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Abstract: We investigated the molecular mechanisms involved in transforming growth factor beta 1 (TGF-B1)-
induced myogenic stem cell differentiation to smooth muscle cells. We isolated muscle-derived stem cells (MDSCs)
from gastrocnemius muscles following their identification by immunohistochemistry analysis of desmin and flow
cytometry analysis of SCA-1, CD34, and CD45. MDSCs at passage 3 (PP3) were cultured in vitro to examine the ef-
fects of MDSC induction. Gene ontology and KEGG pathway analyses were performed to analyze these differentially
expressed genes. Reduced representation bisulfite sequencing was performed in TGF-B1-treated and untreated
cells to evaluate differences in the methylation status and analyze the chromosomal distribution of differentially
methylated sites (DMSs). Significant morphological changes to cells were observed at PP3, and most PP3 cells were
positive for desmin and SCA-1, and were confirmed to be MDSCs. Results of western blot and immunohistochem-
istry analyses suggested that expressions of a-SMA and CNN1 significantly increased after treatment with TGF-31.
Global transcriptome analysis identified 1996 differentially expressed genes (MSC_TGFB1/MSC_NC). Results of
methylome analysis indicated that there were more hypermethylation sites in the untreated group than in the TGF-
B1-treated group. Most DMSs were hypermethylated, whereas a small portion was hypomethylated. The chromo-
somal distribution of DMSs indicated that chromosome 1 had the highest proportion of DMSs, whereas the Y chro-
mosome had the fewest DMSs. Sud2, Pcdh19, and Nat14 are potential core genes involved in cell differentiation.
These results may explain the mechanisms of cell differentiation and provide useful information regarding diseases
such as pelvic organ prolapse.
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Introduction tant research topic [4-6]. Muscle-derived stem
cells (MDSCs) are adult stem cells, which pos-
sess multidifferentiation potential, isolated
from skeletal muscle. In the human body, skel-
etal muscle is rich and easy to obtain; there-

fore, an increasing number of researchers have

Pelvic organ prolapse (POP) is a pelvic floor dis-
order that often occurs in women with pelvic
floor support defects. A previous study report-
ed that implantation of non-absorbable poly-

propylene mesh in the vagina is an effective
method for treating this disease [1]. However,
clinical trials found that adverse reactions,
such as mesh exposure and complications
caused by rejection [2], are common, with an
incidence of 10%-30% [3]. Methods to increase
the thickness of the vaginal mucosa and reduce
complications are required to resolve this.
Currently, there is the use of stem cells that are
implanted on synthetic material and induced
into smooth muscle cells has become an impor-

focused on this cell type [7]. A previous study
induced differentiation of MDSCs in smooth
muscle cells to treat urinary incontinence [8].

Transforming growth factor beta (TGF-B) is a
ubiquitous multifunctional regulator in humans
and has been shown to regulate cell growth, dif-
ferentiation, and injury repair [9]. It acts pre-
dominantly via the TGF-B-Smad signaling path-
way to exert its biological functions [10]. Smad
proteins are important signal transduction and
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are regulatory molecules for the TGF-B super-
family. Phosphorylation of Smads stimulated
via activated receptors could combine with
Smad4 forming protein complex, which con-
ducts signals from the cell membrane into the
nucleus to regulate the transcription of target
genes, resulting in various biological effects
[10]. TGF-B is located in the regulation center of
smooth muscle cell differentiation, as observed
in in vitro culture. It has been shown to inhibit
proliferation of human aortic endothelial cells
(HAECs) and may also act to convert HAECs into
mesenchymal cells. Therefore, TGF-3 plays an
important role in maintaining smooth muscle
cell differentiation and inducing other cells
types to differentiate into smooth muscle cells
[11]. Epigenetics is a gene expression regula-
tion mechanism that changes the phenotype
without changing the primary structure of the
DNA, and includes DNA methylation, histone
modification, chromosome remodeling, and
RNA interference. DNA methylation is one of
the most important epigenetic modifications
and is widespread in most eukaryotes. CpG
dinucleotide formation is the main type of
methylation that occurs in the human genome
and has attracted recent attention. Gene activ-
ity has been shown to be associated with CpG
island methylation (known as imprinted genes),
X-chromosome inactivation, cell aging, and
tumors [12]. Epigenetic abnormalities that pro-
vide an alternative mechanism of transcription-
al silencing are highly activated in cancers.
Methylation of CpG islands in tumor suppressor
genes prevents RNA polymerase from binding
and initiating transcription.

The present study investigated the molecular
mechanisms involved in TGF-B1-induced myo-
genic stem cell differentiation into smooth
muscle cell. We isolated MDSCs from gastroc-
nemius muscle and cultured the isolated cells
in vitro, followed by induction with 10 ng/mL
TGF-B1 for 10 days. Immunohistochemistry and
western blot analysis of a-SMA (actin) and
CNN1 (calponin) expression were performed.
We analyzed the transcriptome and compared
differentially expressed and methylated genes,
and constructed an interaction network.

Method and materials
MDSC isolation and identification

The present study was approved by The
Institute Research Medical Ethics Committee
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of Guangzhou medical University. Three-week-
old Sprague-Dawley rats were purchased from
Forevergen Biosciences (Forevergen, Guang-
zhou, China). The rats were sterilized using 75%
alcohol. Gastrocnemius muscles without fat,
tendon, nerves, and blood vessels were isolat-
ed and rinsed with phosphate-buffered saline
(PBS). The detailed operational procedures
were performed exactly as previously reported
[13]. Cultured cells were washed with cold PBS
(Gibco, USA) then fixed with 100% methanol at
-20°C for 15 min, and blocked with blocking
solution (1% bovine serum albumin diluted in
PBS) for 30 min at room temperature. Cells
were then incubated with anti-desmin (Sigma-
Aldrich) primary antibody (diluted 1:500 in
blocking solution) at 4°C for 4 h. Cells were
then incubated with anti-mouse secondary
antibody (Vector Laboratories, Burlingame, CA,
USA) at room temperature for 1 h. An LSM 510
META confocal microscope was used to cap-
ture images (Zeiss, Oberkochen, Germany). For
flow cytometry analysis, cells were digested in
0.1% trypsin-EDTA (Gibco, USA). Cells were then
centrifuged at 1000 rpm for 5 min at 4°C and
collected according to cell passage number
(PP1, PP2, PP3, PP4, PP5, and PP6). Residual
medium and trypsin were removed using PBS
and cells were counted under the microscope.
Cells were transferred to 1.5 mL EP tubes and
resuspended in 200-300 yL PBS, and a cell
ratio of 1 ug/10° was used to add the flow anti-
bodies (SCA1, CD34, and CD45). The treated
cells were incubated at 4°C for 30 min. Excess
antibody was washed using 1 mL of PBS. The
cells were then resuspended in 500 uL of PBS
and stored on ice prior to flow cytometry
analysis.

MDSC differentiation and identification

Medium from PP3 MDSCs was removed, and
the cells were washed with PBS. This procedure
was repeated three times. Induction buffer
comprising high-glucose Dulbecco’s modified
Eagle medium (Gibco, USA), 10% fetal bovine
serum (Sigma-Aldrich, USA), 10% horse serum
(Gibco, USA), 0.5% chick embryo extract (Life
Technology, USA), 100 U/mL double antibody
(Gibco, USA), and 10 ng/mL TGF-B1 (Acris
Antibodies, Herford, Germany) [14] was added
to the PBS-washed PP3 MDSCs. The culture
medium was changed every two days, and sub-
culture was performed every three to four days.
Ten days after induction, differentiated cells
were identified by immunofluorescence and
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western blot analyses. For immunofluores-
cence analysis, 1 x 10%/mL induced MDSCs
were collected and seeded onto 6-well plates.
After two days, the culture medium was
removed, and cells were washed three times
with cold PBS. The treated cells were immedi-
ately fixed with 4% paraformaldehyde (Sigma-
Aldrich, USA) for 30 min at room temperature.
Subsequently, 0.5% TritonX-100-PBS was ad-
ded and incubated for 30 min after washing
three times with PBS. Next, 10% goat serum
(Gibco, USA) was used to block for 30 min, then
mouse anti-a-SMA (1:100), anti-CNN1 (1:100),
and anti-GADH (1:100) were added to the cells
and incubated overnight at 4°C. Cy3-conjugat-
ed goat anti-mouse was added dropwise into
pretreated cells and incubated for 2 h at 37°C.
The cells were washed with PBS then viewed
under a fluorescence microscope. For western
blot analysis, the cells were washed twice with
PBS and transferred to a serum-free medium.
After 72 h, the supernatants were collected in
1.5 mL EP tubes. Protein samples (20 mg) were
resolved using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (6% acrylamide
gel) then electroblotted onto PVDF membran-
es. The membranes were incubated with an
anti-Coll Il antibody (1:500 dilution; Gibco,
USA). Signal development was detected using
an ECL kit (Solarbio life sciences). Densitometry
was measured using ImageJ (Imagel, USA).

Transcriptome

RNA was extracted from 1 x 10° cells treated
with or without TGF-B1 for 10 days using the
PicoPure RNA isolation kit (Arcturus Engi-
neering, USA). RNase-free DNase was added in
a one-column treatment step (Qiagen, USA).
Total RNA was quantified using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher,
USA). RNA integrity was assessed by gel elec-
trophoresis using an Experion bioanalyzer (Bio-
Rad, USA) then stored at -80°C. Purified RNA
was reverse transcribed using the SMARTer
PCR cDNA Synthesis Kit (Clontech, USA). cDNA
libraries were prepared using 2.0 pg of ampli-
fied cDNA. Samples were then fragmented,
indexed, and sequenced using Illumina Hi-
Seq2500 at Forevergen (Forevergen, China) in
GuangZhou. One hundred bases of paired-end
reads were applied in this study. The human
genome (hgl9) was used as the reference
genome. To obtain unique sequence reads, we
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applied the following criteria: (1) minimum
length fraction > 0.9; (2) minimum similarity
fraction > 0.8; and (3) maximum number of two
mismatches. The reads per kilobase per million
mapped reads (RPKM = total exon reads/
mapped reads in millions x exon length in kb)
method was used to normalize the data [15].
We employed a false discovery rate (FDR <
0.001) and log2Ratio > 1 to screen for differen-
tially expressed genes between the two groups
(with or without 10-day induction treatment)
[16]. Heat maps were created using software
package in R with default settings. Gene ontol-
ogy (GO) and KEGG pathway analyses were per-
formed using DAVID according to the default
actions.

Methylome analysis

DNA was extracted from 1 x 108 cells from the
two groups (with or without 10-day induction
treatments) using QlAamp DNA Mini Kit (Qia-
gen, USA). Next, 100 U of Mspl (NEB, USA) was
added to 5 ug of genomic DNA to digest for 16
h at 37°C. Mspl was then inactivated by heat-
ing to 80°C for 20 min. The llumina Paired-End
library preparation strategy was followed to
construct sequencing libraries, which con-
tained End Repair, “A” base addition, and meth-
ylated-adaptor ligation. The library was evalu-
ated using 2% TAE agarose gel. Bands at 155-
225 and 225-335 base pairs (bps) were
excised. The MiniElute PCR Purification Kit
(QIAGEN, USA) was used to recover the DNA
using columns with 20 pL elution buffer.
Bisulfite was used added to the EZ DNA
Methylation-Gold kit (ZYMO, USA) and bisulfite-
treated products were amplified using a 50-uL
PCR reaction system, which contained 10 uL of
treated DNA, 1 uL of 10 mM dNTPs, 1 pL of PCR
primer A, 1 uL of PCR primer B, 5 pyL of 10 x
master mix buffer, 0.5 yL of JumpStart TagDNA
polymerase, and 31.5 pyL of water. PCR was
performed as follows: 94°C for 1 min; 11 cycles
of 94°C for 30 s, 58°C for 30 s, and 72°C for
30 s; and 72°C for 5 min. PCR products were
purified and recovered using QlAamp DNA Mini
Kit (Qiagen, USA), followed by sequencing using
Illumina HiSeq2500 at Forevergen (Forevergen,
China) in GuangZhou. Next, 49-bp reads with-
out adaptor sequences were mapped to the
human reference genome (hgl19). Two rounds
of alignment were conducted in parallel with
the strand specificity of DNA methylation. BGI
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SOAPaligner version 2.01 was used to identify
the strand specificity of DNA methylation [17],
which allows up to two mismatches for suc-
cessful mapping. Surrogate variable analysis
was used to identify CpG loci that showed sig-
nificant differences in DNA methylation be-
tween the treated and untreated groups [18].
An FDR correction was applied at the 0.05 level
for multiple testing. Paired t test was used to
assess the significance of DNA methylation dif-
ferences between two groups. P<0.01 was con-
sidered significant for differential DNA methyla-
tion between the two groups.

Quantitative real-time PCR (qRT-PCR)

Total RNA in the cells were isolated using TRIzol
(Invitrogen, USA) and then reverse transcribed
into first strand cDNA using a M-MLV reverse
transcriptase kit (Promega,) according to the
manufacturer’s protocol. Next, the gRT-PCR
was performed using ChamQ SYBR gPCR
Master Mix (Vazyme,) using cDNA as the tem-
plate. GAPDH was used as an internal stan-
dard. The following thermocycling conditions
were used: 95°C for 120 s, 40 cycles of 95°C
for 15 s, and then 60°C for 30 s. The primer
sequences were as follows: RAT-Susd2: 5'-
CCTCCTTGTCCCGTCCTAGA-3’ (sense) and 5'-
GAGCTCTCAAGTTGGGCCAT-3’ (antisense), RAT-
Nat14: 5-AGTTACCCGCCTCTCTGTCT-3’ (sense)
and 5-AGCCACAGGCCTCCAATAAC-3' (antise-
nse), RAT-Pcdh19: 5'-CCGGGACTGTGATCGCTA-
AT-3" (sense) and 5-CACAGCAGGTCTCGGTC-
AAT-3’ (antisense).

Statistical analysis

SPSS 19.0 software (IBM, USA) was used to
perform the statistical analyses. The mean val-
ues of the statistical results for the measured
data were presented as the mean + standard
error. Statistical differences among groups
were analysed by one-way analysis of variance
(ANOVA). And the differences between the two
groups were calculated using Tukey’s test.
P-values less than 0.05 were defined as signifi-
cantly different.

Results
MDSC isolation and identification

Morphological changes of isolated MDSC were
previously observed at different time points
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[13]. The improved differential adhesion meth-
od isolates cells according to cell well adhesion
speed. Separated cells were divided into differ-
ent stages according to the well adhesion time:
(1) PP1, O h; (2) PP2, 2 h; PP3, 2 days; PP4, 3
days; PP5, 4 days; and PP6, 5 days. It was pos-
sible to isolate MDSCs (PP6) due to their slow
adhesion well speed compared with other type
cells. PP1 and PP2 cells were predominantly
fibroblasts, which possess significant features
such as fusiform shape, abundant presence,
fast growth, and short well adhesion time.
Significant morphological changes were ob-
served from PP3. Most PP3-PP5 cells were
identified as vascular endothelial and smooth
muscle cells, which were low in nhumber and
showed low well adhesion. We employed immu-
nohistochemistry methods to evaluate the des-
min status in PP1 and PP3 cells (Figure 1A).
The results indicated that rare desmin-positive
MDSCs were detected in PP1. Most PP1 cells
were identified as fibroblasts by morphology.
However, desmin-positive cells were confirmed
as MDSCs in most PP3 cells. We also per-
formed flow cytometry analysis on PP3 cells.
Three FITC-labeled antibodies, including SCA-
1, CD34, and CD45, were used to identify
MDSCs in PP3 cells (Figure 1B). A total of
77.4% of the PP3 cells were SCA-1-positive,
showing strong evidence for MDSCs; however,
4.5% were CD34-negative, and 5.4% were
CD45-positive, which was lower than expected
and could have been due to the primary isola-
tion method. In summary, we confirmed that
the majority of PP3 cells were MDSCs.

MDSC differentiation and identification

To examine the effects of inducing differentia-
tion, we used immunohistochemistry and west-
ern blot analyses to identify differentiated cells
10 days after induction using 10 ng/mL TGF-
B1. Immunohistochemistry analysis indicated
that a-SMA and CNN1 expression was signifi-
cantly higher in the treated group compared
with the untreated group. Fluorescent micros-
copy revealed that the distribution of a-SMA
and CNN1 in myogenic stem cells was fascicu-
lar, which concurred with the characteristic dis-
tribution of a-SMA along microtubules (Figure
2A and 2B). The cell morphology in the untreat-
ed and treated groups gradually changed from
a slender spindle shape and became round or
polygonal. Meanwhile, high a-SMA and CNN1

Am J Transl Res 2019;11(8):5150-5161



Molecular mechanism of TGF-B1-induced differentiation

A PP1 PP3
T T ey 2
. - !
el T e e .\., 5.
v N
e O P 7., <
® \e' s Ve 8 * : =
['s _\'. “. J 3 .‘. .. . R
.,l AR ' “n' ..l o" B .
; “oG e e U\ stp" B Lo
Desmin ¥ »_° 0 T Akl S -
114 L) ] ] » Vel > c‘ . / V 4
e .;‘ ."l yl WAV *es . \_.‘
.”'.. :“" " . YL A . P ‘ :
| ) - Wi % e e B (
L e :"f"_“‘ 4 .'4"0,1:‘, w t] . £y .‘ : o o “‘
L4 .- - . el [l " -
oA, ¥ 2/ 4 ¢ 9 iy /e & ; ‘
e " Vo N T |
EeRg.Y , * oo o W ]
lava P O g W S\, -
B Sample Name Sample Name — Sample Name
A01 SCA-1.1cs C01 CD34.fcs ———{B01 CD45RA Ics
A2 SCA-11S0.1cs 02 CD34 1SO.fcs et B02 CD45RA 1SO.1CS
2 FL1-H subset B FL1-H subset FL1-H subset
N 77.4% f — 450% S 5.42%
— R~
C C
=2 3
S S
‘6 g 8 ‘6 7 ’ 3 ‘6 T
10 10 10 10 10 10 10
FL1-H: FL1-H FL1-H: FL1-H FL1-H FL1-H

Figure 1. MDSC were identified by immunohistochemistry and flow cytometry analysis. MDSC were isolated from rat
gastrocnemius muscles. A. Immunohistochemistry analysis of desmin status in PP1 and PP3 cells. B. Flow cytom-
etry analysis of SCA-1, CD34, and CD45 in PP3 cells. MDSC: Muscle Derived Stem Cells.

expression in the TGF-Bl-treated group was
confirmed by western blot analysis. These find-
ings suggested that the primary isolated
MDSCs successfully differentiated into smooth
muscle cells.

Transcriptome analysis

To assess the transcript abundance in the
untreated and TGF-B1-treated groups, we per-
formed next-generation sequencing for glo-
bal transcriptome analysis. An average of
26,942,821 read pairs were harvested per
sample. Expression levels for each gene and
differential expression analysis was then deter-
mined. For gene expression analysis, we
detected mRNA expression for 12,410 genes
in the untreated group and 12,666 genes in
the TGF-B1-treated group (Table S1 and Figure
3A). We then compared the two datasets to
identify differentially expressed genes and
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found that 1996 genes were differentially
expressed (MSC_TGFB1/MSC_NC) (Table S2
and Figure 3B). Of these 1996 genes, 837
were significantly upregulated in the MSC_
TGFB1 group compared the MSC_NC group,
including Car3 (P = 0.00; FDR = 0.00), AfaplI2
(P<0.001; FDR<0.001), and Dcdc2 (P < 0.001;
FDR<0.001). We found that 1159 genes were
significantly upregulated in the MSC_TGF(1
group compared with the MSC_NC group, such
as Nos2 (P<0.001; FDR<0.001), Scin (P<
0.001; FDR<0.001), and Mmp13 (P<0.001;
FDR<0.001). We further analyzed the chromo-
somal distribution of the 1996 differentially
expressed genes (Figure 3C). The results sug-
gested that these differentially expressed
genes were located on all rat chromosomes
except the Y chromosome, which may be due to
two main reasons: (1) the length of the Y chro-
mosome is smaller than other chromosomes,
and genes involved in TGF-B1-related pathways
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were not located on this chromosome; or (2)
genes involved in TGF-B1 related pathways
were located on the Y chromosome. However,
experimental errors, sequencing errors, and/or
strict screening criteria applied in this study
meant that we were unable to determine this. It
was also noted that more genes were downreg-
ulated than upregulated on chromosomes 1, 2,
3,4,5,78,9, 10, 11, 13, 14, 15, 16, 18, 19,
and 20. On contrary, there were more upregu-
lated genes on chromosomes 12, 17, and X
compared with the number of downregulated
genes. We performed GO and KEGG pathway
analyses of these differentially expressed
genes. GO analysis identified biological pro-
cesses, cellular components, and molecular
functions (Figure S1 and Table S3). For biologi-
cal processes, cellular process (GO: 0009987,
corrected P-value = 5.40E-141), metabolic pro-
cess (GO: 0008152, corrected P-value =
8.56E-97), and pigmentation (GO: 0043473,
corrected P-value = 0.02) were the top three
significantly enriched terms. For cellular com-
ponents, cell (GO: 0005623, corrected P-value
= 3.3E-116), and cell part (GO: 0044464, cor-
rected P-value = 1.82E-114) were the top two
significantly enriched terms. From molecular
function, binding (GO: 0005488, corrected P-
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Figure 2. Immunofluorescence and
western blot analyses of primary MD-
SCs induced with TGF-B1 for 10 days.
A. Immunofluorescence analysis of
a-SMA expression in the treated and
untreated groups. B. Immunofluores-
cence analysis of CNN1 expression
in the treated and untreated groups.
C. Western blot analysis of a-SMA
and CNN1 expression in the treated
and untreated groups.

value = 2.16E-140) was the most significantly
over-represented term. KEGG is a database
resource for understanding high-level func-
tions and utilities of the biological system
(http://www.genome.jp/kegg/). In the present
study, the differentially expressed genes were
involved in 283 pathways (Figure S2 and Table
S4). It was noted that 146 pathways showed
corrected P-values <0.01. Figure S2 and Table
S4 show the results of the pathway enrichment,
which clearly shows that metabolic pathways
were the highest enriched term. Furthermore,
156 differentially expressed genes identified in
our study participated in this pathway. It is
worth noting that pathways in cancer, PI3K-Akt
signaling pathway, focal adhesion, and cyto-
kine-cytokine receptor interaction were also
significantly enriched in this study.

Methylome analysis

We performed reduced representation bisulfite
sequencing in the two groups to evaluate differ-
ences in methylation status. We harvested an
average of 42,151,229 read pairs from the
TGF-B1-treated and untreated groups. Figure
4A shows the chromosomal distribution of the
methylation sites. The results indicated that
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Figure 3. Transcriptome data analysis of the TGF-B1-treated and untreated groups. A. Heat map analysis of tran-
script abundance in the treated and untreated groups. B. Volcano plot analysis of differentially expressed genes in
the treated and untreated groups. C. Chromosomal distribution of the differentially expressed genes.

there were more methylation sites in the
untreated group compared with the TGF-B1-
treated group in each chromosome, suggesting
lower gene expression in the untreated group
than in the TGF-B1-treated group. Furthermore,
these methylated sites were distributed among
different genetic components, including gene
body, upstream, downstream, exon, intron,
CDS, 5°_UTR, and 3'_UTR (Figure 4B and 4D).
In both groups, most of the methylated sites
were located in gene bodies, and exon and
intron regions. We compared the distribution of
differentially methylated sites (DMSs) in TGF-
B1 treated and untreated groups. Figure 4C
shows that the majority of DMSs were hyper-
methylated, whereas a small portion was hypo-
methylated, indicating that hypermethylation is
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the main form of epigenetic modification. These
hypermethylated sites represent an effective
way to inhibit gene expressions. The chromo-
somal distribution of DMSs indicated that chro-
mosome 1 possessed the most DMSs, where-
as the Y chromosome had the fewest. We spec-
ulated that this result may have been due to
differences in chromosomal length.

Overlap of the transcriptome and methylome

We compared the two datasets to identify over-
lap of differentially expressed and methylated
genes. The results indicated that three genes,
including Sud2, Pcdh19, Nat14, were downreg-
ulated in the TGF-B1-treated group compared
with the untreated group. Furthermore, these
genes were hypermethylated in the TGF-B1-
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Figure 4. Methylome data analysis the TGF-B1-treated and untreated groups. A. Chromosomal distribution of the
methylation sites in the treated and untreated groups. B. Distribution of the methylated sites in the untreated group.
C. Chromosomal distribution of the differentially methylated sites. D. Methylated site distribution in the TGF-B1-

treated group.

treated group compared with the untreated
group. These results were consistent with a
previous study that reported that hypermethyl-
ation of genes would inhibit their expression
[19]. Figure 5 shows the interaction networks
for Sud2, Pcdh19, and Nat14. Pcdh19 directly
interacted with eight genes, including Pkpi,
Ctnnd1, Pkp2, Ctnnd2, Jup, Pkp3, Pkp4, and
Arvcf. Armadillo-like proteins are characterized
by a series of armadillo repeats, and were first
defined as a Drosophila “armadillo” gene prod-
uct. Members of the p120 (ctn)/plakophilin
subfamily of armadillo-like proteins include
CTNNDZ1, CTNND2, PKP1, PKP2, PKP4, and
ARVCF. PKP4 may be a component of desmo-
somal plaque and other adhesion plaques, and
is thought to be involved in regulating junctional
plaque organization and cadherin function [20].
Sud2 may directly interact with all six genes,
and is reported to be related to a tumor sup-
pressor and susceptibility gene for amyotrophic
lateral sclerosis (ALS). Finally, Nat14 could only
interact with NAT3. To further validate the next-
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generation sequencing results, we designed
mMRNA primers to amplify the three downregu-
lated genes (Sud2, Pcdhl19, Natl14). gRT-PCR
results showed that Sud2, Pcdh19, Nat14 were
down-regulated in the TGF-Bl-treated group
compared with the untreated group, which
were consistent with the sequencing results
(Figure 6).

Discussion

There are currently two main methods to in-
duce differentiation of MDSCs in smooth mus-
cle cells: (1) the smooth muscle coculture
method; and (2) the growth factor induction
method. While the smooth muscle coculture
method has been applied in various studies
[21-23], itis difficult to isolate specific cell types
using this method. In the present study, we
used TGF-B1 as growth factor inducer to con-
vert MDSC into smooth muscle cells. TGF-B1 is
a multifunctional growth factor that can pro-
mote stem cell proliferation. It may also be
used to induce differentiation of mesenchymal
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Ehing RNA Methylation
MSC-NC MSC-TGF |Fold change| Up/Down | MSC-NC | MSC-TGF | Fold change | Up/Down
Susd2 10.0 1.9 0.18 Down 0.26 0.56 22 Up
Pcdh19 246 6.2 0.25 Down 0.20 0.47 24 Up
Nat14 438 1.6 0.33 Down 0.17 0.74 44 Up

Figure 5. Interaction networks of SUSD2, Pcdh19, and Nat14 genes. Interactions between the three genes were
extracted by searching the STRING database with a confidence cutoff value of 0.900 (https://string-db.org/). The
interaction network was reconstructed by using the Cytoscape software. Green diamonds indicate genes with higher

methylation and lower mRNA abundance in the TGF-B1-treated group compared with the untreated group.

Susd2
1.5+

1.5

1.0

0.54

.

Relative mRNA Level
Relative mRNA Level

0.0

MSC-TGF

MSC-NC

Pcdh19

Nat14

0.54

.

Relative mRNA Level

MSC-NC

0.0

MSC'-TGF MSC-NC MSC-TGF

Figure 6. The gene expression of SUSD2, Pcdh19, and Nat14 were detected by qRT-PCR in the TGF-B1-treated group

and the untreated group. ""P<0.01.

stem cells in smooth muscle [11]. Actin (@-SMA)
is a highly conserved protein that is expressed
in all eukaryotic cells. It plays important roles in
cell movement and maintenance of cell mor-
phology, and is widely distributed in almost all
smooth muscle cells [24]. Meanwhile, calponin
(CNN1) is a smooth muscle-specific regulatory
protein. It is abundantly expressed in differenti-
ated smooth muscle cells and is involved in
actin cytoskeletal remodeling by binding to the
cytoskeletal protein actin. Calponin has been
widely reported to be a smooth muscle contrac-
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tion regulator [25-27]. A previous study sug-
gested that treatment with 0.1-10 ng/mL TGF-
B4 inhibits mesenchymal stem cell prolifera-
tion. As a smooth muscle growth marker,
expression of calponin (CNN1) is increased in
response to increasing concentrations of TGF-
B1. This suggests that TGF-B1 not only initiates
differentiation to smooth muscle but also pro-
motes the differentiation rate [28]. In the pres-
ent study, treatment with 10 ng/mL TGF-B1
could induce myogenic stem cell differentia-
tion. While induced MDSCs showed a slow
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growth rate, expression of a-SMA and CNN1
significantly increased, which was similar to the
findings of a previous study [28]. Moreover, the
distribution of smooth muscle actin in myogen-
ic stem cells was fascicular after 10 days of
treatment, which was consistent with the char-
acteristic distribution of a-SMA along microtu-
bules [29].

Epigenetic abnormalities provide an alterna-
tive mechanism of transcriptional silencing.
Methylation of CpG islands in tumor sup-
pressor genes prevents RNA polymerase from
binding and initiating transcription [30]. In the
present study, we focused on the genes that
showed downregulated mRNA expression and
upregulated methylation levels in TGF-B1-indu-
ced cells compared with that in untreated cells.
Three genes, SUSD2, Pcdh19, and Nat14, were
identified and confirmed by gRT-PCR. Protocad-
herin 19 (PCDH19) encodes a protein belong-
ing to the 6-cadherin superfamily, which is high-
ly expressed in brain. Members of this family
play important roles in vertebrate nerve con-
servation during evolution [31]. PCDH19 is the
pathogenic gene of epilepsy and mental retar-
dation limited to females (EFMR). The relation-
ship between PCDH19 and EFMR was first
reported by Dibbens et al. [32]. Liu et al. [33]
reported that PDCH19 was mainly expressed in
the dorsal and lateral sides of the central ner-
vous system as well as the spinal cord in brain
tissue in zebrafish. Meanwhile, PDCH19 was
also detected in developing eyeballs, the retina,
and ear buds, and was also expressed in the
developing hippocampus and amygdala of
humans and rats [34]. A previous study sug-
gested that mutations or deletions in the
PDCH19 gene lead to calcium-dependent inter-
cellular adhesion dysfunction [32]. Yagi et al.
speculated that this may be related to its role in
the signal transduction of synaptic membrane
and connection between neurons [35]. How-
ever, the detailed biological role of PDCH19
remains unclear. The SUSD2 gene is mainly ex-
pressed in brain, kidney, and lung [36]. Previ-
ous studies have identified its roles as a novel
tumor suppressor and susceptibility gene for
ALS [36, 37]. Mutations in the SUSD2 gene
could affect the von Willebrand factor type D
domain, and induce apoptosis in HelLa cells
[36]. SUSD2 has been shown to induce apopto-
sis via caspase-3 and caspase-9, similar to
TP53 [38]. Therefore, it is speculated that
SUSD2 may be involved in the apoptosis of neu-
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rons in ALS [37]. NAT14 (KLP1) was identified in
2001 [39]. Kipl cDNA comprises 1346 bps
and contains an open reading frame of 206
amino acids [40]. KLP1 belongs to the kinesin
superfamily proteins (KIFs), which have been
shown to transport organelles, protein com-
plexes, and mRNA to specific destinations in a
microtubule and ATP-dependent manner [41].
KIFs are not only involved in the transport of
organelles, protein complexes, and mRNAs but
also participate in chromosomal and spindle
movements during mitosis and meiosis [42,
43]. However, evidence for the biological func-
tions of KLP1 is poor.

Conclusion

In the present study, we successfully isolated
MDSCs from gastrocnemius muscle using a
previously reported improved method. MDSCs
were cultured in vitro and induced by treating
with 10 ng/mL TGF-B1 for 10 days. Protein
expression analysis of a-SMA and CNN1 indi-
cated successful induction. Moreover, mRNA
abundance analysis in the TGF-B1-treated and
untreated groups indicated that 1996 genes
were differentially expressed (MSC_TGFB1/
MSC_NC). These differentially expressed genes
were subjected to GO and KEGG pathway analy-
ses. Single-organism process (GO: 0044699,
corrected P-value <0.01) was the top enrich-
ment item of GO analysis. Pathways in cancer
(rno05200, corrected P-value <0.01) was the
top enrichment item in the KEGG analysis.
Methylome analysis revealed that there were
more hypermethylation sites in the untreated
group compared with the TGF-B1-treated group.
The majority of DMSs were hypermethylated,
whereas a small portion was hypomethylated,
indicating that hypermethylation was the main
form of epigenetic modification. The chromo-
somal distribution of DMSs indicated that chro-
mosome 1 possessed the most DMSs, where-
as the Y chromosome had the fewest. We also
compared the differentially expressed and
methylated genes. Sud2, Pcdh19, and Natl14
were identified as potential core genes involved
in cell differentiation. These results may con-
tribute to a better understanding of the process
of cell differentiation, and may help in the treat-
ment of diseases such as POP.
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Figure S1. Gene ontology (GO) analysis of differentially expressed genes.
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