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Myostatin (MSTN) is a secreted protein belonging to the transforming growth factor-f (TGF-) family that
is primarily expressed in skeletal muscle and also functions in adipocyte maturation. Studies have shown
that MSTN can inhibit adipogenesis in muscle satellite cells (MSCs) but not in adipose-derived stem cells
(ADSCs). However, the mechanism by which MSTN differently regulates adipogenesis in these two cell
types remains unknown. Peroxisome proliferator-activated receptor-y (PPARY) and myogenic differen-
tiation factor (MyoD) are two key transcription factors in fat and muscle cell development that influence
Musdle satellite cells adipogenesis. To investigate whether MSTN differentially regulates PPARy and MyoD, we analyzed PPARy
PPARy and MyoD expression by assessing mRNA, protein and methylation levels in ADSCs and MSCs after
MyoD treatment with 100 ng/mL MSTN for 0, 24, and 48 h. PPARy mRNA levels were downregulated after 24 h
and upregulated after 48 h of treatment in ADSCs, whereas in MSCs, PPARy levels were downregulated at
both time points. MyoD expression was significantly increased in ADSCs and decreased in MSCs. PPARY
and MyoD protein levels were upregulated in ADSCs and downregulated in MSCs. The CpG methylation
levels of the PPARy and MyoD promoters were decreased in ADSCs and increased in MSCs. Therefore, this
study demonstrated that the different regulatory adipogenic roles of MSTN in ADSCs and MSCs act by
differentially regulating PPARy and MyoD expression.
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1. Introduction stem cells (ADSCs) and muscle satellite cells (MSCs). This hypoth-
esis has been partially confirmed in vitro [3,7,8]. Deng et al. [9]
discovered that myostatin (MSTN), a member of the transforming
growth factor-f (TGF-f) superfamily, inhibits the adipogenic po-

tential of MSCs but not ADSCs at the stage of commitment. From

Intramuscular fat is indicated by the appearance of white flecks
or streaks of adipose tissue between bundles of muscle fibers in
skeletal muscle [1]. The presence of intramuscular fat is one of the

main factors used to determine meat quality grades and plays an
important role in the animal production industry [2]. Adipocytes in
muscles are of great concern because these cells are associated with
the meat quality in animal production [2,3] and they are also
associated with insulin resistance in humans [4,5]. However, the
origin of adipocytes in muscle tissue remains unclear. Pethick et al.
[6] hypothesized that adipocytes in muscle tissue can be differen-
tiated from stem cells in the muscle, including adipose-derived
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these results, the authors hypothesized that adipocytes in muscle
may originate from ADSCs, but their studies did not elucidate the
mechanism by which MSTN differently regulates ADSC and MSC
adipogenesis.

Numerous studies have demonstrated that MSTN exhibits
different adipogenic functions in different stem cells. For example,
Artaza et al. [10] demonstrated that MSTN promotes the differen-
tiation of multipotent mesenchymal cells into preadipocytes,
whereas Kim et al. [11] showed that MSTN inhibits preadipocyte
differentiation. These results indicated that the role of MSTN in
adipogenesis could differ depending on the different stages of
commitment and differentiation.
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Peroxisome proliferator-activated receptor-y (PPARY) is a crit-
ical transcription factor in adipocyte terminal differentiation. To our
knowledge, adipogenesis is not triggered in the absence of PPARYy
[11—13]. Myogenic differentiation factor (MyoD) is a transcription
factor involved in the regulation of muscle development [10]. The
ectopic expression of MyoD inhibits adipogenesis in adipose tissue
and results in the production of myocytes [14]. PPARy and MyoD
are two key transcription factors in fat and muscle cell develop-
ment that influence adipogenesis and can be regulated by MSTN.
For example, Kim et al. [11] reported that MSTN inhibits 3T3-L1
preadipocyte differentiation through PPARy. MSTN can also regu-
late the balance between the proliferation and differentiation of
embryonic muscle progenitors by activating MyoD [15]. Deng et al.
[9] reported that at the commitment stage, MSTN differentially
regulated adipogenesis in ADSCs and MSCs. However, it remains
unclear whether the key transcription factors PPARYy and MyoD are
regulated by MSTN to generate the differences adipogenesis in
ADSCs and MSCs.

Thus, in this study, we analyzed PPARy and MyoD mRNA, pro-
tein and methylation levels in the two types of cells. These results
will help us understand how MSTN can differentially regulate
adipogenesis in ADSCs and MSCs and will also help to elucidate the
origin of adipocytes in muscle tissue.

2. Materials and methods
2.1. Isolation of porcine ADSCs and MSCs

Large white pigs (2—4 days old) were provided by the Jingpin
Pig Station of Huazhong Agricultural University and were
euthanized by a lethal injection of sodium pentobarbital. Porcine
ADSCs were isolated from the subcutaneous fat following a pre-
viously described method with minor modifications [9,16]. In
brief, fat tissue was excised and finely chopped into 1-mm? pieces
with scissors in phosphate-buffered saline (PBS) and then incu-
bated for 90 min at 37 °C in 0.1% collagenase type I (Sigma). After
enzymatic digestion, the released fat stromal cells were sus-
pended in Dulbecco's Modified Eagle's Medium (DMEM; Gibco)
supplemented with 15% fetal bovine serum (FBS; Gibco), and the
suspension was filtered through a 40-um nylon mesh. Then, the
cells were collected by centrifugation at 2000 rpm for 5 min. The
cells were added to fresh DMEM supplemented with 15% FBS and
100 U/mL penicillin/streptomycin. The cells were then plated in
Nunclon flasks and cultured in an atmosphere of 5% CO, at 37 °C.
After 12 h, the non-adherent cells were removed. When the
ADSCs achieved 80—90% confluence, they were passaged by
trypsinization.

MSCs were isolated from the semitendinosus muscle of the
same pig used to isolate ADSCs following a modification of the
method described by Yamanouchi et al. [17]. In brief, muscle tissue
was excised from the semitendinosus muscle of the hind leg and
minced into 1-mm? pieces with scissors in PBS after the visible fat
and connective tissue were removed. The muscle tissue sample
was digested at 37 °C in 0.8% pronase (Sigma) for 50 min. The
released cells were suspended in DMEM supplemented with 15%
FBS and filtered through a 40-um nylon mesh. The cells were then
collected and cultured using the same protocol described for the
ADSCs.

2.2. Immunohistochemistry

Porcine ADSCs and MSCs were seeded onto sterile clean slides
and cultured for 24 h. The cells were then fixed in 4% para-
formaldehyde at room temperature for 15 min. After fixation, the
cells were washed with PBS, blocked with FBS and incubated with

biotinylated rat anti-mouse antibodies against desmin (Boster;
China) and CD44 (Boster; China), following the methods described
by Artaza et al. [10].

2.3. ADSC and MSC adipogenesis and Oil Red O staining

ADSCs and MSCs were seeded in 6-well plates until confluent.
After reaching confluence, the cells were treated with DIM (1 umol/
L dexamethasone [Dex] + 1 pg/mL insulin +0.5 mmol/L isobutyl-1-
methylxanthine [IBMX]; each from Sigma) for 2 days (from day 0 to
day 2). Then, the medium was replaced with DMEM containing
1 pg/mL insulin for an additional 2 days (from day 2 to day 4). Last,
the medium was replaced with DMEM containing 10% FBS (from
day 4 to day 8). Cells cultured with DMEM containing 10% FBS
served as controls.

ADSCs and MSCs were washed with PBS, fixed in 4% para-
formaldehyde for 15 min, and washed again with PBS. The cells
were then stained via incubation with Oil Red O (0.5 g of Oil Red O;
Sigma) in 100 mL of isopropanol diluted with water (60:40) for 1 h.
After staining, the slides were washed twice in water and then
photographed.

2.4. DNA/RNA isolation

The ADSCs and MSCs were seeded in 6-well plates until they
reached confluence. Then, the cells were collected to extract the
DNA and RNA after treatment with 100 ng/mL MSTN for 0, 24, and
48 h. The genomic DNA and total RNA were isolated using All-In-
One DNA/RNA Mini-Preps Kit (Sangon; China) according to the
manufacturer's protocol.

2.5. Quantitative real-time polymerase chain reaction (qPCR)
analysis

To quantify the mRNA levels, cDNA was synthesized using a
RevertAid First Strand c¢cDNA Synthesis Kit (Thermo Scientific)
following the manufacturer's protocol. qPCR was performed in
triplicate using the iQ SYBR green Supermix (Bio-Rad) on a
LightCycler® 480 (Roche). The mRNA level was normalized to §-
actin as a house-keeping gene. The primer sequences used for the
amplification of §-actin, PPARy and MyoD are listed in Table 1. The
relative mRNA expression levels of the target genes were calcu-
lated as the fold changes of the threshold cycle (Ct) value relative
to the reference using the 2-88Ct method. The Ct values of all of the
samples were calculated from the mean Ct of triplicate reactions
using the following equation: ACt = Ct (target gene) - Ct (reference
gene). Then, the samples were normalized to the calibrator using
the following equation: AACt = ACt (target gene) - ACt (calibrator).
The calibrator was an untreated control or cells at a particular
stage of development based on comparative results [18]. In this
study, the 0 h time point was chosen as the calibrator sample to
evaluate the putative differential mRNA expression of the target
genes.

2.6. DNA bisulfite modification, PCR amplification and sequencing

Genomic DNA was bisulfite-modified using the EpiTect Bisulfite
Kit (QIAGEN) according to the manufacturer's protocol. Bisulfite
treatment to convert all of the cytosine residues except for 5-
methylcytosine to uracil was performed using established pro-
tocols. Bisulfite PCR amplification (bPCR) was performed using Ex
Taq® Hot Start Version (TaKaRa), and the primer sequences used to
amplify PPARy and MyoD are listed in Table 1. The PCR products
were recovered using a Gel Extraction Kit (OMEGA) after electro-
phoresis in 1.5% agarose, and the purified PCR products were cloned
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Table 1

Primers used in this study.
Primer Name Forward 5'—3' Reverse 5'-3' Tm °C Amplicon (bp)
qPCR-B-actin CCAGGTCATCACCATCGG CCGTGTTGGCGTAGAGGT 58 158
qPCR-PPARY GCTGACCAAAGCAAAGGC ACGGAGCGAAACTGACACC 55 189
qPCR-MyoD AAGTCAACGAGGCCTTCGAG GGGGGCCGCTATAATCCATC 58 279
bPCR-PPARY ATTGGAGTTGTAGTTATTGGTTTAT TAACAAATCTAACTAAATACCATAA 52 162
bPCR-MyoD GTTGTTATGTGTGTTTTTTTTATTA ACAAAAACTAACAACCCAAACAATT 51 224

Abbreviations: qPCR, quantitative real-time PCR; bPCR, bisulfite PCR; bp, base pars; Tm, melting temperature.

into the pMD18-T vector (TaKaRa). At least 10 insert-positive
plasmid clones were sequenced by Sangon Biotech (Shanghai;
China).

2.7. Western blot analyses of MyoD, PPARy and (-actin

Cells were grown in 6-well plates and treated with 100 ng/mL
MSTN for 0, 24, and 48 h. The cells were then collected to measure
the levels of PPARY, MyoD and B-actin (Santa Cruz) by Western blot
according to the methods of Kim et al. [11].

2.8. Bioinformatics

The PPARy and MyoD promoter sequences were obtained from
the National Center for Biotechnology Information (NCBI; http://
www.ncbi.nlm.nih.gov). CpG islands were predicted by Meth-
Primer (http://www.urogene.org/cgi-bin/methprimer/methprimer.
cgi). QUMA was used to analyze the degree of methylation and to
produce images (http://quma.cdb.riken.jp/).
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2.9. Statistical analysis

All experiments were repeated at least three times. Data are
presented as the mean + SD. Statistical significance was assessed
using Student's t-test. Differences were considered statistically
significant at p < 0.05.

3. Results
3.1. Identification of pig ADSCs and MSCs

To verify that the cells that we isolated were ADSCs and MSCs,
we analyzed the cells for the expression of selected marker genes
and stained the cells using Oil Red O staining to identify adiposities
[9]. When ADSCs and MSCs reached 80—90% confluence, the cells
were digested with trypsin and seeded onto sterile clean slides for
24 h. Then, the cells were subjected to immunohistochemistry
using the stem markers desmin and CD44. As shown in Fig. 1, the
vast majority of ADSCs were positive for CD44 but not for desmin
(Fig. 1A). However, most of the MSCs expressed desmin and CD44
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Fig. 1. Identification of porcine adipose-derived stem cells (ADSCs) and muscle satellite cells (MSCs). (A) Immunocytochemistry analysis of CD44 and desmin expression in ADSCs.
(B) Immunocytochemistry analysis of CD44 and desmin expression in MSCs. (Positive reactions are indicated in brown, arrowheads). (C) ADSCs were treated with DIM and then
stained with Oil Red O. (D) MSCs were treated with DIM and then stained with Oil Red O. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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(Fig. 1B). The Oil Red O staining results showed that the cells treated
with DIM had a greater accumulation of triglycerides in lipid
droplets on the 8th day of differentiation compared with control
cells (Fig. 1C and D).

3.2. PPARy and MyoD mRNA levels

gPCR gene expression analysis was performed on ADSCs and
MSCs treated with 100 ng/mL MSTN for 0, 24, and 48 h. The results
demonstrated that PPARy and MyoD mRNA levels significantly
(p < 0.05) increased by 2.76-fold and 8.33-fold, respectively, at 48 h
compared with the 0 h time point in ADSCs; however, significant
differences were not noted between 0 and 24 h (Fig. 2A). In MSCs,
the expression of PPARy and MyoD significantly decreased from 0 to
48 h (Fig. 2B).

3.3. PPARy and MyoD protein expression analysis

According to Western blot analysis, the PPARy and MyoD pro-
tein levels increased in ADSCs after treatment with MSTN (Fig. 3A);
however, PPARy and MyoD protein expression levels decreased
from O to 48 h in MSCs (Fig. 3B), which was generally consistent
with the qPCR results.

3.4. PPARy and MyoD promoter CpG island methylation analysis

We used the software MethPrimer to analyze the CpG islands in
the PPARy and MyoD promoter region. The CpG island of the PPARy
promoter was in the —2094 to —1994 region, and the CpG island of
the MyoD promoter was in the —587 to —427 region. Then, we
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Fig. 2. Quantitative real-time PCR analysis of PPARy and MyoD gene expression levels
in adipose-derived stem cells (ADSCs) and muscle satellite cells (MSCs). Cells were
treated with 100 ng/mL MSTN for 0, 24, or 48 h (A) PPARy and MyoD gene expression
levels in ADSCs. (B) PPARy and MyoD gene expression levels in MSCs. (Values are the
mean + SD; n = 3; *p < 0.05).
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Fig. 3. Western blot analysis of PPARy and MyoD protein expression levels in adipose-
derived stem cells (ADSCs) and muscle satellite cells (MSCs). Cells were treated with
100 ng/mL MSTN for 0, 24, or 48 h (A) PPARY and MyoD expression levels in ADSCs. (B)
PPARy and MyoD expression levels in MSCs.

amplified a 162-bp fragment from —2127 to —1966 of PPARy and a
224-bp fragment from —645 to —422 of MyoD.

The methylation of the PPARy promoter CpG islands in ADSCs
treated with MSTN increased from O to 24 h and then decreased
from 24 to 48 h (Fig. 4A), while the methylation of the MyoD pro-
moter CpG islands decreased compared with untreated controls
(Fig. 4B). The methylation of PPARy (Fig. 4C) and MyoD (Fig. 4D)
increased when MSCs were treated with MSTN.

4. Discussion

Adipose cells differentiate from preadipocytes in a lipogenic
environment in fat tissues [13,19]. However, as the environment in
muscle tissue differs from that of fat tissue, adipocytes in muscle
may differentiate from the stem cells found in muscle, such as
ADSCs and MSCs [3,6—8]. Previous work demonstrated that MSTN,
a protein secreted from muscle tissue [20—23], inhibits the adipo-
genic potential of MSCs but not ADSCs; this result indicates that
muscle adipocytes may differentiate from ADSCs but not MSCs [9].
In this study, we sought to elucidate how MSTN differentially reg-
ulates ADSCs and MSCs adipogenesis.

First, we isolated ADSCs and MSCs according to previously re-
ported methods [16,17]. Then, we examined the expression of
desmin and CD44 in ADSCs and MSCs using immunocytochemistry.
Our results (Fig. 1A and B) were identical to results reported by
Deng et al. [9] and indicated that the cells were two different types
of stem cells. Furthermore, the Qil Red O staining results indicated
that ADSCs and MSCs have the potential to undergo adipogenesis.

PPARY is a critical transcription factor that primarily triggers the
expression of genes responsible for adipogenesis [24] and triglyc-
eride storage in adipose cells [13]. Until now, no factor has been
discovered that promotes adipogenesis in the absence of PPARy
[25]. In this study, we used qPCR and Western blotting to examine
PPARY mRNA and protein levels in ADSCs treated with MSTN before
differentiation. The results indicate that PPARY expression was
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Fig. 4. The DNA methylation status of the CpG islands in the PPARy and MyoD promoters was quantified using bisulfite sequencing PCR, and a minimum of ten positive clones were
randomly picked for sequencing with M13 primers. Sequencing results were visualized using the QUMA software. White circles correspond to unmethylated Cs, and black circles
correspond to methylated Cs. Genomic DNA was isolated from adipose-derived stem cells (ADSCs) and muscle satellite cells (MSCs). Cells were treated with 100 ng/mL MSTN for 0,
24, or 48 h (A) PPARY gene methylation status in ADSCs. (B) MyoD gene methylation status in ADSCs. (C) PPARY gene methylation status in MSCs. (D) MyoD gene methylation status

in MSCs.

increased following treatment. Promoter methylation can stably
alter gene expression, generally by suppressing target genes
[26—28]. As shown in Fig. 4A, we found that the PPARy promoter
methylation pattern inversely correlated with its mRNA levels.
PPARY expression may indicate that the adipogenic potential was
activated by MSTN in ADSCs prior to differentiation.

MSCs reside as quiescent cells underneath the basal lamina that
surrounds muscle fibers and play a principal role in postnatal
skeletal muscle growth and maintenance [29]. These cells can
differentiate into multiple tissue lineages, including adipocytes,
osteoblasts, and myoblasts [3,7]. Our previous study indicated that
MSCs possess adipogenic potential, but this potential is lost when
treated with MSTN [9]. When we treated MSCs with MSTN, PPARy
mRNA and protein levels decreased from O to 48 h. PPARy promoter
methylation exhibited the opposite trend. Inhibiting PPARY
expression may represent the loss of adipogenic potential in MSCs.
Moreover, differential PPARY expression patterns at the mRNA and

protein levels may indicate that MSTN differentially regulates
PPARY to determine the adipogenic potential of ADSCs and MSCs.
Based on the methylation results of the PPARy promoter, we hy-
pothesized that MSTN differentially regulates PPARy expression
through methylation of the promoter region in ADSCs and MSCs.
In this study, MyoD mRNA and protein levels decreased in MSCs
after treatment with MSTN, but their levels increased in MSTN-
treated ADSCs. These expression results were inversely correlated
with the methylation results. MyoD is a transcription factor
involved in the regulation of muscle development [10]. Hennebry
et al. [30] found that MSTN negatively regulates MyoD expression in
muscle tissue. Furthermore, it also regulates muscle satellite cell
proliferation and suppresses the differentiation of myoblasts into
myotubes through the down-regulation of MyoD [23,31]. Given the
PPARy and MyoD expression patterns in MSCs, we hypothesized
that the inhibition of MyoD activity by MSTN may result in MSC
proliferation and the loss of differentiation potential, including
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adipogenesis and myogenesis. Forced expression of MyoD in vitro
has been shown to induce myogenic differentiation while inhibit-
ing adipogenic differentiation in mesenchymal stem cells [32].
Because PPARy and MyoD were activated by MSTN in ADSCs and
adipogenic differentiation was not inhibited in our previous study
[9], we thought that MSTN-induced MyoD expression would not
produce adipogenic inhibition in ADSCs. The actual role of MyoD in
MSTN-treated ADSCs requires further study.

Rebbapragada et al. [33] found that MSTN could bind the type-II
Ser/Thr kinase receptor (ActRIIB) and partner with a type-I recep-
tor, either activin receptor-like kinase 4 (ALK4 or ActRIB) or ALK5
(TBRI), to induce Smad2/3 (SMAD family member 2/3) phosphor-
ylation and thus inhibit adipogenesis in C3H10T1/2 cells. In this
study, the expression of PPARy and MyoD differed in ADSCs and
MSCs. We propose that MSTN signaling can be transmitted to the
cell nuclei through different mechanisms in these two cell types.

ADSCs and MSCs are two types of stem cells in muscle that
exhibit adipogenic potential. When these stem cells are in a lipo-
genic and MSTN-secreted environment, ADSCs will exhibit adipo-
genic potential because of MSTN-induced PPARy and MyoD
expression. However, in MSCs, PPARy and MyoD expression were
inhibited by MSTN, thus inhibiting adipogenesis. From these re-
sults, we hypothesized that the adipogenic regulatory roles of
MSTN in ADSCs and MSCs were attributed to the differential
regulation of PPARy and MyoD. Furthermore, these results could
provide greater understanding of the adipocytes in muscle, which
mainly arise from ADSCs.
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