel B, et al. Pax3/Pax7
mark a novel population of primitive myogenic cells during develop-
ment. Genes Dev. 2005;19(12):1426-1431.

Marg A, Escobar H, Karaiskos N, et al. Human muscle-derived
CLEC14A-positive cells regenerate muscle independent of PAX7.
Nat Commun. 2019;10(1):5776.

Gros J, Manceau M, Thomé V, Marcelle C. A common somitic or-
igin for embryonic muscle progenitors and satellite cells. Nature.
2005;435(7044):954-958.

Zammit PS, Relaix F, Nagata Y, et al. Pax7 and myogenic pro-
gression in skeletal muscle satellite cells. J Cell Sci. 2006;119(Pt
9):1824-1832.

Kuwahara K, Barrientos T, Pipes GC, Olson LS, Li S, Olson EN.
Muscle-specific signaling mechanism that links actin dynamics to
serum response factor. Mol Cell Biol. 2005;25(8):3173-3181.

Meng C, He Y, Wei Z, et al. MRTF-A mediates the activation of
COL1A1 expression stimulated by multiple signaling pathways in
human breast cancer cells. Biomed Pharmacother.2018;104:718-728.
Trembley MA, Quijada P, Agullo-Pascual E, et al. Mechanosensitive
gene regulation by myocardin-related transcription factors is re-
quired for cardiomyocyte integrity in load-induced ventricular hy-
pertrophy. Circulation. 2018;138(17):1864-1878.

Cenik BK, Liu N, Chen B, et al. Myocardin-related transcription fac-
tors are required for skeletal muscle development. Development.
2016;143(15):2853-2861.

Selvaraj A, Prywes R. Megakaryoblastic leukemia-1/2, a transcrip-
tional co-activator of serum response factor, is required for skeletal
myogenic differentiation. J Biol Chem. 2003;278(43):41977-41987.
Li S, Czubryt MP, McAnally J, et al. Requirement for serum re-
sponse factor for skeletal muscle growth and maturation revealed
by tissue-specific gene deletion in mice. Proc Natl Acad Sci USA.
2005;102(4):1082-1087.

Sakuma K, Akiho M, Nakashima H, Akima H, Yasuhara M. Age-
related reductions in expression of serum response factor and
myocardin-related transcription factor A in mouse skeletal muscles.
Biochim Biophys Acta. 2008;1782(7-8):453-461.

Mokalled MH, Johnson AN, Creemers EE, Olson EN. MASTR di-
rects MyoD-dependent satellite cell differentiation during skeletal
muscle regeneration. Genes Dev. 2012;26(2):190-202.

Calhabeu F, Hayashi S, Morgan JE, Relaix F, Zammit PS. Alveolar
rhabdomyosarcoma-associated proteins PAX3/FOXO1A and
PAX7/FOXO1A suppress the transcriptional activity of MyoD-
target genes in muscle stem cells. Oncogene. 2013;32(5):651-662.
Sato T. Induction of skeletal muscle progenitors and stem cells
from human induced pluripotent stem cells. J Neuromuscul Dis.
2020;7(4):395-405.

Nagao M, Lyu Q, Zhao Q, et al. Coronary disease-associated
gene TCF21 inhibits smooth muscle cell differentiation by block-
ing the myocardin-serum response factor pathway. Circ Res.
2020;126(4):517-529.


https://orcid.org/0000-0001-7926-3791
https://orcid.org/0000-0001-7926-3791

Wi LEYM

SONGET AL.

30. CenikBK, LiuN, Chen B, Bezprozvannaya S, Olson EN, Bassel-Duby 45. Wu R, Li HU, Zhai L, et al. MicroRNA-431 accelerates muscle re-
R. Myocardin-related transcription factors are required for skeletal generation and ameliorates muscular dystrophy by targeting Pax7
muscle development. Development. 2016;143(15):2853-2861. in mice. Nat Commun. 2015;6:7713.

31. Olguin HC, Yang Z, Tapscott SJ, Olwin BB. Reciprocal inhibition be- 46. BustosF, de la Vega E, Cabezas F, et al. NEDD4 regulates PAX7 lev-
tween Pax7 and muscle regulatory factors modulates myogenic cell els promoting activation of the differentiation program in skeletal
fate determination. J Cell Biol. 2007;177(5):769-779. muscle precursors. Stem Cells. 2015;33(10):3138-3151.

32. GanassiM, Badodi S, Wanders K, Zammit PS, Hughes SM. Myogenin 47. Chen J-F, Tao Y, Li J, et al. microRNA-1 and microRNA-206 regulate
is an essential regulator of adult myofibre growth and muscle stem skeletal muscle satellite cell proliferation and differentiation by re-
cell homeostasis. Elife. 2020;9. pressing Pax7. J Cell Biol. 2010;190(5):867-879.

33. McKinnell IW, Ishibashi J, Le Grand F, et al. Pax7 activates myogenic 48. Olson EN, Nordheim A. Linking actin dynamics and gene tran-
genes by recruitment of a histone methyltransferase complex. Nat scription to drive cellular motile functions. Nat Rev Mol Cell Biol.
Cell Biol. 2008;10(1):77-84. 2010;11(5):353-365.

34. Farini A, Razini P, Erratico S, Torrente Y, Meregalli M. Cell 49. Gonzalez N, Moresco JJ, Cabezas F, et al. Ck2-dependent phos-
based therapy for Duchenne muscular dystrophy. J Cell Physiol. phorylation is required to maintain Pax7 protein levels in proliferat-
2009;221(3):526-534. ing muscle progenitors. PLoS One. 2016;11(5):e0154919.

35. Biressi S, Filareto A, Rando TA. Stem cell therapy for muscular dys- 50. von Maltzahn J, Renaud JM, Parise G, Rudnicki MA. Wnt7a treat-
trophies. J Clin Invest. 2020;130(11):5652-5664. ment ameliorates muscular dystrophy. Proc Natl Acad Sci U S A.

36. Kuang S, Gillespie MA, Rudnicki MA. Niche regulation of mus- 2012;109(50):20614-20619.
cle satellite cell self-renewal and differentiation. Cell Stem Cell. 51. Ross JA, Barrett B, Bensimon V, Shukla G, Weyman CM. Basal
2008;2(1):22-31. signalling through death receptor 5 and caspase 3 activates p38

37. Al Tanoury Z, Rao J, Tassy O, et al. Differentiation of the human kinase to regulate serum response factor (SRF)-mediated MyoD
PAX7-positive myogenic precursors/satellite cell lineage in vitro. transcription. J Mol Signal. 2020;14:1.

Development. 2020;147(12):dev187344. 52. L'honore A, Lamb NJ, Vandromme M, et al. MyoD distal regulatory

38. Cui S, Li L, Mubarokah SN, Meech R. Wnt/p-catenin signaling in- region contains an SRF binding CArG element required for MyoD
duces the myomiRs miR-133b and miR-206 to suppress Pax7 expression in skeletal myoblasts and during muscle regeneration.
and induce the myogenic differentiation program. J Cell Biochem. Mol Biol Cell. 2003;14(5):2151-2162.
2019;120(8):12740-12751. 53. Kim J-R, Kee HJ, Kim J-Y, et al. Enhancer of polycombl acts on

39. Cenik BK, Garg A, McAnally JR, et al. Severe myopathy in mice serum response factor to regulate skeletal muscle differentiation.
lacking the MEF2/SRF-dependent gene leiomodin-3. J Clin Invest. J Biol Chem. 2009;284(24):16308-16316.
2015;125(4):1569-1578.

40. Wallace MA, Della Gatta PA, Ahmad Mir B, et al. Overexpression of
striated muscle activator of rho signaling (STARS) increases C2C12
skeletal muscle cell differentiation. Front Physiol. 2016;7:7. SUPPORTING INFORMATION

41. Holstein |, Singh AK, Pohl F, et al. Post-transcriptional regulation of Additional supporting information may be found online in the
MRTF-A by miRNAs during myogenic differentiation of myoblasts. Supporting Information section.

Nucleic Acids Res. 2020;48(16):8927-8942.

42. Hanna M, Liu H, Amir J, et al. Mechanical regulation of the proan-
giogenic factor CCN1/CYRé1 gene requires the combined activities . . .
of MRTF-A and CREB-binding protein histone acetyltransferase. J How to cite this article: Song R, Zhao S, Xu'Y, et al. MRTF-A
Biol Chem. 2009:284(34):23125-23136. regulates myoblast commitment to differentiation by

43. Hindi SM, Kumar A. TRAF6 regulates satellite stem cell self- targeting PAX7 during muscle regeneration. J Cell Mol Med.
renewal and function during regenerative myogenesis. J Clin Invest. 2021;25:8645-8661. https://doi.org/10.1111/jcmm.16820
2016;126(1):151-168.

44. Yu OM, Benitez JA, Plouffe SW, et al. YAP and MRTF-A, transcrip-

tional co-activators of RhoA-mediated gene expression, are critical
for glioblastoma tumorigenicity. Oncogene. 2018;37(41):5492-5507.


https://doi.org/10.1111/jcmm.16820

