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Abstract

The induced lipogenesis and its regulation in C2C12 myoblasts remain largely unclear. Here, we

found that the cocktail method could significantly induce lipogenesis through regulating lipid

metabolic genes and Erk1/2 phosphorylation in myoblasts. Meanwhile, the expression and secre-

tion of CTRP6 were increased during ectopic lipogenesis. Moreover, CTRP6 knockdown down-

regulated the levels of lipogenic genes and phosphorylated Erk1/2 (p-Erk1/2) in the early lipogenic

stage, whereas up-regulated p-Erk1/2 in the terminal differentiation. Interestingly, the effect of

CTRP6 siRNA was attenuated by U0126 (a special p-Erk1/2 inhibitor) in myoblasts. Furthermore,

AdipoR1, not AdipoR2, was first identified as a receptor of CTRP6 during the process of mitotic

clonal expansion. Collectively, we suggest that CTRP6 mediates the ectopic lipogenesis through

AdipoR1/Erk/PPARγ signaling pathway in myoblasts. Our findings will shed light on the novel bio-

logical function of CTRP6 during myoblast lipogenesis and provide a hopeful direction of improv-

ing meat quality of domestic animal by lipogenic regulation in skeletal muscle myoblasts.
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Introduction

Ectopic lipogenesis commonly occurs in myopathies, as well as in
other diseases, such as severe neurogenic atrophy, mitochondrial
myopathy, obesity, and ageing-related sarcopenia [1–3]. In the
pathogenesis of fatty degeneration, it has been reported that stem
cells in the musculature serve as a source of adipocytes. Lipogenesis
could be induced in several types of cells isolated from skeletal mus-
cle including satellite cells and side population cells. C2C12 myo-
blasts, a well-established model for myogenesis study, have been
reported to possess this ability [4,5] that could be influenced by sev-
eral factors including the cytokines, retinoic acid, and transcrip-
tional regulators [6–8]. It is well known that myogenesis is
controlled by myogenic regulatory factors (MRFs), while lipogenesis

is regulated by the adipogenic transcription factors including peroxi-
some proliferator activated receptor γ (PPARγ) and the CCAAT
enhancer-binding protein α (C/EBPα) [9]. Therefore, the adipogenic
marker genes may be involved in the ectopic lipogenesis in skeletal
muscle cells. However, the regulatory mechanism of lipogenesis in
C2C12 myoblasts is still unclear.

C1q/TNF-related proteins (CTRPs) are a protein family consist-
ing of 15 (CTRP1-CTRP15) newly identified adiponectin paralogs.
In addition to sharing structural similarity with adiponectin, CTRPs
also regulate similar metabolic processes [10,11]. CTRP6 is a 240-
amino acid protein consisting of a signal peptide, a short variable
region, a collagen-like region, and a C-terminal globular domain.
The C-terminal globular domain is thought to be the functional
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domain that may interact with other proteins or receptors. A recent
study revealed that the levels of CTRP6 in serum and fat tissues
were enhanced in obese, ob/ob, and adiponectin null-mice [12]. As
reported, rosiglitazone treatment decreased CTRP6 expression in
adipose tissue [12,13]. Our previous study indicated that decrease of
CTRP6 expression and secretion inhibited adipogenesis in 3T3-L1
cells [14]. Moreover, in C2C12 cells, CTRP6 could stimulate fatty
acid oxidation via the activation of AMPK [15]. In order to find a
hopeful direction for human myopathies therapy, whether CTRP6 is
involved in fat formation needs to be further explored in skeletal
muscle cells.

In the present study, we investigated the effects of CTRP6 and
U0126 (a special p-Erk inhibitor) on the ectopic lipogenesis in
C2C12 myoblasts. Our results suggested that CTRP6 regulated the
ectopic lipogenesis through AdipoR1/Erk/PPARγ signaling pathway
in myoblasts. These findings will shed light on the novel biological
function of CTRP6 during lipogenesis in myoblasts.

Materials and Methods

Cell culture and lipogenesis induction

The C2C12 myoblast cells (ATCC, New York, USA) were cultured
in growth medium of Dulbecco’s Modified Eagle Medium (DMEM)
with 10% fetal bovine serum (FBS) and antibiotics at 37°C in 5%
CO2. At 90%–95% confluence, cells were induced in three different
media including the growth medium, the myogenic induction med-
ium (DMEM with 2% horse serum), and the cocktail medium
(DMEM with 10% FBS, 0.5 mM 1-methyl-3-isobutylxanthine,
1 μM dexamethasone, and 20 μg/ml insulin), respectively. The cells
were incubated with the above differentiation media for 2 days and
then maintained in DMEM with 10% FBS and 5mg/ml insulin for
another 4–6 days [16]. During the differentiation process, medium
was changed every other day.

Oil Red O staining and BODIPY staining

After being fixed in 4% (v/v) paraformaldehyde solution, incubated
with 0.5% Oil Red O for 30min, and washed three times with PBS,
the myoblast cells were visualized by phase-contrast microscopy (IS-
Elements software, Nikon ECLIPSE, Japan). Oil Red O dissolved in
lipid droplets was extracted with 100% isopropanol and its relative
concentrations were determined by measuring the absorbance at
510 nm [17].

BODIPY staining was performed according to the previously
published method [18].

ELISA

CTRP6 released from myoblast cells was measured using the mouse
CTRP6 Quantikine ELISA Kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s instructions.

Quantitative real-time reverse-transcriptase

polymerase chain reaction (real-time qPCR)

Total RNA was isolated from tissues or cells with TRIZOL® reagent
(Takara, Tokyo, Japan). The RNA concentration was determined
and reverse transcription was carried out using the First-Strand
cDNA Synthesis kit (Takara). Real-time qPCR was carried out on a
Bio-Rad iQ5 multicolor Real-Time PCR Detection system (Bio-Rad,
Hercules, USA) by using qPCR SYBR Green Master Mix (Vazyme,
Piscataway, USA). The functional genes included PPARγ, aP2

(adipocyte fatty acid-binding protein 4), TGH (triacylglycerol
hydrolase), ATGL (adipose triglyceride lipase), adiponectin,
AdipoR1 (adiponectin receptor 1), and CTRP6, while β-actin was
used as an internal control. The primer sequences used in this study
were listed in Supplementary Table S1. Relative mRNA expression
was determined using the 2–ΔΔCt method.

Triglyceride (TG) content assay

Treated myoblasts were washed gently with PBS and scraped on ice
in 30 μl of 2% Triton X-100. TG contents were measured using TG
Assay Kit (Nanjing Jiancheng Bioengineering Institute) according to
the manufacturer’s instructions [19].

Transfection

CTRP6 siRNA and scrambled oligonucleotides were purchased
from the GenePharma Company (Shanghai, China) and listed in
Supplementary Table S2. Cells were transfected with Lipofectamine
2000 (Invitrogen, Carlsbad, USA) as described in the manufacturer’s
protocol. At 4 h before transfection, the medium was changed
to Opti-MEM®Medium (Gibco, Grand Island, USA). The siRNA
(20 μM) was incubated with a 5 μl lipofectamin 2000 transfection
reagent in Opti-MEM®Medium for 20min at room temperature.
After 6 h of transfection, the medium was changed into normal
cocktail medium and cultured for 6 days. In the later adipogenic
stage, myoblasts were treated with U0126 (a special p-Erk1/2 inhibi-
tor) (Beyotime Biotechnology, Shanghai, China) at the indicated
concentrations for 60min and then collected after culturing in
DMEM with 10% FBS and 5mg/ml insulin for another 2 days.

Vector construction

Interference vectors were constructed with lentiviral plasmid
pLentiHI (Invitrogen, Carlsbad, USA) and the inserted shRNAs
were designed by online Invitrogen RNAi Designer (https://
rnaidesigner.invitrogen.com/ rnaiexpress/). Three AdipoR1 and
AdipoR2 shRNA vectors were constructed (Supplementary
Table S3). They were annealed and inserted into pLentiHI plasmids
at BamHI and XhoI sites, and confirmed by sequencing.

Lentivirus package and infection

The pLentiHI-AdpoR1 shRNAs, AdpoR2 shRNAs or scrambled
shRNA (9 μg), combined with 6 μg Δ8.9 packaging plasmid and 9 μg
VSVG envelope protein plasmid, were co-transfected into HEK293T
packaging cells (2 × 105 cells per well) with the calcium phosphate
method. Forty-eight hours after transfection, the supernatant con-
taining virus particles was collected and passed through a 0.45 μm
filter to remove cellular debris. When myoblasts reached 70%–80%
confluence, the viral suspension of pLentiHI-AdipoR1 shRNAs,
pLentiHI-AdipoR2 shRNAs or scrambled shRNA was added respec-
tively, and incubated for 6–8 h, and then the medium was replaced
by adipogenic induction medium that includes the recombinant com-
plement CTRP6 protein (Prospec, East Brunswick, USA).

Western blotting

Cells were lysed in lysis buffer (Beyotime Biotechnology) supplemen-
ted with 1mM PMSF. Each protein sample was separated by 12%
SDS-PAGE and electro-transferred to PVDF membrane (Millipore,
Billerica, USA) for immunoblot analysis [16]. The primary antibo-
dies against the following proteins were used: PPARγ (Abcam,
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Cambridge, UK), aP2 (Santa Cruz Biothech, Santa Cruz, USA),
ATGL (Cell Signaling, Beverly, USA), CTRP6 (Abcam), Erk1/2 (Cell
Signaling), p-Erk1/2 (Cell Signaling), adiponectin (Cell Signaling),
and AdipoR1 (Santa Cruz). β-Actin (Santa Cruz) was used as the
loading control. After incubation with the appropriate HRP-
conjugated secondary antibody, proteins were detected using a
ChemiDoc XRS imaging system (Bio-Rad) and analyzed using soft-
ware Quantity One (Bio-Rad).

Co-immunoprecipitation

When myoblasts reached 90% confluence, medium was changed
to adipogenic induction medium that includes the recombinant
complement adiponectin protein (Sino Biological Inc, Beijing, China).
Lysates were extracted from the cells with RIPA buffer. Then,
equivalent amounts of proteins were incubated with antibodies
against CTRP6, AdipoR1, adiponectin or IgG separately overnight at
4°C, followed by immunoprecipitation using protein A/G-conjugated
agarose beads (Beyotime Biotechnology). Samples were washed with
RIPA buffer supplemented with protease inhibitor, boiled at 100°C
for 10min with equivalent amounts of 5 × loading buffer, and
then analyzed by western blotting using antibodies against CTRP6,
adiponectin or AdipoR1.

Statistical analysis

All results were obtained from at least three independent experi-
ments, presented as mean ± SEM and analyzed using SPSS 19.0 sta-
tistical software (SPSS, Inc.). Statistical significance was determined
using Student’s t-test. P < 0.05 was considered to be statistically
significant.

Results

Ectopic lipogenesis in C2C12 myoblasts

To investigate lipogenesis in myoblasts, three induction methods
were used to culture the cells for 8 days. The results showed that the
cocktail method was the best in myoblast ectopic lipid accumulation
as revealed by staining with Oil Red O and BODIPY (Fig. 1A,B).
Compared with the other methods, the OD values at day 4 and 6,
and the TG contents at day 2, 4 and 6 were significantly increased
(P < 0.05) in C2C12 cells induced with the cocktail method
(Fig. 1C,D).

Furthermore, compared with the control groups, the levels of
PPARγ and aP2 mRNA at day 2, 4 and 6 were significantly up-
regulated (Fig. 2A,B), whereas the levels of key lipolytic gene TGH
at day 2, 4 and 6 (P < 0.05), and the levels of ATGL at day 2 and 4
(P < 0.05) were markedly down-regulated (Fig. 2C,D) during lipo-
genic induction with the cocktail method in C2C12 myoblasts. The
trend of ATGL protein levels was the same as their mRNA levels
(Fig. 2E,F,H). The protein levels of PPARγ and aP2 in cocktail
medium-treated cells were also significantly up-regulated, compared
with the other methods (Fig. 2G). In order to avoid errors, the adi-
pocyte lysate control was also detected and results were shown in
Supplementary Fig. S1.

Erk signaling pathway is implicated in C2C12 myoblast

lipogenesis

To determine whether Erk signaling pathway is implicated in myo-
blast lipogenesis, the levels of Erk1/2 and p-Erk1/2 were detected
during this process. The results indicated that the level of p-Erk1/2

Figure 1. Lipogenesis in C2C12 cells (A) C2C12 cells were stained with Oil Red O. C2C12 cells treated with DMEM (growth medium), horse serum (myogenic

induction medium) or the cocktail medium (adipogenic induction medium) and induced for 8 days. (B) BODIPY staining. (C) Oil Red O relative absorbance. OD

(optical density) value. (D) Triglyceride content analysis. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, compared with DMEM; #P < 0.05,
##P < 0.01, compared with horse serum.
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was visibly up-regulated in myoblasts treated with the cocktail
method at day 2, but it was opposite at day 6 (Fig. 2I,J).

Expression and secretion of CTRP6 during C2C12

myoblast lipogenesis

At day 2, 4 and 6 of lipogenesis in myoblasts, the levels of CTRP6
mRNA were increased by approximately 2.5 folds, 2.2 folds and 2
folds compared with the controls, respectively (Fig. 3A). Meanwhile,
the secretion of CTRP6 in the culture medium and the levels of

CTRP6 protein in the C2C12 myoblasts were significantly induced
and up-regulated at day 2, 4 and 6 (Fig. 3B–D, P < 0.05).
Therefore, CTRP6 may be involved in lipogenesis of myoblasts.

CTRP6 knockdown inhibits lipogenesis in C2C12

myoblasts

To explore the effects of CTRP6 on the ectopic lipogenesis in myo-
blasts, the experiment of CTRP6 knockdown was performed
(Supplementary Fig. S2). The results showed that the knockdown

Figure 2. The adipogenic regulation in C2C12 cells The cells were respectively treated with DMEM, horse serum or the cocktail medium for 2, 4 and 6 days.

The mRNA expressions of adipogenic marker genes were analyzed by real-time qPCR at day 2, 4 and 6: (A) PPARγ, (B) aP2, (C) HSL, (D) ATGL. (E) The protein

levels of PPARγ, aP2, ATGL, Erk and p-Erk. (F–J) The levels of PPARγ, aP2, ATGL, Erk and p-Erk were analyzed using Image J. Data were expressed as

mean ± SEM. *P < 0.05, **P < 0.01, compared with DMEM; #P < 0.05, ##P < 0.01, compared with horse serum.
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efficiency of CTRP6 siRNA3 was the best. At day 2, 4 and 6 after
transfection and lipogenic induction, the levels of CTRP6 mRNA
were significantly down-regulated in the treatment group (Fig. 4A,
P < 0.05). Furthermore, not only the secretion of CTRP6 in the cul-
ture medium was significantly reduced (Fig. 4B, P < 0.05), but also
the levels of the CTRP6 protein in the myoblasts were visibly down-
regulated in the treatment group at day 2, 4 and 6 (Fig. 4G). Oil Red
O staining showed that knockdown of CTRP6 inhibited lipogenesis
in myoblasts at day 6 (Fig. 4C and Supplementary Fig. S3). The ana-
lysis of Oil Red O extraction indicated that the suppression of
CTRP6 expression resulted in approximately 40% and 50% decrease
in intracellular lipid content in comparison with the control at day 4
and 6, respectively (Fig. 4C, P < 0.05). In addition, at day 2, 4 and 6
of lipogenesis induction, the TG contents were also decreased by
approximately 50%, 54% and 53%, respectively, as revealed by TG
content analysis (Fig. 4D). Furthermore, the levels of PPARγ and aP2
mRNA were reduced by approximately 40%, 37%, and 29%, and
60%, 41%, and 32% respectively, in the treatment group at day 2, 4
and 6 (Fig. 4E,F). Knockdown of CTRP6 could also visibly down-
regulate the levels of PPARγ and aP2 proteins (Fig. 4G).

CTRP6 regulates the ectopic lipogenesis by Erk

signaling pathway in C2C12 myoblasts

To determine whether CTRP6 regulates the ectopic lipogenesis
through Erk signaling pathway, the levels of Erk1/2 and p-Erk1/2

were examined. The results showed that CTRP6 knockdown inhib-
ited Erk1/2 activation in the early adipogenic stage in myoblasts,
but improved the level of p-Erk1/2 in the terminal stage (Fig. 4G–I).

To further confirm this finding, myoblasts were treated with
U0126 (a special p-Erk1/2 inhibitor) in the later adipogenic induc-
tion stage. The level of p-Erk1/2 induced by CTRP6 siRNA was gra-
dually suppressed with the increase of U0126 concentrations
(Fig. 5A), whereas there was no reduction in the amount of total
Erk1/2 protein. The effect of U0126 on adipogenesis in myoblasts
was also examined and shown in Supplementary Fig. S4. U0126
could significantly promote lipogenesis in myoblasts. At day 6 of the
adipogenic induction, Oil Red O staining showed that U0126 recov-
ered lipogenesis against the inhibition caused by CTRP6 knock-
down (Fig. 5B). Meanwhile, there was no effect on the expression of
CTRP6 (Fig. 5C). Interestingly, the mRNA and protein levels of
PPARγ and aP2 were not only rescued but also significantly up-
regulated in myoblasts treated with CTRP6 siRNA plus U0126
(Fig. 5D–F). Based on above results, we suggest that CTRP6 may
regulate the ectopic lipogenesis by Erk signaling pathway in C2C12
myoblasts.

AdipoR1 rather than AdipoR2 may be a receptor

of CTRP6

The sequence and structure of CTRPs are similar to those of adipo-
nectin, however, whether CTRPs interact with any of the APN

Figure 3. The expression and secretion of CTRP6 (A) The mRNA levels of CTRP6 at day 2, 4 and 6. (B) Secretions of CTRP6. (C) The levels of intracellular

CTRP6 protein. (D) The protein levels of CTRP6 were analyzed using Image J. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, compared with

DMEM; #P < 0.05, ##P < 0.01, compared with horse serum.
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receptors/binding proteins and what their role is in mediating sub-
sequent biological functions remain largely unknown. Currently,
CTRP5 and CTRP9 are the CTRP members whose receptor
dependencies have been investigated. Experimental results sug-
gested that CTRP5 and CTRP9 exerted their metabolic effect in
an AdipoR1-independent manner [20,21]. To evaluate the hypoth-
esis that AdipoR1 and/or AdipoR2 are the receptors of CTRP6,
the two genes were knocked down in myoblasts, respectively

(Supplementary Fig. S5). AdipoR1 shRNA1 and AdipoR2 shRNA3
were selected for the subsequent experiments. The activities of
CTRP6 and adiponectin protein were shown in the Supplementary
Figs. S6 and S7. The most effective concentration of CTRP6 and
adiponectin protein was 0.5 μg/ml. The results showed that only the
addition of CTRP6 could increase the expression of PPARγ and aP2
and change the levels of p-Erk1/2 in myoblasts (Supplementary
Fig. S8). The AdipoR1 knockdown in combination with CTRP6

Figure 4. CTRP6 knockdown inhibits lipogenesis via Erk signaling in C2C12 cells For transfection followed by adipogenic differentiation, cell density must

reach 80%–85% to ensure that the cells can grow to confluency in two days after transfection. (A) The efficiency of CTRP6 knockdown by siRNA at day 2, 4 and 6.

(B) The secretion of CTRP6 in the culture medium. (C) Oil Red O staining and Oil Red O relative absorbance. (D) TG content. (E,F) Real-time qPCR analysis of

PPARγ (E) and aP2 (F). (G) The protein levels of CTRP6, PPARγ, aP2, ATGL, Erk and p-Erk. (H,I) The levels of p-Erk1 (H) and p-Erk2 (I) were normalized vs. total

Erk1 and Erk2, respectively. Data were expressed as mean ± SEM, *P < 0.05, **P < 0.01, compared with the scramble.
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protein addition did not change the level of p-Erk1/2 or the levels of
PPARγ and aP2 in C2C12 myoblasts induced with the cocktail
method at day 2 and 4 (Fig. 6A,C). However, CTRP6 protein could
down-regulate the level of p-Erk1/2 and up-regulate the levels of
PPARγ and aP2 even when AdipoR1 was knocked down at day 6.
Interestingly, AdipoR2 knockdown did not affect the function of
CTRP6 (Fig. 6B,D). Therefore, we think that AdipoR1 rather than
AdipoR2 may be a receptor of CTRP6 in the early adipogenic stage.

We then explored whether there was a direct interaction between
AdipoR1 and CTRP6. Indeed, AdipoR1 was co-immunoprecipitated
in complex with CTRP6 at day 2 (Fig. 6E), suggesting a direct inter-
action involving CTRP6 binding to AdipoR1 during the process of
mitotic clonal expansion. But in the late stage of lipogenesis, CTRP6
could not interact with AdipoR1 (Fig. 6E). This was likely because

that CTRP6 could compete with adiponectin in binding to AdipoR1.
The adiponectin expression in the later stage of lipogenesis was
increased by approximately 12 folds when compared with that in the
early stage, but the expression of AdipoR1 mRNA was only increased
by 2 folds (Supplementary Fig. S9). When myoblasts were treated
with adiponectin protein in the early adipogenic stage, AdipoR1 was
found to bind to adiponectin rather than CTRP6 (Fig. 6F). Taken
together, a model for the regulatory lipogenic mechanism of CTRP6
in myoblasts was proposed and shown in Fig. 7.

Discussion

It is a quite interesting issue how to activate the ectopic lipogen-
esis in myoblasts. Several reports have indicated that hypoxia

Figure 5. The inhibition of lipogenesis by CTRP6 knockdown was attenuated by U0126 through the Erk signaling pathway C2C12 cells were treated with

U1026 for 60min and then collected after culturing in DMEM with 10% FBS and 5mg/ml insulin for another 2 days. (A) The levels of Erk1/2 and p-Erk1/2. (B) Oil

Red O staining and Oil Red O relative absorbance. (C–E) The mRNA levels of CTRP6 (C), PPARγ (D), and aP2 (E), respectively. (F) The levels of PPARγ, aP2 and

FAS proteins. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, compared with scramble; #P < 0.05, ##P < 0.01, compared with treatment with CTRP6

siRNA and DMSO.
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Figure 6. AdipoR1 rather than AdipoR2 may be a receptor of CTRP6 The cells were treated with CTRP6 protein for 4 days after infection with pLentiHI-AdpoR1

or -AdpoR2 shRNA. (A) The effect of AdipoR1 knockdown plus CTRP6 protein Erk/PPARγ signaling. (B) The effect of AdipoR2 knockdown plus CTRP6 protein

Erk/PPARγ signaling. (C,D) The levels of proteins were analyzed using Image J. Data were expressed as mean ± SEM. *P < 0.05, **P < 0.01, compared with con-

trol. #P < 0.05, ##P < 0.01, compared with treatment with AdipoR1 shRNA or AdipoR2 shRNA. (E) Representative co-immunoprecipitation results showing that

CTRP6 binds to AdipoR1 in mitotic clonal expansion not during terminal adipogenic differentiation. The cells were inducted by the cocktail method for 2 days or

6 days and collected. Samples were immunoprecipitated with CTRP6- or AdipoR1-specific antibody followed by immunoblotting with antibodies against

AdipoR1 or CTRP6. (F) CTRP6 could compete the binding of adiponectin to AdipoR1. The experiments were repeated three to four times/condition.
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and cyclic mechanical stretch stimulate or inhibit lipogenesis of
myoblastic cells through Wnt signaling [22–24]. Moreover, the
medium with dexamethasone and insulin (MDI) treatment also
leads to a significant decrease in Wnt10b mRNA expression and
enhancement of myogenic and adipogenic differentiations in
C2C12 cells [23], but it is not clear whether other signaling path-
ways were also involved. We found that the level of p-Erk1/2
was significantly increased at day 2 of lipogenesis induction in
myoblasts, whereas its level was decreased at day 6. The Erk sig-
naling pathway plays a pivotal role in many vital cellular pro-
cesses including proliferation and differentiation [25]. These
results suggest that Erk signaling pathway may be implicated in
the ectopic lipogenesis in myoblasts.

Our previous studies revealed that CTRP6 could regulate adipo-
genesis via lipogenic marker genes in 3T3-L1 adipocytes [14], imply-
ing that CTRP6 was potentially involved in the ectopic lipogenesis
in myoblasts. Expectedly, this hypothesis was confirmed by the
results of expression and secretion of CTRP6 during the ectopic
lipogenesis in myoblasts. Although CTRP6 was found to stimulate
fatty acid oxidation via the activation of AMPK in C2C12 myo-
blasts [15], our research focused on adipogenic differentiation. The
process of adipogenic differentiation includes growth arrest, clonal
expansion, early changes in gene expression and terminal differen-
tiation [26]. It is interesting to explore when and how CTRP6 regu-
lates adipogenic differentiation.

It is well known that aP2 and PPARγ play major roles in adipo-
cyte adipogenesis and lipogenesis. aP2 has been previously reported
to directly interact with PPARγ, and the hundreds of genes were acti-
vated by PPARγ, which are responsible for terminal adipogenic differ-
entiation [27–29]. In addition, recent studies provided the evidence
that the promoter region of CTRP3 carries a functional PPRE
(PPARγ response element) that promotes adipogenesis through
directly up-regulating PPARγ level in adipocytes [30–32]. In the pre-
sent study, CTRP6 knockdown was found to inhibit the ectopic lipo-
genesis and down-regulate the levels of PPARγ and aP2 in myoblasts.
Therefore, our experiment results demonstrate that CTRP6 regulates
the ectopic lipogenesis by lipogenic marker genes. Additionally, our
results also indicate that CTRP6 knockdown inhibits Erk signaling at
the early stage of adipogenic induction, but improves p-Erk1/2 in the
terminal. Those findings suggest that CTRP6 mediates the ectopic
lipogenesis through Erk signaling pathway in myoblasts.

To further confirm the above point, experiments were carried out
in myoblasts treated with CTRP6 siRNA plus U0126. We found that
the suppression of lipogenesis by CTRP6 siRNA occurred in the
whole adipogenic process, but in the later adipogenic stage the effect
of CTRP6 siRNA was attenuated by U0126 in myoblasts. Several
studies reported that ERK signaling pathway could promote or inhibit
lipogenesis depending on its time of activation during the process
[25]. Erk1/2 needs to be activated during early lipogenesis for normal
clonal expansion, while p-Erk1/2 stimulates p-PPARγ that leads to
the inhibition of lipogenesis in the later adipogenic stage. Therefore,
our results indicate that the inhibition of lipogenesis by CTRP6
knockdown with down-regulation of PPARγ and aP2 is through the
induction of p-Erk1/2 in the later adipogenic stage.

Not only adipocyte secretes CTRP6 [12], but in our study the
myoblasts induced with the cocktail method also secrete CTRP6. In
addition, mtDNA depletion induces an increase in CTRP6 expres-
sion by increasing mRNA stability in skeletal muscle [13]. However,
the receptor of CTRP6 is still unknown. Adiponectin is produced
exclusively in animal adipose tissue and considered as a ‘true’ adipo-
kine [33,34]. The biological properties of adiponectin are mediated
via two receptors: AdipoR1 and AdipoR2 [35,36]. Both AdipoR1
and AdipoR2 are surface membrane proteins with seven transmem-
brane domains, sharing similar molecular structure with each other,
with expression detectable in most tissues and cell types [37]. While
AdipoR1 is prevalent in the skeletal muscle and heart, AdipoR2 is
the chief hepatic subtype [38]. AdipoR1 binds to gADN with high
affinity and fADN with low affinity, whereas AdipoR2 binds to
both gADN and fADN with medium affinity. Adiponectin, via
AdipoR1/R2, rapidly and robustly activates the Erk1/2 pathway in
primary cardiac fibroblasts [39], vascular endothelial cells, vascular
smooth muscle [40], and hepatocytes [41]. Because the globular
domain of CTRP6 shares a high degree of amino acid identity
(33%) with adiponectin [12], we hypothesize that AdipoR1 and/or
AdipoR2 are also the receptors of CTRP6. We showed that
AdipoR1 knockdown in combination with CTRP6 protein did not
change the levels of p-Erk1/2, or the levels of PPARγ and aP2 within
the first 2 days of myoblast differentiation. These results indicate
that CTRP6 may activate Erk1/2 phosphorylation and regulate the
mitotic clonal expansion of differentiating myoblasts via AdipoR1.
The mitotic clonal expansion process is essential for the induction of
adipogenesis and lipogenesis [42]. Failure to undergo mitotic clonal
expansion prevents the implementation of adipogenic program [43–
44]. Our results also revealed that CTRP6 could bind to AdipoR1 in
the early adipogenic stage but not in the later stage. This was
because that CTRP6 and adiponectin competitively bound to
AdipoR1. The adiponectin expression in the later stage of lipogen-
esis was greater than in the early stage (Supplementary Fig. S9).
Further studies are needed to elucidate how CTRP6 regulates the
activation of Erk signaling pathway in the later adipogenic stage.

In summary, the present study not only provides the evidence
that Erk signaling pathway is involved in the ectopic lipogenesis, but
also shows that CTRP6 regulates the process via AdipoR1/Erk/
PPARγ pathway. These findings will shed light on the novel biologi-
cal function of CTRP6 in myoblast lipogenesis and provide a hope-
ful direction for human myopathies therapy by lipogenic regulation
in skeletal muscle myoblasts.

Supplementary Data

Supplementary data is available at ABBS online.

Figure 7. Model for the regulatory mechanism of CTRP6 on the ectopic lipo-

genesis in C2C12 cells
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