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Abstract

CEP2 (CDC42EP2) is a member of the CDC42 subfamily that belongs to the Rho family. The Rho
family plays an important role in a variety of cellular processes including skeletal myogenesis. Here,
we find the expression of CEP2 increased significantly during C2C12 myogenesis. Overexpression
of CEP2 could attenuate myoblast differentiation, while knockdown of CEP2 by siRNA results in
enhancing myogenesis. Furthermore, we demonstrate for the first time that CEP2 attenuates
myoblast differentiation via suppression of muscle regulatory factors (MRFs) rather than influencing
myoblast proliferation. These results indicate that CEP2 acts as a repressor during myogenesis,
which provides new insights into the role of CEP2 in muscle development.
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Introduction

The formation of mature skeletal muscle is a
multistep process wherein pluripotent mesodermal
cells commit to myoblasts, and then myoblasts with-
draw from the cell cycle and fuse into plurinucleated
myotubes [1, 2]. The development of skeletal muscle
is mainly orchestrated by a family of mus-
cle-regulatory factors (MRFs) including myoD, myfb,
myogenin, and mrf4 [3, 4]. At the onset of myoblast
differentiation, proliferating myoblasts express myf5
and myoD. When myoblasts are cultured in differen-
tiation medium, myoD induce termination of myoblast
proliferation and the expression of myogenin. Besides,
the process that coordinates myoblast proliferation
and myoblast differentiation needs down-regulation
of cell cycle activators such as cyclins and cdks and
up-regulation of cell cycle inhibitors such as Rb, p21,
p27 and p57 [5-9]. Indeed, a crosstalk between my-
oblast proliferation and differentiation is important
during myogenesis.

MREFs are targets of various signaling pathways
including the Rho family of small GTPases which
consists of three subfamilies (Rho, Rac, and Cdc42)
[10-16]. During myogenesis, Cdc42 (cell division cycle
42 homolog) regulates myoblast fusion by recruiting
F-actin and other molecules to the sites of cell-cell
contact in vitro and in vivo [17, 18]. To be competent
for fusion, myoblasts extend lamellipodium and filo-
podia for contacting with neighbors [19], which is
necessary to recognize each other. Interestingly, CEP2
involved in the formation of pseudopodia by inter-
acting with Cdc42. In addition, co-expression of CEP2
with dominant negative mutant CDC42 or expressing
a Cdc42/Rac interactive binding domain mutant of
CEP2 didn’t induce long pseudopodia formation in
fibroblasts [20]. These results suggest CEP2 has a
function in myoblast shape changes, recognition and
fusion. Previous study has identified that CEP2 is
down-regulated in tongue muscle from myogenin=/~
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embryos using microarray analysis [21], which im-
plies that CEP2 plays a role in skeletal muscle differ-
entiation. Another study reveals CEP2 mRNA is de-
creased in miR-29a mutant mouse progenitors using
gene array, indicating CEP2 links to miR-29a (a pro-
moter) in myogenesis [22, 23]. Transcriptional profil-
ing shows that CEP2 may play pivotal roles in cyto-
kinesis of human cardiomyocytes [24], which shares
some of the common myogenic factors. Besides, CEP2
is also known as a Rho GTPase [20, 25-26], which can
be regarded as a molecular switch controlling cell
behavior [12]. Therefore, the role of CEP2 in myogen-
esis attracts our interest.

Although the role of CEP2 in fibroblasts is well
elaborated, its biological function in myoblasts re-
mains unknown. The aim of the present study was to
characterize the CEP2 in myogenesis, and gain insight
into its potential biological role in muscle develop-
ment by overexpressing and knocking down it in
C2C12 myoblast.

Materials and Methods

Plasmids and Generation of Lentivirus Cell
Lines

The cDNA of mouse CEP2 were separately
cloned into pcDNA3.1 vector and lentivirus packing
vector pl411G GLUC (Invitrogen, Shanghai, China).
The other lentiviral components including pMD2G
and PsPAX2 were extracted using ultrapure endo-
toxin-free extraction kits (Omega, Guangzhou, Chi-
na).

The lentivirus vectors were prepared by transi-
ent transfection of 293T cells using the calcium phos-
phate precipitation method. After incubation for 48,
60 and 72 h, the cell supernatant containing virus-like
particles was collected. Subsequently, the viral titers
were determined after condensation. When C2C12
cell confluence reached 50-60% in 6-well plates,
C2C12 cells were infected with lentivirus-based CEP2
and an empty lentivirus vector (CON) for 12 hours.
One or two days later, the GFP expression level was
measured by fluorescence microscopy as the transfec-
tion efficiency. Cells were then harvested and
screened with flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA). The positive cells obtained
were passed, harvested and screened for 6 times. Fi-
nally the differentiated cells were used for mRNA and
protein level analysis. All transfections were per-
formed in triplicate for each experiment.

Cells Culture and Differentiation Induction

Mouse C2C12 myoblasts were cultured in
high-glucose DMEM (Gibco, Guangzhou, China) with
10% (v/v) fetal bovine serum (GM) and were main-

tained at 37 °C in 5% CO: incubator. To induce dif-
ferentiation, culture medium was changed to DMEM
with 2% horse serum (DM) (Gibco) when cells
reached confluence. The culture medium was re-
placed at 2-day intervals before the end of the check-
point.

Cell Transfection

The C2C12 cells were seeded in twelve-well or
six-well plates. After 12 hours, when cell confluence
reached 50%~60%, the plasmids or siRNA pools were
transfected into C2C12 cells using Lipofectamine 2000
transfection reagents (Life Technologies, Shanghai,
China) or DharmaFECT siRNA transfection reagents
(Thermo Fisher, Guangzhou, China) following the
manufacturer's instructions. Nucleic acids and trans-
fection reagents were diluted by Opti-MEM I without
Serum Medium (Gibco). The sequences of siRNA
pools were listed in Supplementary Material: Table
S1.

Real Time RT-PCR (qPCR)

Total RNA was extracted from cells with TRIzol
reagent (Life Technologies) and treated with DNase I
(Promega, Beijing, China). The concentration and
quality of RNA were assessed by NanoDrop ND-1000
(Thermo, Waltham, MA, USA) and denatured gel
electrophoresis. Reverse transcription was performed
using AMV reverse transcriptase (Promega). The
qPCR reaction was carried out in the LightCycler 480
II system (Roche, Basel, Switzerland). The sequences
of qPCR primers can be found in Supplementary
Material: Table S2. Statistical analysis of mRNA rela-
tive expression was performed with Student’s t test.
The analytic method of 2-22Ctwas used, AACt = [target
gene (treatment group) / target gene (control group)]
/ [house-keeping gene (treatment group) /
house-keeping gene (control group)]. *p<0.05;
**p<0.01; n 2 3 (n: Biological replicates).

Western blot

C2C12 cells were treated with Lysis Buffer (Be-
yotime Biotechnol, Shanghai, China), which was
premixed with PMSF (100:1). The proteins at super-
natant were separated by SDS-PAGE, followed by
protein transfer to polyvinylidene fluoride mem-
branes using Mini Trans-Blot Cell (Bio-Rad, Hercules,
CA, USA). The proteins were detected by primary
antibodies specific for Myf5 (#sc-302, Santa Cruz, CA,
USA), MyoD (#sc-304, Santa Cruz), MRF4 (#sc-301,
Santa Cruz). (-actin (#4970s, CST, Massachusetts,
USA ) served as loading controls in all western blot
assays. The anti-rabbit secondary antibody (#7074s,
CST) was used in this assay. Blots were visualized
using a commercial enhanced chemiluminescene
(ECL) detection Kit (Thermo Scientific, Beijing, Chi-
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na). All results of western blot were calculated and
presented as mean + S.E.M. *p<0.05; **p<0.01; n=3.

Immunofluorescence

After transfection and differentiation, C2C12
cells were harvested and detected by immunofluo-
rescence following the manufacturer's instructions.
Primary anti-myosin (skeletal, fast) antibody
(#ab7784, Abcam, Hong Kong, China), anti-CEP2 an-
tibody (#ab173012, Abcam), anti-myogenin antibody
(#IMG131, Novus, Littleton, CO) and secondary an-
tibody labeled with Alexa Fluor 555 fluorochrome
(red) (Invitrogen) or labeled with FITC 488 fluoro-
chrome (green) (Invitrogen) were used. Images were
captured with a fluorescence inverse microscope
(ZEISS, Heidenheim, Germany) (5 random fields were
captured for each treatment group). Confocal mi-
croscopy (Leica Microsystems, Deerfield, IL) was used
in the subcellular location of CEP2 protein experi-
ment. n = 3.

Cell Proliferation Analysis

Analysis of Cell Cycle by Flow Cytometry: Af-
ter transfection for 24 hours, suspension cells were
fixed in ice-cold 70% (v/v) ethanol overnight. 50
mg/ml propidium iodide solution (PI) (which con-
tains 100 mg/ml RNase A and 0.2% (v/v) Triton
X—lOO) was added to suspension cells, then those cells
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Figure 1. CEP2 was upregulated during C2C12 myoblast differentiation. (A) A normal model of C2CI2 cells differentiation was
established using DMEM with 2% horse serum (DM). Every two days, MyHC protein was detected by anti-myosin (skeletal, fast)
antibody (green). The nuclei were stained with DAPI (blue). BF: bright field. Scale bar = 50um. (B) The fusion index (percentage of

Protein Quantification Relative

were incubated at 4 °C for 30 min. Proliferative index
was analyzed by BD FACSCalibur (Becton Dickinson,
Franklin Lakes, NJ, USA) and ModFit software (Verity
Software House, Topsham, ME, USA). The percentage
of mitotic cells from a total of 10000 cells examined (n
= 3) stands for the proliferative index.

EdU assay: After cells were transfected for 24
hours, EdU reagents (RIBOBIO, Guangzhou, China)
(final concentration, 10 mM) were added for 4 hours.
4% paraformaldehyde was used for cell fixation, the
proportion of EdU-positive cells were detected by
fluorescence inverse microscope (5 random fields
were captured for each treatment group, n = 3).

AlamlaBlue assay: 6 hours post-transfection,
alamlaBlue reagents (Invitrogen) (final concentration,
10% v/v) were added into fresh complete medium (n
= 6). The fluorescence value was detected by a micro-
plate reader (BioTek, Vermont, USA) at 6 or 12-hour
intervals.

Statistical analysis

All results are presented as mean * standard
errors of the means (SEM) based on at least three in-
dependent experiments. Unless additional notion, the
differences between groups were analyzed with a
Student’s two-tailed t test when only two groups were
compared or ANOVA when more than two groups

were compared. *p<0.05;

**p<0.01; n = 3.
0d 24 44 64 84 10d
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confirmed by immuno-
fluorescence of MyHC (a
muscle-specific protein)
(Figure 1A). The fusion
index of myotube in-
creased regularly (Fig-
ure 1B). During differ-
entiation, Myf5 protein
exerted high expression
at the initiation of C2C12

the number of nuclei residing in the MyHC-positive cells divided by the total number of the nuclei) was calculated during differen-

tiation. *¥p<0.05; **p<0.01, n = 3. (C) Western blotting analysis of myogenic factors during differentiation. *p<0.05; n = 3. (D) CEP2
expression in C2C12 cells during differentiation. The level of mMRNA was in relation to that on 0 days. *p<0.05; *p<0.01, n = 3

(three independent replicates per group).

differentiation, and de-
clined rapidly after 2
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days. Unlike Myf5, MyoD protein gradually was
up-regulated, but declined after 8 days. MRF4 protein
exhibited continuous increase (Figure 1C). CEP2 ex-
pression was continuous increased significantly, and
then gradually decreased at the end of C2C12 differ-
entiation (Figure 1D).

Up-regulation of CEP2 attenuates myoblast
differentiation

To address whether CEP2 gene influences my-
oblast differentiation, we detected muscle-specific
gene  expression  after  transfection  with
pcDNA3.1-CEP2. CEP2 was up-regulated significantly
in C2C12 cells (Figure 2A). As a result, the mRNA
level of myf5, myoD, myogenin, mrf4, troponin T2 and
MyHC 2b were decreased significantly (Figure 2A).
Myf5, MyoD, MRF4 expression were decreased as
well (Figure 2B). When the cells cultured in DM for 4
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days, the mRNA level of myf5, mrf4, and MyHC 2b
were down-regulated significantly (Figure 2C). Myf5,
MyoD and MRF4 expression were all decreased (Fig-
ure 2D). These results suggested that overexpression
of CEP2 can inhibit the expression of muscle-specific
gene. Immunofluorescence assay showed that my-
ogenin and MyHC expression was decreased in DM
on the 4% d, which also proved the inhibitory effect of
CEP2 (Figure 2E and F). Furthermore, we found that
CEP2 was distributed in the nucleus and cytoplasmic
of myoblast and myotube (Supplementary Material:
Figure S1). Besides, CEP2 tends to express in the nu-
cleus of myotube. It indicated that CEP2 influencing
myogenesis might be due to position effect. In sum-
mary, overexpression of CEP2 could inhibit myoblast
differentiation.
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Figure 2. Overexpression of CEP2 mediated by plasmids inhibited myoblast differentiation. RNA (A) and protein (B) of CEP2 and myogenic factors were analyzed in GM after
2 days post-transfection. Results were presented as mean * S.E.M. After differentiation for 4 days, the mRNA (C) and protein (D) of myogenic factors were analyzed again.
Myogenin (red) (E) and MyHC (green) (F) were detected using immunofluorescence in DM. The rate of myogenin expression cells was calculated. Scale bar = 50um. NC: native

control (pcDNA3.1); CEP2 (pcDNA3. 1-CEP2). *#p<0.05; *p<0.01; n 2 3.
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Compared with the plasmid, lentivi-
rus-mediated transfection presented more stable per-
formance and was therefore employed to study the
inhibitory effect of CEP2 on differentiation. Conse-
quently, CEP2 showed significant up-regulation both
in GM on the 27 d and in DM on the 10t d (Supple-
mentary Material: Figure 52 A and B). These results
presented more stable expression of CEP2. In GM on
the 2nd d, the mRNA level of myf5, myoD, myogenin
and MyHC 2b were decreased significantly (Figure
3A). Myf5, MyoD and MRF4 were down-regulated
significantly (Figure 3B). After differentiation for 4
days, the mRNA level of myoD, myogenin, mrf4 and
MyHC 2b were decreased significantly (Figure 3C).
Myf5, MyoD and MRF4 were all reduced (Figure 3D).
The rate of myogenin expression cells decreased,
demonstrating that the protein level of myogenin de-

clined (Figure 3E). To confirm the inhibitory role of
CEP2, MyHC proteins were detected on the 4%, 6th, 8th
and 10% day of post-transfection. As a result, the ex-
pression of MyHC declined at four stages mentioned
above, demonstrating that myoblast differentiation
was attenuated (Figure 4). Furthermore, this kind of
inhibition mainly occurred in earlier period of differ-
entiation (Figure 4A). After differentiation for 10 days,
MyoD protein increased significantly (Supplementary
Material: Figure S2 E and F), although the expression
of myf5, mrf4 and MyHC 2b decreased significantly
(Supplementary Material: Figure S2 D). It suggested
that the expression of CEP2 can result in differentia-
tion delay of myoblasts after 10 days but does not
inhibit myoblast differentiation completely. In con-
clusion, up-regulation of CEP2 could attenuate my-
oblast differentiation.
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Figure 3. Up-regulation of CEP2 mediated by lentivirus inhibited myoblast differentiation. qPCR (A) and (B) western blotting for myogenic factors of CEP2-expressing cells and
control cells were detected in GM on the 24 d. After differentiation for 4 days, the mRNA (C) and protein (D) of myogenic factors were analyzed again. (E) The rate of myogenin
expression cells was analyzed with immunofluorescence. Scale bar = 50um. CON: native control (an empty lentivirus vector); CEP2 (lentivirus-based CEP2). GFP: represents

lentivirus infection efficiency.*p<0.05; *p<0.01; n = 3.
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Figure 4. CEP2 inhibited the expression of MyHC during differentiation. (A) MyHC protein was probed by anti-myosin antibody (red) in DM on the 4th, 6th, 8t and 10t d,
respectively. GFP: represents lentivirus infection efficiency. Scale bar = 50um. (B) The fusion index of myotubes was calculated at four stages. (C) RNA analysis of MyHC 2b at

four stages.*p<0.05; **p<0.01, n = 3.

Knockdown of CEP2 enhances myogenesis

To further confirm the role of CEP2 in attenuat-
ing myoblast differentiation, CEP2 knockdown cells
were generated using siRNA. As a result, the CEP2
mRNA level was 75% lower than the control at 24 h
post-transfection (Figure 5A). In this assay, the mRNA
level of myf5 and myogenin were increased signifi-
cantly (Figure 5A), and the protein level Myf5 and
MyoD was increased as well (Figure 5B). After dif-
ferentiation for 4 days, the CEP2 mRNA level was also
significantly lower than the control (Figure 5C). And
the RNA level and protein level of myogenic factors
showed a significantly increase except for myf5 (Fig-
ure 5C and D). The expression of myogenin and
MyHC protein were also increased in CEP2 knock-
down cells (Figure 5E and F). These results indicated
that CEP2 knockdown could enhance myogenesis.

CEP2 cannot influence cell proliferation

Before cell cycle arrest and fusion into myotubes,
the cell cycle of myoblasts undergoes a phase of active
proliferation [5, 6]. The molecular events maintain the
balance between proliferation and differentiation of
skeletal myoblasts [27], by shedding light on the
crosstalk mechanisms taking place between cell cycle
regulators and myogenic factors [28-31]. In order to
address whether CEP2 gene influences cell prolifera-
tion, EAU experiment assay and flow cytometry
analysis were performed at 24 h post-transfection
(Figure 6A, B, C and D). It showed that overexpres-
sion of CEP2 did not change cell proliferation signifi-
cantly, which was confirmed by alamlaBlue assay.
This assay was performed after transfection with
pcDNA3.1-CEP2 for 6 h and the dynamic curve of
fluorescence values was plotted during cell growth
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(Figure 6E). This finding was similar to the result of
experiment in which CEP2 gene was knocked down
by siRNA (Supplementary Material: Figure S3). In
summary, CEP2 could not influence cell proliferation
significantly.

Discussion

In this study, the effects of CEP2 on myogenesis
were investigated. Our results show that the expres-
sion of CEP2 is increased during myogenic differenti-
ation. Further, CEP2 overexpression led to attenuating
myogenic differentiation, while knockdown of CEP2
resulted in enhancing myogenesis. For the first time,
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and thus stimulating myoblast differentiation.
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Figure 7. A model illustrating the biological role of CEP2 in myogenesis. DM: differentiation medium.

Critical for skeletal muscle differentiation are the ~ important during myoblast differentiation [5, 6]. Cy-
down-regulation of cell cycle activators such as cy- clin E-Cdk2 phosphorylates the Ser200 of MyoD,
clins and cdks [9], and the up-regulation of cell cycle  which in turn causes degradation of MyoD and pro-
inhibitors such as p21 and p57 [5, 9, 27]. Crosstalk  motion of late G1-Phase [29]. Cyclin D1 can regulate
between cell cycle regulators and myogenic factors is ~ MyoD expression and the onset of myogenesis by
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controlling the subcellular location of Cdk4 protein
[27]. We investigated whether the role of CEP2 in
myogenic differentiation was caused by crosstalk
between cell cycle regulators and MRFs. Unexpect-
edly, neither overexpression nor knockdown of CEP2
significantly influenced cell cycle progression or cell
proliferation. Even though cyclin D1 and p21 expres-
sion levels had changed, they didn’t significantly in-
fluence cell cycle events in our investigation. It sug-
gested that CEP2 attenuating myoblast differentiation
does not mainly via regulatory mechanisms between
cell cycle regulators and myogenic factors.

The effect of CEP2 (a Rho GTPase) on myogenic
differentiation is mediated by MRFs in our research.
CEP2 overexpression significantly inhibited MRFs
expression while CEP2 knockdown markedly
up-regulated myogenic factor such as MyoD. This
study demonstrated that CEP?2 is a repressor of myo-
genesis. CEP2 is a member of the CEP proteins family,
most of which act as Cdc42 effector proteins via a
CRBI domain, which binds Cdc42 [20]. Cdc42 is es-
sential for differentiation and myoblast fusion in vivo
and vitro [17-19, 32]. Cdc42 inhibits the expression of
myogenin, troponin T and MyHC, which ultimately
blocks myogenesis via activation of the C-un
N-terminal kinase (JNK) pathway [32, 33]. However,
it has been suggested that Cdc42 exerts distinct func-
tions under different conditions: For example, Cdc42
has a dual function in myogenesis due to its activation
of the stress-activated protein kinase (SAPK) as well
as p38, which both are necessary for myogenesis [13,
32].

Pseudopodia formation cannot be induced with
a Cdc42/Rac interactive binding domain mutant of
CEP2 or a dominant negative Cdc42 with CEP2 in
fibroblasts [20]. These results suggest that CEP2 reg-
ulates myogenic differentiation through acting as a
downstream factor of Cdc42. It showed that CEP2
attenuating myogenesis could be mediated by JNK
pathway, which has a crosstalk with MRFs and finally
attenuates myogenesis. Additionally, a series of other
mechanisms are involved in CEP2-attenuated myo-
genic differentiation. It has been shown that expres-
sion of CEP2 reduces levels of E-cadherin at adherens
junctions and alters the organization of F-actin and
Vinculin [12, 20]. This way, cytoskeletal proteins and
the extracellular matrix are also involved in myoblast
differentiation [34-36].
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Figures S1-S3, Tables S1-S2.
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