Int. J. Biol. Sci. 2017, Vol. 13

Ivyspring
International Publisher

413

International Journal of Biological Sciences
2017; 13(4): 413-425. doi: 10.7150/ijbs.17508

Research Paper

MiR-696 Regulates C2C12 Cell Proliferation and
Differentiation by Targeting CNTFRα
Han Wang1, Lei Shi1, Tingting Liang1, BinBin Wang1, WangJun Wu1, Guosheng Su2, Julong Wei1, Pinghua
Li1, Ruihua Huang1
1.
2.

Institute of Swine Science, Nanjing Agricultural University, Nanjing, 210095, China;
Center for Quantitative Genetics and Genomics, Department of Molecular Biology and Genetics, Aarhus University, 8830 Tjele, Denmark.

 Corresponding authors: Pinghua Li, PhD, Institute of Swine Science, Nanjing Agricultural University, Nanjing, Jiangsu 210095, China, Tel: +86-25-84395362,
Fax: +86-25- 84395314, E-mail: lipinghua718@njau.edu.cn; Ruihua Huang, Institute of Swine Science, Nanjing Agricultural University, Nanjing, Jiangsu 210095,
China, Tel: +86-25-84395362, Fax: +86-25- 84395314, E-mail: rhhuang@njau.edu.cn
© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions.

Received: 2016.09.07; Accepted: 2017.01.06; Published: 2017.03.11

Abstract
Micro-696 (miR-696) has been previously known as an exercise related miRNA, which has a
profound role in fatty acid oxidation and mitochondrial biogenesis of skeletal muscle. However, its
role in skeletal myoblast proliferation and differentiation is still unclear. In this study, we found that
miR-696 expressed highly in skeletal muscle and reduced during C2C12 myoblasts differentiation.
MiR-696 overexpression repressed C2C12 myoblast proliferation and myofiber formation, while
knockdown of endogenous miR-696 expression showed opposite results. During myogenesis, we
observed an inversed expression pattern between miR-696 and CNTFRα in vitro, and demonstrated that miR-696 could specifically target CNTFRα and repress the expression of CNTFRα.
Additionally, we further found that knockdown of CNTFRα suppressed the proliferation and
differentiation of C2C12 cells. Taking all things together, we propose a novel insight that miR-696
down-regulates C2C12 cell myogenesis by inhibiting CNTFRα expression.
Key words: MiR-696; CNTFRα; myoblast proliferation and differentiation.

Introduction
The development of skeletal muscle is a complicated, multistage process. First paraxial mesoderm
differentiates into somites, then the latter distribute
into dermomyotome. From the dermomyotome, the
myogenic progenitor cells delaminate and finally activate the differentiation programme involving myoblast proliferation, differentiation and fusion [1, 2].
Endogenous genetic regulation, such as myogenic
regulatory factors (MRFs) and small RNAs, exerts the
most important controlling effects on myogenesis [3].
MicroRNAs (MiRNAs) are a kind of small
noncoding RNAs (~22 nt in length), acting by inducing gene silencing or degradation in animals and
plants [4, 5]. A series of studies have shown that
miRNA is involved in various developmental and
physiological processes, including cell growth and
apoptosis, virus defense, hematopoiesis, organ formation, tumorigenesis, fat metabolism, and so on

[6-8]. Similarly, in diverse aspects of skeletal myogenesis, extensive miRNAs have also been confirmed
as important regulators [9, 10]. One class of miRNAs
is muscle-specific miRNAs (myomiRs), such as
miR-206, miR-1 and miR-133. Sempere et al. [11]
firstly discovered high expression of miRNAs in
skeletal muscle in mouse and human. Since then, lots
of researchers began to study the unique function of
myomiRs in regulating myoblast proliferation, differentiation and muscle fiber type transition [12-14].
Beyond those myomiRs mentioned above, many
ubiquitously expressed miRNAs, such as miR-30 [15],
miR-21 [16], miR-128 [17], miR-151 [18] and miR-203
[19], have been proved to have essential roles in skeletal muscle development too. Since the biological
process of muscle development is complicated, which
often needs multiple miRNAs to act together, it requires future studies to investigate individual roles of
http://www.ijbs.com

Int. J. Biol. Sci. 2017, Vol. 13
other vital miRNAs in skeletal myogenesis.
MiR-696 is a miRNA that is remarkable differentially expressed in gastrocnemius under exercise and
immobilization intervention [20]. The function of
miR-696 in skeletal muscle has been implicated in
energy metabolism, mitochondrial synthesis, and in
ectopic deposition of lipids which is induced by resistin [21]. On the other hand, CNTFRα is known as a
CNTF-special binding component and expressed in
various organs and tissues [22, 23]. The main role of
CNTFRα is maintaining neuronal function [24]. Enhanced CNTFRα expression could promote the development of sensory neuron or regenerate injured
spinal motor neurons [25, 26]. So far, many studies
have found CNTFRα highly expressed in skeletal
muscle [27, 28]. Hindlimb suspension in rats would
increase the expression of CNTFRα when compared
to unrestricted rats, but exogenously CNTF could
prevent such changes [29, 30]. Meanwhile, it has also
been found that polymorphisms in the CNTFRα gene
could be associated with exercise performance in
humans [31-33]. CNTF receptor signaling, which is
composed of CNTFRα, LIFRβ and gp130, has been
discovered to be associated with fatty-acid metabolism, muscle maintenance or regeneration and motoneuron development [34-36]. These functions are very
similar to those of miR-696. In addition, exogenous
CNTF has been confirmed to promote proliferation
and inhibit differentiation in myoblasts [37, 38].
Through bioinformatics prediction, we hypothesized
that miR-696 could inhibit myoblast proliferation and
differentiation by targeting CNTFRα, thus regulating
the skeletal muscle myogenesis. Therefore, we set up
this experiment to verify the hypothesis. In the experiment, CNTFRα as the target of miR-696 was tested by small interfering RNA (siRNA) targeting
CNTFRα in vitro. To our knowledge, our study is the
first systematical investigation on the miR-696 correlation with myoblast proliferation and differentiation
in myogenesis.

Materials and Methods
Animals and Cell culture
Four healthy male Balb/c mice (age, 6 weeks)
were provided by Qinglongshan Laboratory Animal
Company (Nanjing, China). Three samples were collected from seven tissues of each mouse. Samples
were snap-frozen for real-time Q-PCR by liquid nitrogen. C2C12 cells were cultured in growth medium
(DMEM; Hyclone, USA), containing 10% fetal bovine
serum with 1% penicillin–streptomycin (Gibco, USA),
in 5% CO2 atmosphere at 37 °C. Differentiation medium (DM), consisting of 1% penicillin–streptomycin
and 2% horse serum (Gibco, USA), replaced growth
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medium when cell density reached 80% to 90% as
described by Wei et al [39], to induce differentiation
for 2, 4 and 6 days.

Plasmid construct
Fragments of the mouse CNTFRα 3’-UTR containing the miR-696 target sequence were chemically
synthesized by Generay Biotech Co., Ltd., (Shanghai,
China) and by using the SacI and XbaI restriction
sites. And then they were cloned into the pmirGLO
dual-luciferase vector (Promega). The point mutant
CNTFRα plasmid was generated by replacing a 3-base
substitution in the putative seed-matched sequences
of CNTFRα 3’-UTR, which was also synthesized by
Generay Biotech Co., Ltd., (Shanghai, China). All
plasmids were verified through DNA sequencing [19].

RNA oligonucleotides and transfection
The miR-696 mimics, mimic NC duplexes,
miR-696 inhibitors and inhibitor NC were synthesized
by GenePharma (Shanghai, China). SiRNA against
mouse CNTFRα and a NC-nonspecific duplex control
were also from GenePharma (GenePharma, Suzhou,
China). After the inhibitor was synthesized, the company blasted the sequence to the nucleotide database
to make sure the inhibitor was non-homologous and
specificity. Transfection was performed following the
manufacturer's instructions of Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). All oligonucleotides
are shown in Supplementary Table S1.

EdU assay
After transfection for 6 h, C2C12 myoblast cells
were cultured in fresh growth medium which contained 10 mM EdU for 24 h [18]. Then, the cells were
fixed, permeabilised, and stained following the manufacturer’s instruction (EdU Apollo567 kit, RiboBio,
Guangzhou, China). The EdU-stained cells were observed using the NIKON fluorescent microscope.
Images were randomly selected from three duplicates
of each treatment. Finally, both EdU-positive nuclei
and total nuclei were counted.

Flow cytometry analysis of the cell cycle
C2C12 cells were cultured in GM for 24 h after
transfection. Then they were harvested and washed in
PBS for three times, fixed in 70% (v/v) ethanol at −20
°C overnight, and washed with PBS again. Thereafter,
the cell pellet was added 50 mg/mL PI solution
(Sigma Life Science, USA) and incubated for 30min at
4 °C away from light. Samples were detected using a
BD flow cytometry (Becton Dickinson, USA). Cell
cycle percentage was analyzed by ModFit software
(Verity Software House, USA). The proliferative index
was calculated as the percentage of proliferating cells
from 20,000 cells [17].
http://www.ijbs.com
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Dual-luciferase reporter assay
In 12-well plates, C2C12 and HEK293T cell lines
were co-transfected with 50 nM miR-696 mimics or
NC with 1 μg pmirGLO-CNTFRα luciferase vector
(either wild-type or mutant plasmid) following the
manual of Lipofectamine 2000 reagent. Twenty-four
hours after transfection, cells were harvested. Following the manufacturer’s instruction (Promega), the
dual-luciferase assays were performed. The relative
fluorescence intensity for each sample was calculated
by normalizing the signal value of renilla luciferase to
firefly luciferase, and then compared with the control.

Immunofluorescence analysis
Immunofluorescence was performed after
transfection and differentiation, using standard procedures as described previously [40]. Briefly, cells
cultured in 12-well plates were fixed for 15 min after
they were washed twice with pre cooling PBS. Thereafter the cells were permeabilized with 0.25% Triton
X-100, then blocked at 4 °C overnight with fetal bovine serum (diluted in PBS). Afterwards, cells were
incubated with primary antibodies (MYH, H-300,
Santa Cruz Biotechnology, USA) for 1 h at room
temperature, and incubated with the secondary antibody (the FITC-labeled IgG, Boster, China) at room
temperature for another 1 h. The cell nuclei were
stained using DAPI (Invitrogen, USA) away from
light. Samples were photographed using the fluorescent microscope (Nikon, Japan). At least three replicates of each sample were calculated for fusion index
by using ImageJ [19].

Quantitative real-time RT-PCR
Total RNA extraction, integrity detection, reverse transcription and real-time RT-PCR were performed as described by Shi, L et al [17]. Differential
expression analysis was calculated by 2−ΔΔCt method [41]. Primer sequences were listed in Supplementary Table S2.

Western blot analysis
Proteins were generated and used in Western
blot analysis as reported in previous study [42]. Cells
were collected and treated by RIPA buffer with 1%
PMSF (Beyotime, China) on ice for 30 min to extract
total proteins. Proteins were then separated on 12%
SDS–PAGE, afterwards transferred to PVDF membranes (Millipore, USA). MyHC (Santa Cruz Biotechnology, USA; 1:1000 dilution), CNTFRα, MyoG
and β-actin (Abcam, USA; 1:500 dilution) were used
as primary antibodies, and HRP-labeled anti-rabbit/mouse IgG (Beyotime, China; 1:5000 dilution) was used as a secondary antibody. Blots were
visualized with a commercial ECL reagent (Advansta,
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USA), tested by a chemiluminesence detection system
(Amersham, USA) and quantified by ImageJ software.

Statistical analysis
All results were showed as the mean±S.E.M.
Each treatment was repeated for three times. Unpaired Student’s t-test was performed to test statistical
significance using SPSS 20.0 software. Two-tailed t
tests were used in the analysis. Our original hypothesis was that miR-696 can affect myoblast proliferation
and differentiation while our null hypothesis is that
miR-696 has no effect on muscle cell proliferation or
differentiation. P < 0.05 was considered as significant
and P < 0.01 as highly significant.

Results
Tissue distribution of miR-696 and its expression pattern during C2C12 myoblast proliferation and differentiation
To investigate the expression profile of miR-696
in various tissues, qPCR assay was performed. Results
indicated that miR-696 not only expressed the highest
level in fat but also had a relatively high expression in
liver, kidney and skeletal muscle (Figure 1A). Furthermore, we detected the expression of miR-696 in
different types of muscles. We found that the expression level of miR-696 in soleus (SOL) muscles was
lower (P<0.05) than that in extensor digitorum longus
(EDL) (Figure 1B).
Next, we set up a C2C12 cells model to detect the
expression of miR-696 during myoblast proliferation
and differentiation. Typical myofibers were clearly
observed after differentiation induction (Figure 1C).
Through analysis of MyHC and MyoG (two markers
of myogenic differentiation) in both mRNA and protein level, we further confirmed that the in vitro
model of differentiation was successfully established
(Figure 1D and E). As shown in Figure 1F, miR-696
levels decreased progressively during proliferation. It
also declined from day 2 (D2) to day 6 (D6) during
differentiation (Figure 1G). However, the expression
of miR-696 on 2 day of DM was dramatically higher
than 0 days of GM. Altogether, these results indicated
that miR-696 might have potential roles in skeletal
myogenesis.

MiR-696 inhibits C2C12 myoblast proliferation
To explore the function of miR-696 overexpression in myoblast proliferation, synthetic miR-696
mimics or negative control (NC) was transfected into
myoblasts cultured in GM (Figure 2A). EdU staining
assay indicated that miR-696-transfected cells had less
proportion of EdU-positive cells than the control cells
at 24 h post-transfection (Figures 2B and C). Besides,
analyzing the phase of cell cycle elucidated that
http://www.ijbs.com
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miR-696 mimics transfection could significantly block
C2C12 myoblasts in the G0/G1 period and have a
decrease in the proliferation index, as compared to
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negative control (NC) (Figures 2D and E). Moreover,
the expression of cell cycle activators [43], like cyclin
D1, cyclin E and Cdk4, were notably lower in the
miR-696 overexpression group than in
the control group at 24 h after transfection (Figure 2F). We also conducted the
loss-of-function study in vitro by using
an inhibitor of miR-696 (Figure 2G). The
result further explored the role of
miR-696 in myoblast proliferation. Both
the EdU-positive cells and the proportion of cells in S and G2 phase increased
in miR-696 inhibitor group compared
with the inhibitor NC group (Figure
2H-2J). In addition, the mRNA expression of cyclin D1, cyclin E and Cdk4 also
rose obviously (Figure 2K). Collectively,
these data elucidated that miR-696
could repress myoblast proliferation.

MiR-696 represses the differentiation of C2C12 cells
Since myogenic differentiation is
another critical biological process in
skeletal myogenesis, we examined the
function of miR-696 in myoblast differentiation. The expression of miR-696
was promoted by transfecting miR-696
mimics into C2C12 myoblasts. After
transfection, cell differentiation was
induced by substituting the growth
medium with the differentiation medium. Real-time qPCR showed that the
overexpression of miR-696 was significantly observed (Figure 3A). Both
mRNA and protein expression of
MyHC and MyoG, two major marker
genes of myogenic differentiation, were
dramatically lower in miR-696 mimics
groups compared to the control groups
at 72 h of differentiation (Figure 3B
and C).
Figure 1. Tissue distribution of miR-696 and its expression
pattern during C2C12 myoblast differentiation. (A) Relative
expression of miR-696 in different mouse tissues. (B) Expression of miR-696 in mouse EDL and SOL muscles. (C) Morphological images of C2C12 myoblasts cultured in GM or in DM
for 2, 4 and 6 days. (D) The mRNA level of MyHC and MyoG in
0, 2, 4, and 6 days of cell differentiation. The fold change was
relative to day 0 of GM expression. GAPDH was used as the
reference gene for Q-PCR. (E) The protein level of MyHC and
MyoG in 0, 2, 4, and 6 days of cell differentiation. The fold
change was relative to day 0 of GM expression.β-actin as
controls for western blotting. (F) Expression of miR-696 during
proliferation. The fold change was relative to 30% cell confluence. (G). Expression of miR-696 in C2C12 cells differentiated
for 0, 2, 4, and 6 days. The fold change was relative to day 0 of
GM expression. U6 was used as the reference gene. Results are
expressed as mean ± S.E.M. (n = 3). *P<0.05; **P<0.01.
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Figure 2. MiR-696 represses the proliferation of C2C12 cells. (A) The expression of
miR-696 was detected using qPCR in myoblast transfected with miR-696 mimics or
NC. (B) After transfection with miR-696
mimics or NC for 24 h, cells were fixed for
EdU (red). The “large things” in Fig 2B was
not a cell but some water-drops. It might
because of the lid wasn't on tight caused by
our carelessness. Scale bar = 100 μm. (C)
The proportion of EdU-positive cells were
presented. (D) C2C12 cells were collected
for PI flow cytometry. (E) The proliferation
index was calculated. (F) Expression of cell
cycle related genes at 24 h post-transfection.
(G) miR-696 expression was detected in
myoblasts after transfected with miR-696
inhibitor or inhibitor NC. (H) After transfection with miR-696 inhibitor or inhibitor
NC for 24 h, proliferating C2C12 cells were
fixed for EdU (red). Scale bar = 100 μm. (I)
The proportion of EdU-positive cells were
compared between miR-696 inhibitor group
and inhibitor-NC group. (J) Cell cycle distribution was detected by PI flow cytometry.
(K) Expression of cell cycle related genes at
24 h post-transfection. Results are expressed
as mean ± S.E.M. (n = 3). *P<0.05; **P<0.01.

http://www.ijbs.com
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Figure 3. MiR-696 inhibits myogenic differentiation of C2C12 cells. (A) The expression of miR-696 were detected by qPCR in myoblast transfected with miR-696 mimics or NC
duplexes at day 3 of differentiation medium (DM). (B) After transfection with miR-696 mimics or NC at GM and collected at day 3 of DM, the MyHC and MyoG mRNA
expression were determined. (C) The MyHC and MyoG protein expression were determined at 3 days of DM. (D) MyHC (green) was detected with Immunofluorescence after
transfection with miR-696 mimics or NC duplexes at day 3 of DM. Scale bar = 50 μm. (E) The expression of miR-696 were detected in myoblast after transfected with inhibitor
miR-696 or inhibitor NC at day 3s of differentiation medium (DM). (F) After transfection with inhibitor miR-696 or inhibitor NC at GM and collected at day 3 of DM, MyHC and
MyoG mRNA expression were determined. (G) The MyHC and MyoG protein expression were determined at day 3 of DM. (H) MyHC (green) was detected with Immunofluorescence after day 3 of miR-696 inhibitor or inhibitor NC transfection at DM. Scale bar = 50 μm. Results are expressed as mean ± S.E.M. (n = 3). *P<0.05; **P<0.01.

http://www.ijbs.com
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In addition, the immunofluorescence of MyHC
also indicated that the miR-696-transfected myoblasts
had less cells forming into myotubes than the control
(Figure 3D). Furthermore, the miR-696 inhibitor was
also transfected into C2C12 cells to demonstrate the
loss-of-function effects of miR-696 during myoblast
differentiation. As shown in Figure 3E, miR-696 expression decreased at day 3 of DM. Compared with
the inhibitor NC group, a significant increase was
observed in the expression of MyHC and MyoG in the
miR-696 inhibitor group (Figure 3F and G). Meanwhile, the myotube number in cells transfected with
miR-696 inhibitor was greater than that of control
(Figure 3H). In summary, these results illustrated that
miR-696 could repress myoblast differentiation.

CNTFRα is a direct target of miR-696
Despite the important role of miR-696 in skeletal
myogenesis, the underlying regulatory mechanism is
still unknown. In order to clarify the mechanism, we
first predicted the regulatory target genes of miR-696
by several online prediction programs: TargetScan,
PicTar and miRanda. Combining these procedures
together yielded hundreds of putative targets for
miR-696. Among them, CNTFRα was identified as a
prime target because its 3’UTR had a target site for
miR-696, which was a highly conserved complementarity in the seed region (Figure 4A). To verify
whether CNTFRα was the direct target gene of
miR-696, dual luciferase reporter assays were performed. We used the pmirGLO vector to generate a
plasmid by inserting a part of the CNTFRα 3’UTRs
which contained the putative miR-696 target site into
the 3’UTR of the firefly luciferase gene (luc2) (Figure
4B). The firefly luciferase gene was used as a reporter
gene. Less expression of firefly luciferase meant that
the exogenous miRNA could combine with the cloned
target sequence. Moreover, renilla luciferase gene
(hRluc-neo) was treated as the control gene for normalization. Likewise, a dual luciferase with 3-base
substitutions in the binding site was cloned (Figure
4B). When co-transfected miR-696 mimics or NC with
the plasmid pCNTFRα into C2C12 myoblasts and
HEK293T cells, we found miR-696 overexpression
efficiently repressed the luciferase activity. However,
compared with the mutant and control groups, no
assessable inhibitory effect could be observed on the
luciferase activity (Figure 4C). These results suggested
that miR-696 could specifically target the expression
of CNTFRα.
Next, we considered the role of CNTFRα in the
regulation of miR-696 during myoblast proliferation
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and differentiation. During C2C12 cell proliferation,
CNTFRα mRNA and protein level rose during cell
confluence from 50% to 100%. However, from 30% to
50% cell confluence, the protein expression decreased
(Figure 4D and E). Moreover, CNTFRα expression
also ascended during cell differentiation from day 2 to
day 6 (Figure 4F and G). To an extent, such patterns of
expression were contrary to those of miR-696 in vitro.
Over-expression of miR-696 in GM leads to noteworthy reduction of CNTFRα mRNA and protein expression, while the mRNA and protein level of CNTFRα
obviously rose when endogenous miR-696 was suppressed (Figure 4H and I). Afterwards, we transfected
miR-696 mimics into myoblasts, then induced for
myogenic differentiation for 3 days. As shown in
Figure 4J and K, both the mRNA and protein levels of
CNTFRα were significantly repressed. Nevertheless,
the inhibitor of miR-696 in DM up-regulated CNTFRα
expression. Therefore, we argued that miR-696 had a
critical role in suppressing CNTFRα expression during C2C12 myoblast proliferation and differentiation.

CNTFRα has a positive effect on myogenic
proliferation and differentiation
We used an anti-CNTFRα siRNA to knockdown
CNTFRα expression to address its function in myogenic proliferation and differentiation. According to
the designs of previous studies, we only took 24 h
post-transfection as the time point of our research
[44-47]. As a result, in C2C12 myoblasts, the antiCNTFRα siRNA well suppressed the expression of
CNTFRα mRNA and protein at 24 h post-transfection
(Figure 5A and 5B). The siRNA group
had lower proportion of proliferation cells than the
NC group according to the results of EdU assay (Figure 5C). Down-regulated CNTFRα expression arrested cells in the G0/G1 period and decreased proliferation index (Figure 5D). Meanwhile, the mRNA
expression of cell cycle related genes was also declined (Figure 5E). In addition, transfection of siCNTFRα during myoblast differentiation also substantially descended the expression of CNTFRα (Figure 5F
and G). Two myogenic differentiation marker genes,
MyHC and MyoG mRNA and protein level, were
both significantly down-regulated at 3 day of DM
(Figure 5F and G). And, apparent reduction was observed in the number of myotubes when CNTFRα
was inhibited (Figure 5H). These outcomes were similar to miR-696 overexpression in C2C12 muscle cells.
Thus, these results indicated that CNTFRα could
promote myoblast proliferation and differentiation.
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Figure 4. CNTFRα is a
direct target of miR-696.
(A) Sequence of miR-696
and its predicted binding
region in CNTFRα 3’UTR
(red). (B) The sketch map of
the dual-luciferase reporter
vector pmirGLO. The
putative miR-696 target site
of the CNTFRα 3’UTRs and
mutation target site were
inserted into the 3’ end of
the firefly luciferase gene
(luc2). The expression of
the
Renilla
luciferase
(hRluc-neo) was treated as
an internal normalization
control. (C) C2C12 and
HEK293T cells transfected
with miR-696 mimics or NC
were co-transfected with
the pCNTFRα vector or
mutant
dual-luciferase
vector. The relative luciferase activity was assayed
24 h later. (D) The mRNA
expression of CNTFRα in
C2C12 cells during proliferation. (E) The protein
expression of CNTFRα in
C2C12 cells during proliferation. (F) The mRNA
expression of CNTFRα in 0,
2, 4, and 6 days of cell
differentiation. The fold
change was relative to day 0
of GM expression. GAPDH
was used as the reference
gene in qPCR. (G) The
protein
expression
of
CNTFRα in in 0, 2, 4, and 6
days of cell differentiation.
β-actin was treated as
control protein in western
blotting assay. (H) After
transfection for 24 h with
miR-696 mimics, inhibitor
miR-696, NC, or inhibitor
NC for 24h, the mRNA
expression of CNTFRα was
detected by qPCR in proliferating C2C12 cells. (I)
The protein expression of
CNTFRα after transfection
for 24 h with miR-696
mimics, inhibitor miR-696,
NC, or inhibitor NC for
24h was detected by western blot in proliferating
C2C12 cells. (J) The mRNA
level of CNTFRα was
determined by qPCR in
myoblast transfected with
miR-696 mimics, inhibitor
miR-696, NC, or inhibitor
NC at day 3 of differentiation medium (DM). (K) The
protein level of CNTFRα in
myoblast transfected with
miR-696 mimics, inhibitor
miR-696, NC, or inhibitor
NC at day 3 of differentiation medium (DM). Results
are expressed as mean ±
S.E.M. (n = 3). *P<0.05;
**P<0.01.

http://www.ijbs.com

Int. J. Biol. Sci. 2017, Vol. 13

421

Figure 5. Down-regulation of CNTFRα inhibited myoblast proliferation and differentiation. (A) The expression of CNTFRα mRNA was detected at 24 h post-transfection in
GM. (B) The expression of CNTFRα protein was detected at 24 h post-transfection in GM. (C) After transfection with siCNTFRα or NC for 24h, cells were fixed for EdU (red).
Scale bar = 100 μm. The proportion of EdU-positive cells were presented. (D) The cell cycle distribution was detected by PI flow cytometry. The proliferation index was
calculated. (E) Expression of cell cycle related genes at 24 h post-transfection. (F) The mRNA level of CNTFRα, MyHC and MyoG were detected by qPCR in myoblast transfected
with siCNTFRα or NC at day 3 of differentiation medium (DM). (G) The protein level of CNTFRα, MyHC and MyoG were detected by western blotting in myoblast transfected
with siCNTFRα or NC at day 3 of differentiation medium (DM). (H) MyHC (green) was detected with Immunofluorescence after 3 days of siCNTFRα or NC transfection at DM.
Scale bar = 50 μm. Results are expressed as mean ± S.E.M. (n = 3). *P<0.05; **P<0.01.
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Discussion
MiR-696 was previously known as an exercise
related miRNA, which could have a function of mitochondrial biogenesis and fatty acid oxidation in
skeletal muscle [20]. It has been reported that miR-696
could increase the TG content and diminish the mitochondrial content under resistin in C2C12 myoblast
[21]. In present study, we first found that miR-696 was
widely expressed in several tissues including mouse
skeletal muscles (Figure 1A). High expression of
miR-696 in skeletal muscle suggests that it may play a
role in skeletal muscle myogenesis. Previous research
has shown that anti-miR-696 expression could lead to
a modest increase in slow MyHC [48]. However, no
studies have so far been performed to determine the
function of miR-696 in skeletal myoblast proliferation
and its mechanism in regulating muscle cell differentiation.
In present study, we discovered the expression
of miR-696 decreased during C2C12 cell proliferation
and differentiation (Figure 1F and G), which indicated
that miR-696 might have a negative function in skeletal muscle myogenesis. Through Edu and cell cycle
test, we testified that miR-696 could repress the proliferation of C2C12 cells (Figure 2B-2E and Figure
2H-2J). According to the flow cytometry results, despite the tiny difference between miR-696 mimics
group and NC group, it could be of biological significance. The similar results to our study were also reported in several previous studies [17, 49]. Besides,
the genes involved in cell cycle regulation, such as
cyclin D1, cyclin E and Cdk4, were down-regulated or
up-regulated when miR-696 was over-expressed or
inhibited (Figure 2F and K). Moreover, some studies
showed that a decreased expression of those cell proliferation related genes induced cell proliferation repression by arresting muscle cells in the G0/G1 stage
[43, 50]. Therefore, it can be concluded that miR-696
could play a negative role in muscle cell proliferation.
Previous researches indicated that many miRNAs could influence both the proliferation and differentiation process of skeletal muscle. Many studies
also reported that some miRNAs had opposite roles in
the process of proliferation and differentiation, such
as miR-133 and miR-29, which repressed myoblast
proliferation and promoted cell differentiation [39,
51]. On the other hand, some miRNAs were confirmed to have the same effect on the muscle cell proliferation and differentiation, such as miR-214 and
miR-203 [19, 52].
Moreover, previous studies reported that skeletal muscle differentiation was usually along with the
expression of myogenic marker genes, such as MyoG
and MyHC [53]. In the current research, expression of
these genes declined after miR-696 overexpression
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and rose after miR-696 inhibition respectively, which
showed that miRNA-696 could also inhibit the differentiation of C2C12 cells. However, the underlying
mechanisms of how miR-696 functions in skeletal
myogenesis remains unclear.
Our study showed that the mRNA expression of
CNTFRα was opposite to miR-696 expression during
myoblast proliferation and differentiation, and the
CNTFRα mRNA and protein levels were different
during early period of cell proliferation and differentiation (Figure 4D-4G). These results indicated that
there might exist the factors that could regulate
CNTFRα expression at transcription level during
these periods. Through bioinformatics analysis and
dual-luciferase assay, we further certified that
CNTFRα could be a direct target of miR-696. Additionally, overexpression or inhibition of miR-696
showed that miR-696 significantly inhibited the expression of CNTFRα in both myoblast proliferation
and differentiation. Furthermore mimicking the
overexpression of miR-696 by knockdown of CNTFRα
expression inhibited the proliferation and differentiation of myoblasts, which supported our hypothesis.
It has been well known that CNTF is abundantly
expressed in the cytoplasm of Schwann cell but seldom expressed in skeletal muscle or embryonic cells
[54, 55]. The mature protein of CNTF lacks a signal
sequence, thus it can’t stimulate classical CNTF signals through autocrine modes in skeletal muscle cells
in vitro [56-58]. Therefore, we propose that miR-696
targeting CNTFRα for regulating C2C12 myogenesis
must be coordinated by other signaling pathways. An
earlier study reported that CNTFRα knockout mice
died perinatal with reduced motor neurons populations, while mice lacking CNTF showed poor muscle
strength [59]. These indicate that there exists a second,
developmentally important, CNTF-like ligand.
Previous works have shown that CLC, a new
member of the CNTF/LIF family, could be induced
by CNTFR, and activate gp130, LIFR and STAT3 signaling components on the cell surface [60]. Unlike
CNTF, CLC has a leader sequence, suggesting it can
be secreted via the classical secretory pathway within
the cell [61]. A previous study reported that when
CLC co-expressed with the soluble cytokine receptor
CLF, the CLC/CLF could activate the tripartite CNTF
receptor complex, but only acted on cells expressing
functional CNTF receptors [62]. It was also observed
that in muscle cells, CLC was co-secreted either with
sCNTFR or CLF [63]. Hence, we speculate that CLC
may be the possible ligand replaces CNTF to combine
with CNTFRα on regulating myogenesis in C2C12
vitro model.
In our study, myoblast proliferation was inhibited when CNTFRα was interfered. In addition, the
http://www.ijbs.com
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expressions of several cell proliferation related genes
(cyclin D1, cyclin E and Cdk4) were also decreased,
arresting C2C12 cells in the G0/G1 stage. It has been
reported that the CLC/CLF composite cytokine combined with the membrane form of CNTFR could cause
an obviously increase in the phosphorylation of
PI3-kinase/AKT and ERK1/2 MAPK pathway in
several human cell lines [62, 64]. In skeletal muscle
cells, these two pathways are considered as the major
signaling pathway regulating the cell proliferation
[65, 66]. Either inhibition of the PI3K/Akt or ERK1/2
MAPK pathway significantly down-regulated the
activity of cyclin D1, cyclin E and Cdk4, causing cell
cycle retention in G1/S phase [67-71]. Taken together,
we suppose miR-696 may suppress the proliferation
of C2C12 myoblasts by blocking the CNTFRα receptor
complex mediated PI3-kinase/AKT and ERK1/2
MAPK pathway activation.
Previous work from many laboratories indicates
that activation of ERK1/2 regulates myogenic differentiation negatively and induces the repression of
MyoG and MyHC expression level [72-74]. Contrarily,
blockade of the PI3K/Akt pathway prevented myogenic differentiation by down-regulating the expression of myogenin and MyHC [75-77]. However, activation of the PI3K-Akt pathway could inhibit the
ERK1/2 MAPK pathway, and this cross-regulation
only happened on the differentiation state of the
muscle cells [78]. In current research, the expression of
MyoG and MyHC decreased when the expression of
CNTFRα was interfered. Therefore, we assume that
miR-696 may inhibit the expression of CNTFRα, thus
attenuate the differentiation of C2C12 myoblasts,
which may be through reducing the PI3-kinase/AKT
signaling and stimulating the ERK1/2 MAPK pathway.
Additionally, in the current research, we discovered that the expression of miR-696 was much
higher in extensor digitorum longus than in soleus
muscle (Figure 1B), which had higher proportion of
slow muscle fiber and mitochondria [79]. A previous
study validated that PGC-1alpha was a target of
miR-696 in regulating slow muscle fiber formation
[80]. Thus we suggest that miR-696 may have an important function in muscle fiber type transitions.
Meanwhile, previous study showed that CNTFRα
modulated multiple downstream signaling pathways
in many kinds of cells [81]. For example, in adipocytes, CNTF receptor signaling was found to activate
p38 MAPK to regulate the expression of PGC-1alpha
and induce mitochondrial biogenesis [82]. However,
the relationship between CNTFRα and PGC-1α in
muscle cells is still not clear. CNTFRα might also play
an important role in muscle fiber type transformation.
Therefore, our further studies will be needed to verify
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the mechanism of CLC/CLF composite cytokine in
muscle development and discover the interaction
between CNTFRα and PGC-1α under the regulation
of miR-696 in detail.
In summary, our study verifies that the role of
miR-696 in C2C12 cells is to inhibit proliferation and
differentiation. And, CNTFRα is a direct target of
miR-696. The effects of miR-696 on myogenesis are
partially by inhibiting CNTFRα expression.
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