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PPARy and Wnt signaling are central positive and negative regulators of adipogenesis, respectively. Here we

identified that, eicosapentaenoic acid (EPA) could effectively induce the transdifferentiation of myoblasts into
adipocytes through modulation of both PPARy expression and Wnt signaling. During the early stage of
transdifferentiation, EPA activates PPARS and PPARy1, which in turn targets B-catenin to degradation and down-
regulates Wnt/B-catenin signaling, such that the myogenic fate of myoblasts could be switched to adipogenesis. In
addition, EPA up-regulates the expression of PPARyl by activating RXRa, then PPARy1 binds to the functional
peroxisome proliferator responsive element (PPRE) in the promoter of adipocyte-specific PPARy2 to continuously
activate the expression of PPARy2 throughout the transdifferentiation process. Our data indicated that EPA acts as a
dual-function stimulator of adipogenesis that both inhibits Wnt signaling and induces PPARy2 expression to facilitate
the transdifferentiation program, and the transcriptional activation of PPARy2 by PPARy1 is not only the key factor for
the transdifferentiation of myoblasts to adipocytes, but also the crucial evidence for successful transdifferentiation. The
present findings provided insight for the first time as to how EPA induces the transdifferentiation of myoblasts to

adipocytes, but also provide new clues for strategies to prevent and treat some metabolic diseases.

Introduction

Intramuscular fat (IMF), which presents in connective tissue
surrounding muscle fibers and muscle fiber bundles, is composed
of adipocytes interspersed among fiber fascicules (intramuscular
adipocytes),”” and plays very important roles in the physiologic
function of muscle tissues, such as maintaining lipid homeostasis
and insulin sensitivity." Previous studies indicate that IMF tis-
sue is not a simple ectopic extension of other fat locations;
instead, it displays specific biological features in developmental
and metabolic regulations. In particular, the developmental ori-
gin of IMF differs from other depositions. Besides being differen-
tiated from mesodermal derived multipotent stell cells like other
fat depositions, it is suggested that intramuscular adipocytes
might also be transdifferentiated from the myoblasts in muscle
under certain stimulations.* However, very little is known about

this event, especially the regulation and molecular mechanisms of
the transdifferentiation (from myoblasts into adipocytes, the
same below).

Adipogenesis is the process by which mesodermal precursor
cells convert into adipocytes, where lipid deposits and serves as
central regulators of metabolism.>® The adipogenesis process is
controlled by both positive and negative regulators.”®

Nuclear receptor peroxisome proliferator-activated receptor
(PPAR) v is the chief positive and central regulator of adipogene-
sis.” It has been demonstrated that PPARYy induced during adi-
pocyte differentiation is both necessary and sufficient for the
process.® Furthermore, ectopical expression of PPARY in nonadi-
pogenic cells (fibroblasts or myoblasts) induces adipogenic trans-
differentiation.”'® Notably, the PPARY gene is transcribed from
alternative promoters, yielding 2 major protein isoforms,
PPARy1 and PPARy2.'"! PPARyI is expressed in many tissues

*Correspondence to: Jian Peng; Email: pengjian@mail.hzau.edu.cn; Siwen Jiang; Email: jiangsiwen@mail.hzau.edu.cn

Submitted: 01/13/2015; Revised: 03/10/2015; Accepted: 03/18/2015
http://dx.doi.org/10.1080/15384101.2015.1033594

1830

Cell Cycle

Volume 14 Issue 12



and cell types, including adipose tissue, skeletal muscle, liver,
pancreatic -cells, macrophages, colon, bone, and placenta,
whereas PPARY2 expression is restricted almost exclusively to
adipocytes under physiological conditions.'* Moreover, PPARy2
has the more adipogenic potential than PPARyI1, and is essential
for effective adipogenesis in vitro.'>'*

As the main negative regulator of adipogenesis, Wnt/[3-Cate-
nin signaling serves as an adipogenic switch and thus is important
for the maintenance and proliferation of preadipocytes. Adipo-
genesis will be repressed when it is on, while myoblasts will be
spontaneously transdifferentiated to adipocytes when it is
off.">'® Adipogenic differentiation is accompanied by the sup-
pression of Wnt signaling and the concurrent activation of
PPARy."> However, the mechanisms underlying this switch are
poorly understood. In particular, it is unclear how the Wnt path-
way is shut off."”

It is worth mentioning that another transcription factor
PPARS is also involved in adipogenesis.'® Despite that it is not
directly involved in the regulation of adipose terminal differentia-
tion, PPARS is implicated in the initial steps of the adipogenic
program by inducing PPARy expression in response to various
adipogenic stimulators.'”** However, the detailed mechanism
still remains to be addressed.

The n-3 polyunsaturated fatty acids (n-3 PUFAs) which
belong to one of the major classes of long chain fatty acids are
potential activators of PPARs.>' Our previous study has shown
that n-3 PUFA enrichment in muscle increases IMF content in
pigs by influencing the expression of adipogenesis related
genes.”' There was also evidence that n-3 PUFAs inhibit Wnt/
B-catenin signaling pathway in cell cultures.”” However, the
molecular mechanisms of n-3 PUFA induce both PPARs
expression and Wnt signaling is still largely unknown during
adipogenesis, especially in the transdifferentiation of myoblasts
into adipocytes.

In the present study, for the first time, we discovered that a
representative n-3 PUFA, eicosapentaenoic acid (EPA; 20:5n-3)
could effectively induce the transdifferentiation of myoblasts into
adipocytes. During the transdifferentiation process, EPA serves
as a dual-function stimulator. It both inhibits Wnt signaling at
the early stage by targeting PPARS and PPARvy1, and subse-
quently activates PPARY2 expression by promoter activation
though PPARYy1. These findings provide us evidence that EPA
could induce myoblasts to transdifferentiate into intramuscular
adipocytes, further to the increase the IMF tissue and maintain
the insulin sensitivity in skeletal muscle.

Results

EPA induces transdifferentiation of myoblasts to adipocytes

Our previous study discovered n-3 PUFAs increased intra-
muscular fat deposition in muscle of pigs,21 and we speculated
the intramuscular adipocytes might be partly transdifferented
from the myoblasts under the stimulation of n-3 PUFAs. In
order to test this hypothesis, a representative n-3 PUFA, EPA,
was selected for the induction assays.
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The C2C12 myoblasts have been extensively used to investi-
gate the cellular and molecular mechanisms of muscle differentia-
tion.”>?* In our experiments, C2C12 cells were treated with 5%
FBS supplemented with different levels of EPA for 10 d
(Fig. 1A). Without EPA, most cells were differentiated into myo-
tubes as shown by microscopic analysis. With the elevation of the
EPA concentration, the formation of myotubes was acutely dis-
rupted, while the percentage of oil red O positive cells strongly
increased (Fig. 1A), indicating transdifferentiation process
occured. In the 400 uM and 600 wM EPA treated cells, major-
ity of cells were converted into lipid-laden adipocytes, but no
myotube formation was observed. Since cell death was noticea-
blein 600 uM EPA group, 400 pM EPA was thus chosen for
subsequent experiments.

Transdifferentiation assay was performed using 400 wM EPA,
and the expression pattern of myogenic and adipogenic marker
genes during transdifferentiation were assessed by qRT-PCR. In
the control group without addition of EPA, the expression of the
early and later myogenic transcriptional factors (MyoD and myoge-
nin) and structural protein of muscle fiber (MyHC-II6 and
a-actin) continued to rise in a time-dependent manner, whereas
the expression of these genes were greatly suppressed in EPA group
(Fig. 1B). In contrast, CCAAT/enhancer-binding protein (C/EBP)
a and PPARY2, 2 key adipogenic transcriptional factors and their
target genes, aP2, LPL and ADRP, were highly expressed after
EPA treatment, and elevated as the incubation time with EPA pro-
longs during transdifferentiation (Fig. 1C). The gene expression
data were all in agreement with the morphological changes.

Transdifferentiation is defined as an irreversible switch of one
type of already differentiated cell to another type of normal dif-
ferentiated cell.”” A true transdifferentiation event of myoblasts
to adipocytes must meet 2 important characteristics, i.e, the dis-
crete change in cellular morphology and change in the expression
of master regulatory (master switch) genes.26 In the current
study, after 10 d of induction with EPA, the conversion of myo-
tubes to adipocytes was accompanied by suppressed expression of
myogenic master genes (MyoD and myogenin) and induced
expression of adipogenic master genes (C/EBPa and PPARy2),
indicating that EPA can successfully induce transdifferentiation
of myoblasts to adipocytes.

PPAR< and Wnt/[3-catenin signaling are regulated
during transdifferentiation

n-3 PUFAs are known to affect target gene expression by
directly acting at the level of the nucleus, in conjunction with
some nuclear receptors. This is considered as the major mecha-
nism of n-3 PUFAs in regulating gene expression.”” So far, the
nuclear receptors involved in adipogenesis, PPARs and retinoid
X receptor (RXR) a, were shown to bind to EPA,28% suggesting
that EPA may induce transdifferentiation of myoblasts through
these nuclear receptors.

We first examined the basal expression of these nuclear recep-
tors in 80% confluence C2C12 cells (Fig. 2A). Among these
nuclear receptors, PPARS, PPARyI and RXRo were expressed at
similar level, while PPARa was expressed at low level, and
PPARY2 was hardly detected.
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Figure 1. For figure legend, see page 1836.

1832

Cell Cycle

Volume 14 Issue 12



B16
—u— EPA n 6 1—a— Control *k
A 12 -
& 1.2 8 PPARy1 . *%
Q [
€ 1.0 + >
=] D 4 - % kk
€ 8- —
> <
§ '6 T % 0 ¥ T T T T
o 4 cDayo 2 4 6 8 10
g 21 225
x 00- . T 2.0 - PPARa
& NDOO A [0}
PR oy = L8
Q 1.0 4
80% confulenced C2C12 myoblast 5
0-0 T ] 1 I I
Day 0 2 4 6 8 10
C 5 1.6 3.0
—=— EPA —a— Control 25 wk s k¥
% 1.2 1 * '
3 4 cyclin D1 g 2.0 -
—_— 8 o | 151
, 1.0 -
§ 14 44 cyclin D1 5 PPARS
% 0 T T T T T 0.0 T T T T T T 0.0 T T T T T T
® Dayo 2 4 6 8 10 Hour0 4 8 122448 Hour0 4 8 1224 48
© 30 10 5
=] ] ok skk
S 257 PPARyl .. | 81 PPARy2 41
o 2.0 % kk RXRa *k
1.5 d
. sk
1.0 1
5
0.0 T T T T T T [ ] T T T T T
Hour 0 4 8 12 24 48 0 4 8 12 24 48 0 4 8 12 24 48

Figure 2. Regulation of nuclear receptors expression during transdifferentiation. (A) Absolute quantitative realtime PCR analysis of the expression of
PPARs and RXRa in C2C12 cells. The C2C12 cells were cultured in 10% FBS DMEM medium, and harvested at 80% confluence for analysis. The copy num-
ber of genes was all normalized to that of B-actin. All values are represented as mean =+ SD from 3 independent experiments. (B) Real-time PCR analysis
of the expression patterns of nuclear receptors during transdifferentiation from cells treated as in (Fig. 1B). All values are represented as mean =+ SD
from 3 independent experiments. The variance analysis was performed between the same time point of “Control” and “EPA.” The significance is pre-
sented as *P < 0.05, **P < 0.01. (C) Real-time PCR analysis of the expression patterns of cyclin D1 and nuclear receptors during transdifferentiation from
cells treated as in (Fig. 1B).

Figure 1 (See previous page). EPA induces transdifferentiation of myoblasts to adipocytes. (A) Analysis of transdifferentiation by oil red O (ORO)-stain-
ing of C2C12 cells. The C2C12 myoblasts were treated with EPA of indicated concentrations for 10 d before ORO-staining. Top: plate view of ORO-stained
cultures; bottom: microscopic view. Bars represent 50 wm. (B) Real-time PCR analysis of the expression patterns of myogenic marker genes during trans-
differentiation of C2C12 myoblasts. The cells were shifted form medium supplemented with 10% FBS to control medium supplemented BSA (Control) or
treatment medium supplemented 400 .M EPA (EPA) at 60% confluence. On Day 0, 3, 5, 7 and 9, the cultures were harvested for analysis. mRNA expres-
sions in this and all subsequent figures were normalized to that of B-actin. All values are represented as mean =+ SD from 3 independent experiments.
The variance analysis was performed between the same time point of “Control” and “EPA.” The significance is presented as **P < 0.01. (C) Real-time PCR
analysis of the expression patterns of adipogenic marker genes during transdifferentiation from cells treated as in (B).
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Next we determined the expression pattern of PPARa,
PPARS, PPARyl and RXRo during
(Fig. 2B). In comparison with the control group, PPARo expres-
sion in the EPA group did not change significantly, while the
expression of PPARS, PPARyI and RXRa all elevated over the
course of transdifferentiation in EPA treated groups. In particu-
lar, the expression level of PPARy2 after EPA induction was 23-
fold higher than that in the control group (Fig. 1C). As men-
tioned before, PPARY2 was hardly expressed at basal level in
C2C12 cells and kept at a low level in the control group. This is
in agreement with the fact that PPARY2 is an adipocyte specific
gene, suggesting that transcriptional activation of PPARy2 was

transdifferentiation

crucial in transdifferentiation of myoblasts to adipocytes. Addi-
tionally, PPARS, RXRo and PPARyI all had similar expression
trends to PPARY2, indicating that PPARS, RXRa and PPARyI
might be involved in the up-regulation of PPARY2 or the conse-
quence of PPARY2 upregulation.

In order to identify the regulation pattern of Wnt/B-catenin
signaling during transdifferentiation, one of the well-known Wnt
target genes, cyclin DI, was assessed (Fig. 2C). During 9 d of
transdifferentiation after EPA induction, the mRNA level of
cyclin D1 remained unchanged as compared to the control group.
It is known that it is indispensible to turn off Wnt/f-catenin sig-
naling and down-regulate its target genes such ¢yclin DI for adi-
pogenesis,15 this led us to speculate that the effect of EPA on
Wnt/B-catenin signaling emerged at the early stage of transdiffer-
entiation. To test this hypothesis, the mRNA level of ¢yclin D1
within 48 hours after induction were measured (Fig. 2C). From
24 h to 48 h after EPA treatment, the mRNA level of ¢yclin D1
dropped significantly. This is in line with our hypothesis. The
expression of PPARS, RXRo, PPARyI and PPARy2 within
48 hours after induction were also measured (Fig. 2C). In con-
trast to cyclin DI, the expression of PPARS, RXRo, PPARyI
increased, implying that PPARS, RXRo and PPARyI might be
involved in the shutdown process of Wnt/B-catenin signaling.

EPA inhibits Wnt/B-catenin signaling through PPARS
and PPARYy1

To confirm the inhibition ability of EPA on Wnt/B-catenin
signaling, a TCF-reporter was used to monitor the Wnt/[3-cate-
nin signaling. After treatment with EPA, the TCF-reporter activ-
ity reduced significantly in C2C12 cells (Fig. 3A), and this is in
accordance with the decline of ¢yclin DI expression (Fig. 2C).
To investigate the function of B-catenin which is the central reg-
ulator of Wnt/B-catenin signaling after EPA treatment, the wild
type or B-catenin with GSK3@ phosphorylation sites mutation
was co-transfected with the TCF-reporter. The luciferase assay
showed that EPA inhibited Wnt/B-catenin signaling, while the
inhibition activity was disrupted by mutatant 3-catenin, which
resists proteasomal degradation (Fig. 3A). These results suggest
that EPA may suppress Wnt/-catenin signaling through 3-cate-
nin. To explore this possibility, the protein level of B-catenin was
detected by western blot. After EPA treatment, the protein level
of B-catenin significantly decreased (Fig. 3B), indicating that
EPA inhibits Wnt/B-catenin signaling by inducing the proteaso-
mal degradation of B-catenin. Similar results were observed in
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cancer cells treated with EPA and other n-3 PUFA,*>**?! sug-
gesting that n-3 PUFAs have the general effect to inhibit Wnt/
B-catenin signaling in both normal and tumor cells.

We next examined the effect of PPARS, PPARy1 and RXRa
on Wnt/B-catenin signaling by co-transfection of PPARS,
PPARy1 or RXRa expression plasmid with TCF-reporter. Both
PPARS and PPARYI suppressed the activity of TCF-reporter in
C2C12 cells, whereas RXRa had no effect (Fig. 3C). Interest-
ingly, neither PPARS nor PPARY1 possessed the ability to sup-
press Wnt/B-catenin signaling in C2C12 cells after treatment
with LiCl, a potent inhibitor of GSK3[ and activator of B-catenin
dependent transcription (Fig. 3D). This led us to speculate that
the inhibition ability of PPARS and PPAR<y1 was dependent on
B-catenin. To test this hypothesis, the protein level of B-catenin
was assessed by western blot after overexpression of PPARS or
PPARw1, and the results showed that both PPARS and PPARYy1
increased the degradation of B-catenin protein (Fig. 3E), which
mimicked the effect of EPA. These results demonstrated that EPA
inhibits Wnt/B-catenin signaling through PPARS and PPARyI1.
Previous study done on Swiss mouse fibroblasts also indicated that
PPARY could inhibit Wnt signaling by targeting -catenin for
degradation.’>** However, to date, the effect of PPARS on Wnt
signaling is still not clear, owing to different results obtained in
different cells or under experimental designs.>*

To provide additional evidence for the inhibition of PPARS
and PPARY1 on Wnt/B-catenin signaling, the plasmids encoding
inhibitory shRNAs were transfected to knock down PPARS and
PPARy1 (Fig. 3F). Along with the depressed expression of
PPARS or PPARYI, the mRNA level of cyclin DI was elevated,
indicating that endogenous PPARS and PPARvy! have already
contributed to the inhibition of Wnt/B-catenin signaling, and
that these 2 nuclear receptors might be essential for the inhibition
of Wnt/B-catenin signaling by EPA. However, the manners of
inhibition by PPARS and PPARYy1 may be different from each
other (see Supplementary data and Supplementary Fig. 1 and
Fig. 2).

PPARYI1 and PPARY2 promoter activity are regulated
by different nuclear receptors

To further validate the regulation of PPARYI and PPARY2 by
EPA, reporters with 2700 bp long PPARyI promoter and
2500 bp long PPARYy2 promoter were used. After EPA treat-
ment, the activities of both PPARyI and PPARY2 promoter
reporters significantly enhanced in C2C12 cells (Fig. 4A), which
is in agreement with the mRNA change of PPARYI and PPARy2
during the course of transdifferentiation (Fig. 1C and 2B).

The effect of PPARS, PPARy1 and RXRa on the promoter
activity of PPARYI and PPARy2 were further assessed. The pro-
moter activity of PPARyl was enhanced by RXRa whereas
decreased by PPARS and PPARy1 (Fig. 4B). In contrast, the
promoter activity of PPARy2 was only enhanced by PPARYI,
while PPARS and RXRa had no significant effect on the pro-
moter activity of PPARy2 (Fig. 4C). Interestingly, the promoter
activity of PPARy2 was further enhanced by co-expression of
PPARy1 and RXRa, suggesting that PPARy1 may directly bind
to the promoter of PPARY2 to regulate its expression. The effect
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Figure 3. PPARS and PPARy1 inhibits Wnt/B-catenin signaling. (A) Effect of EPA on Wnt signaling reporter in wild, 3-catenin transfected or 3-catenin
mutant transfected C2C12 cells. Twelve hours after transfection, the cells were treated with control medium supplemented with BSA or treatment
medium supplemented with 400 M EPA for another 24 hours before harvest for luciferase reporter activity determination. All values are represented as
mean =+ SD from 3 independent experiments. The significance is presented as (NS, not significant; **P < 0.01). (B) Western blot analysis of total cell
lysates of C2C12 cells treated with control medium supplemented with BSA or treatment medium supplemented with 400 wM EPA for 24 hours. (C)
Effect of PPARS, PPARy1 and RXRa on Wnt signaling reporter. Wnt reporter was co-transfected into C2C12 cells with pCMV-PPARS, pCMV-PPARy1, or
PCMV-RXRa. The luciferase reporter activity was measured 24h after transfection. All values are represented as mean =+ SD from 3 independent experi-
ments. The significance is presented as (NS, not significant; **P < 0.01). (D) Effect of PPARS and PPARy1 on Wnt signaling reporter under LiCl treatment.
Whnt reporter was co-transfected into C2C12 cells with pCMV-PPARS or pCMV-PPARy1. The cells were treated with 25 mM LiCl after transfection. The
luciferase reporter activity was measured 24 h after transfection. All values are represented as mean =+ SD from 3 independent experiments. The signifi-
cance is presented as NS, not significant. (E) Western blot analysis of total cell lysates of C2C12 cells transfected with vector, pCMV-PPARS or pCMV-
PPARY1 24 hours after transfection. (F) Real-time PCR analysis of the expression of cyclin D1 after knocking down of PPARS or PPARy1 in C2C12 cell by
shRNA. All values are represented as mean = SD from 3 independent experiments. The significance is presented as *P < 0.05, **P < 0.01.

of PPARS, PPARy1 and RXRa were also measured by qRT-  enhanced by the wild-type PPARy1. This is because the PPARy1
PCR (Fig. 4D). Importantly, the dominant-negative PPARyl  dominant-negative mutant retains both ligand and DNA bind-
blocked the expression of PPARy2, while its expression was ing, and exhibits markedly reduced transactivation and further
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Figure 4. Regulation of PPARy promoter
activity by nuclear receptors. (A) EPA
enhanced the promoter activity of
PPARy1 and PPARy2 in C2C12 cells.
C2C12 cells were transfected with pGL2-
basic, mG1p2700, pGL3-basic or
mG2p2500 to detect basal activity of
PPARy1 and PPARy2 promoters (up). The
cells transfected with mG1p2700 or
mG2p2500 plasmid were cultured in
control medium supplemented with BSA
or treatment medium supplemented
with 400 wM EPA (down). The luciferase
reporter activity was measured 48 h
after transfection. All values are repre-
sented as mean =+ SD from 3 indepen-
dent experiments. The significance is
presented as **P < 0.01. (B) Effect of
PPARS, PPARy1 and RXRa on the pro-
moter activity of PPARy1. PPARy1 pro-
moter reporter mG1p2700 was co-
transfected into indicated C2C12 cells
with pCMV-PPARS, pCMV-PPARy1 and/
or pCMV-RXRa. The luciferase reporter
activity was measured 48 h after trans-
fection. All values are represented as
mean =+ SD from 3 independent experi-
ments. The significance is presented as
**P < 0.01. (C) Effect of PPARS, PPARYy1
and RXRa on the promoter activity of
PPARy2. PPARy2 promoter reporter
mG2p2500 was co-transfected into indi-
cated C2C12 cells with pCMV-PPARS,
pCMV-PPARy1 and/or pCMV-RXRa. The
luciferase reporter activity was measured
48 h after transfection. All values are rep-
resented as mean =+ SD from 3 indepen-
dent experiments. The significance is
presented as **P < 0.01. (D) Real-time
PCR analysis of the expression change of
PPARy1 or PPARy2 in the C2C12 cells
transfected with pCMV-RXRa  (left),
pCMV-PPARS or pCMV-PPARS DN (mid-
dle), and pCMV-PPARy1 or pCMV-
PPARy1 DN (right). Measurements were
performed 48 h after transfection. All
values are represented as mean =+ SD
from 3 independent experiments. The
significance is presented as **P < 0.01.
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some other studies suggested that PPARy beinduced by stably

expressed PPARS.'?° These might seem confusing. However,
we have already showed that transient expression of PPARS sup-
presses Wnt/3-catenin signaling. These data suggest that the pri-
mary effect of PPARS is on Wnt/B-catenin signaling, and the
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elevated level of PPARy observed in cells stably expressing
PPARS is secondary to increase adipocyte differentiation.

PPARy2 is a direct target gene of PPARy1

In order to verify whether PPARYI binds to the promoter of
PPARy2, multiple softwares (PPRESearch, Genomatix Matlns-
pector, TRRD, TESS and TESEARCH) were used to predict the
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PPAR~y1 binding sites (peroxisome proliferator responsive ele-
ment(PPRE) in 2500 bp PPARY2 promoter. In order to confirm
the binding site, 6 putative PPRE and 7 5'-deletions of PPARy2
promoter (P1-P7) were constructed accordingly (Fig. 5A), and
further co-transfected to C2C12 cells with PPARYy1 expression
plasmid. Though PPARY1 significantly up-regulated the activity
of P1, P2, P3 and P4 (Fig. 5A), it did not level up that of P5,
implying that the putative functional PPRE is located between
P4 and P5 (—966—837). Consistent with this finding, a putative
PPRE (—890—878) was identified within this region, which is
highly conserved among multiple species (Fig. 5B).

To further confirm the putative PPRE is functional, modifica-
tions of the conserved sites of this PPRE was introduced into P1
and P4 (Fig. 5C). As expected, mutation or deletion of this
PPRE both eliminated the enhancement of PPARY! on pro-
moter activity of P1 and P4 (Fig. 5C), strongly supporting the
notion that this PPRE (—890—878) is functional.

To determine whether PPARYy1 directly interacts with the
PPARY2 promoter, ChIP assays were performed in C2C12 cells.
Chromatin was immunoprecipitated by PPAR<y-specific anti-
body, and the DNA fragments of expected size were amplified.
Normal rabbit IgG did not result in immunoprecipitation of
DNA fragments detectable by PCR amplification (Fig. 5D).
This result indicated that PPARy1 specifically binds to the func-
tional PPRE located on PPARY2 promoter. Further ChIP-qPCR
assay showed that EPA treatment highly strengthened the bind-
ing of PPARY1 with this PPRE in C2C12 cells, as indicated by
the enhanced binding ability after the transfection of PPARy1
expression plasmid (Fig. 5D). These results demonstrated that
PPARY1 activates the expression of PPARy2 by binding to the
functional PPRE located on the —890~—878 bp of PPARYy2
promoter, and PPARY2 is thus a direct target gene of PPARyI.

Discussion

Skeletal muscle accounts for about 40% of body mass, and it
is the major tissue contributing nearly 80% of whole body insu-
lin-stimulated glucose disposal in humans.’® It has been docu-
mented that accumulation of excess lipids in myocytes play an
important role in the development of lipotoxicity and insulin
resistance in humans because of its limited capacity in lipid stor-
age.””® Lipids could be stored either intramyocellularly or in
intramuscular adipocytes. Adipocytes have unique capacity to
store large amounts of lipids in the form of triglyceride, so as to
prevent the accumulation of deleterious lipid species such as

ceramides and diacylglycerol,36’37

thus lipids storage in intramus-
cular adipocytes in lieu of intramyocellularly may prevent lipo-
toxicity and ensure insulin resistance.*® Therefore, it is easy to
understand that the increase of intramuscular adipose tissue
could contribute to the maintainance of insulin sensitivity in
skeletal muscle."’

n-3 PUFA, especially those from marine oil, i.e. EPA and
docosahexaenoic acid (DHA, 22:6 n-3), are reported to increase
insulin sensitivity of muscle due to their beneficial effects on
inflammation and obesity.’>* Here, we identified that EPA
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could effectively induce transdifferentiation of myoblasts to adi-
pocytes, which may further lead to the increase of intramuscular
adipose tissue. This finding might provide another point of view
for understanding the benefit effect of EPA to insulin sensitivity,
and also provides us a reasonable explanation for our previous
results.”!

In our study, EPA was found having dual-effect during the
transdifferentiation from myoblasts to adipocytes: while inhibit-
ing Wnt signaling at early stage, it subsequently induces PPARy2
expression constantly. On one hand, EPA could target 3-catenin
to degradation and down-regulate Wnt/B-catenin signaling
through PPARS and PPARy1. On the other hand, EPA could
induce PPARy2 expression through the binding of PPARYI to
PPARy2 promoter.

Wnt/B-catenin signaling is well established as the adipogenic
switch. When it is on, adipogenesis will not occur.” In addition,
Wnt/B-catenin signaling is also the essential signaling for myo-
genesis.”! Therefore, the turn-off of Wnt/B-catenin signaling
may be the premise of transdifferentiation. Consistant with this
speculation, our study confirmed that the Wnt target gene, cyclin
D1, was down-regulated only in the first 48 h after EPA treat-
ment, which was accompanied by a substantial increase in the
expression of adipogenic marker gene PPARY2, suggesting that
the cell differentiation fate changes at the early stage of transdif-
ferentiation after EPA treatment, and the shutdown of Wnt/
B-catenin signaling is essential for effective transdifferentiation.

EPA appears to be a ligand of nuclear receptors, rather than
work directly.”” In our study, EPA induced the transdifferentia-
tion of myoblasts to adipocytes through activating the nuclear
receptors PPARS and PPARyl. Thus, we next elucidated the
inhibition mechanism of EPA on Wnt/B-catenin signaling
through PPARS and PPARyl. Previous studies have demon-
strated that B-Catenin as the central factor of Wnt signaling
must be recruited to Wnt target genes by TCF/LEFs to start Wnt
signaling, and that phosphorylation-dependent degradation of
B-catenin is often a key step in turning off Wnt signals in many
situations.*>#® We thus turned our attention to the status of
B-catenin. Our results showed that both PPARS and PPARYyI
could inhibit Wnt/B-catenin signaling by targeting B-catenin for
degradation, mimicking the action of EPA. This demonstrated
that the action of EPA in suppressing Wnt/B-catenin signaling
may be through PPARS and PPAR~y1.

The expression of 2 PPARy isoforms, i.e., PPARyI and
PPARy2, were both elevated during transdifferentiation, whereas
the adipocyte-specific isoform PPARY2 was hardly expressed in
untreated C2C12 cells. Interestingly, the extent of the change in
PPARY2 expression is more dramatic than that of PPARy! dur-
ing transdifferentiation, indicating that the activation of PPARy2
expression is not only the key factor for the transdifferentiation of
myoblasts to adipocytes, but also the crucial evidence for success-
ful cransdifferentiation. Medina-Gomez et al. also find that
PPARY2 is crucial to increase the lipid-buffering capacity of non-
adipose tissues,>” which is in agreement with our result.

Promoter truncation, mutation and deletion assays all proved
that the PPRE located in —890—878 of the promoter of PPARY2
is essential for PPARY1 to enhance the promoter activity of
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PPARy2. In addition, CHIP assays showed that the binding abil-
ity of PPARyl to the promoter of PPARy2 significantly
improved after EPA treatment. The above results demonstrated
that EPA induces PPARY2 expression through the binding of
PPARvy1, to the functional PPRE located in the promoter of
PPARy2, thus leading to the conversion of myoblasts to adipo-
cytes. The transcriptional activation of PPARy2 by PPARyI is
crucial for successful transdifferentiation, and this event might be
also involved in the transdifferentiation processes induced by
other PPARYy ligands such as linolenic acid, arachidonic acid and
rosiglitazone. >

In summary, EPA could effectively induce the transdifferen-
tiation of myoblasts into adipocytes by inhibiting Wnt signaling
at the early stage though PPARS and PPARY1 and subsequently
activating PPARY2 expression though PPARYy1. These findings
provided evidence that EPA could induce myoblasts to transdif-
ferentiate into intramuscular adipocytes, which may increase the
lipid-buffering capacity of skeletal muscle and have significant
positive effect on insulin sensitivity.

Materials and Methods

Cell culture and transdifferentiation assay

C2C12 mouse myoblasts were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM), supplemented with 10% fetal
calf serum (FBS). For transdifferentiation assay, the cells were
shifted at 60% confluence to medium supplemented with 5%
FBS and BSA (control medium) or 5% FBS and EPA at indi-
cated concentrations (treatment medium). EPA was first
adsorbed to fatty acid-free bovine serum albumin (BSA) in a 4:1
molar ratio (EPA/BSA). Control medium and treatment medium
were changed every 2 d After 10 d of induction, the cells were
stained with oil red O to determine the transdifferentiation

phenotype.

RNA extraction, reverse Transcription, and gPCR

RNA preparation, cDNA synthesis, and qPCR were per-
formed as described in Luo et al.*" Expression level was normal-
ized to that of B-actin. Relative copy numbers of nuclear

receptors were determined in qPCR as described in Whelan
et al.* Primers are listed in Supplementary Table 1.

Western blot

Western blot was performed using 30 mg of total cell lysates.
The antibodies used in this study include mouse anti-Tubulin
IgM  (1:1000; sc-8035, Santa Cruz), rabbit anti-B-Catenin
(1:1000; #9587, Cell Signaling). Secondary antibodies, goat
anti-IgM-HRP (sc-2064, Santa Cruz) and goat ant-IgG-HRP
(Santa Cruz) were used at 1:10000 dilutions.

Transient transfection assays

For transient transfection assays, C2C12 cells were seeded to
24-well plate at 0.4—0.6 x 10° cells/well 18-24 h before trans-
fection. The cells were transiently transfected with plasmids at
70% confluence using LipofectamineTM 2000 reagent (Invitro-
gen) according to the manufacturer’s instructions. The DNA/
reagent ratio was 1 wg/2 pL. Cells were harvested 24 h or 48 h
after transfection for subsequent analysis.

Luciferase reporter assay

The TOPflash plasmid (Millipore) was used to monitor the
Wnt/B-catenin signaling. This plasmid contains 6 copies of the
TCF binding site upstream of a TK minimal promoter and firefly
luciferase open reading frame. Renilla luciferase encoded by the
pRL-TK plasmid (Promega) was used as an internal control for
firefly luciferase normalization. Luciferase activity was deter-
mined with the Dual-Luciferase® Reporter Assay System (Prom-
ega) and a GLOMAX luminometer (Promega) according to the

manufacturer’s instructions.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation assays (CHIP) were per-
formed with Pierce® Agarose ChIP Kit (2162216, DPierce)
according to the manufacturer’s instructions. After Micrococcal
Nuclease digestion, the digested chromatin was immunoprecipi-
tated with the antibody against PPARy (H-100, Santa Cruz) and
normal rabbit IgG (Pierce) overnight at 4°C in the presence of
Protein A beads (Pierce). DNA enrichment was quantified by
real-time PCR. Primers used for CHIP are shown in Supplemen-
tary Table 1. Occupancy was quantified using a standard curve
and normalized to input DNA.

Figure 5 (See previous page). PPARy2 is a direct target gene of PPARy1. (A) Effect of PPARy1 on the activity of truncated PPARy2 promoters. The trun-
cated PPARy2 promoter reporters (PTP7) were co-transfected into C2C12 cells with pCMV-PPARy1 or empty vector. The luciferase reporter activity was
measured 48 h after transfection. All values are represented as mean =+ SD from 3 independent experiments. The significance is presented as (NS, not
significant; **P < 0.01). (B) Conserved sequences of the PPRE in PPARy2 promoter of different species. The PPARy2 promoter sequences of human
(Homo sapiens), troglodyte (Pan troglodytes), monkey (Macaca mulatta), mouse (Mus musculus), rat (Rattus norvegicus), cow (Bos taurus), dog (Canis lupus
familiaris) and pig (Sus scrofa) were aligned for conserved domain analysis. All the PPARy2 promoter sequences are from Genbank database. (C) The
effect of PPRE mutations and deletions on PPARy2 promoter activity. Wild type (P1, P4), mutation type (P1 mut, P4 mut) or deletion type (P1 del, P4 del)
of PPARy2 promoter reporter was co-transfected into C2C12 cells with pCMV-PPARy1 or empty vector. The luciferase reporter activity was measured
48 h after transfection. All values are represented as mean =+ SD from 3 independent experiments. The significance is presented as (NS, not significant;
**P < 0.01). (D) CHIP analysis of the PPARy1-DNA binding activity with PPARy2 promoter. C2C12 cells were maintained in control medium supplemented
with BSA or treatment medium supplemented with 400 .M EPA for 48 hours prior to CHIP assays. After immunoprecipitation, PPRE region was amplified
by PCR. Total chromatins were indicated as ‘input’. Pre-immune IgG was used as a negative control (left). The normal and pCMV-PPARy1 transfected
C2C12 cells were also treated with BSA or 400 .M EPA for 48 hours, followed by CHIP assays. PPRE region was amplified by realtime PCR (right). All val-
ues are represented as mean = SD from 3 independent experiments. The significance is presented as **P < 0.01.

www.tandfonline.com Cell Cycle 1839



Statistical analysis

Statistical analysis was performed using SAS software package
(version 8.2; SAS Institute, Cary, NC, USA). The data are pre-
sented as mean = SD. Differences between the means of the indi-
vidual groups were assessed by one-way ANOVA; means were
considered statistically different at P < 0.05. All experiments
were performed at least 3 times.
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