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Abstract Rbl-inducible coiled-coil 1 (Rblccl) expressed
at high levels is associated with the maturation of human
embryonic musculoskeletal cells. To clarify the molecular
role of Rblccl in muscular differentiation, we investigated
the expression of Rblccl and other genes that regulate
differentiation in murine embryonic tissues and in C2C12
myoblasts. We also evaluated the effects of RNA inter-
ference (RNAi)-mediated RbIccl knockdown on C2C12
myoblast differentiation. After Rblccl, Rb1l and myosin
heavy chain (Myhc) were expressed in mouse embryonic
muscles. The synchronous expression of Rblccl and Rb1
predicted Myhc expression during C2C12 myoblast differ-
entiation. RNAi-mediated knockdown of Rbiccl led to
Rb1 suppression, and C2C12 myoblasts failed to differen-
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tiate. These results indicated that Rblccl is a potent reg-
ulator of the Rb1 pathway and a novel mediator that plays a
crucial role in muscular differentiation. Rblccl expression
is, thus, a prerequisite for myogenic differentiation.
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Introduction

During differentiation, skeletal muscle undergoes terminal
withdrawal from the cell cycle, the activation of coordi-
nated gene expression, and the fusion of myoblasts into
multinucleated myotubes. These events are largely depen-
dent on muscle-specific transcription factors and the reti-
noblastoma 1 (Rbl) tumor suppressor. The MyoD family
includes MyoD, myf5, myogenin, and MRF4 [3, 11, 22],
among which MyoD plays particularly pivotal roles in the
activation of muscle-specific gene expression and cell-
cycle arrest [7, 19]. However, the roles of these myogenic
factors apparently depend on Rbl, which might mediate
both terminal withdrawal from cell cycle and the upreg-
ulation of tissue-specific genes associated with terminal
differentiation [12, 23]. Myotubes deficient in Rh/ do not
differentiate and, in fact, re-enter the cell cycle in response
to mitogens [21]. Moreover, introducing MyoD into RbI-
deficient mouse embryonic fibroblasts cannot induce late
markers of myogenic differentiation and cell-cycle arrest,
indicating that Rb1 is required for MyoD-mediated myo-
genic function [8, 18]. Although Rbl is important to
muscular differentiation, the precise mechanisms remain
obscure.

We recently identified a novel molecule, Rb1-inducible
coiled-coil 1 (Rblccl), which is expressed at high levels in
human embryonic musculoskeletal and cultured osteosar-
coma cells. Rblccl induces Rb1 expression in a variety of
cultured cells [5, 6], and the expression of both molecules
is synchronous [5]. We also demonstrated that Rblccl
contributes to the maturation of human embryonic mus-
culoskeletal cells [6]. These findings implied that Rblccl
is involved in muscular differentiation.
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To define the relationship between Rblccl function and
muscle differentiation, we used the murine C2C12 myo-
blast model, which has been widely studied as an in vitro
model to understand the regulation of myogenic differen-
tiation [10, 13]. Switching C2C12 cell lines to low-serum
medium induces their differentiation. This process closely
resembles myogenic differentiation in vivo. The expression
of both Rbiccl and RbI is similarly upregulated in the
model. Furthermore, RbIccl knockdown led to the down-
regulation of Rb/ expression, and late markers of myogen-
ic differentiation were not expressed. The present study
showed that Rblccl is vitally involved in skeletal muscle
differentiation.

Materials and methods
Northern blots

Mouse embryo full stage blots (Seegene, Seoul, Korea)
were hybridized with gene-specific probe nucleotides
(nt) 1536-3500 of Rbiccl (GenBank accession number,
AB070619), 336675 of Rb1 (GenBank accession number,
NMO000321), and 2695-2719 of myosin heavy chain (Myhc)
(GenBank accession number, NM144961). The probes
were labeled with [o-**P] dCTP (3000 Ci/mmol; Amers-
ham, Piscataway, NJ) using random priming and hybridized
with the blot membrane at 42°C overnight in 50% for-
mamide containing 1% sodium dodecyl sulfate (SDS),
1 mol/l NaCl, 200 mg/ml sonicated herring sperm DNA,
and 10% dextran sulfate. The blots were then washed twice
at 42°C in 2xstandard saline citrate (SSC) containing 1%
SDS and once with 0.2xSSC containing 1% SDS for 5 min
at 65°C. Blots were visualized using autoradiography with
a Kodak BioMax and intensifying screens (Kodak, New
Haven, CT).

Histology and immunohistochemistry

Pregnant female C57BL6 mice were sacrificed by cervical
dislocation, and embryos were transferred to 10% buffered
formalin and fixed overnight. The embryos were washed
several times in 70% ethanol, embedded in paraffin, and
serially sliced into 4-pum sections. Deparaffinized sections
were immersed in 0.3% H>0,, autoclaved at 120°C for
1 min, and rinsed with 1xTris-buffered saline (TBS) prior
to incubation overnight at 4°C with the following primary
antibodies: anti-Rb1ccl rabbit antiserum (a-Rblcc1-1104)
[2, 5], anti-Rb1 monoclonal antibody (G3-245; PharMin-
gen, San Diego, CA), and anti-Myhc monoclonal antibody
(RNMy2/9D2; Novo Castra, Newcastle, UK). The sections
were rinsed with 1XTBS and incubated with secondary
antibody (Simple Stain MAX-PO; Nichirei, Japan) at room
temperature for 1 h. The sections were then stained with

3,3'-diaminobenzidine tetrahydrochloride and counter-
stained with hematoxylin.

Cell culture

C2C12 mouse skeletal myoblasts were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (growth medium). To induce mus-
cular differentiation, the cells were rendered quiescent by
serum withdrawal for 48 h and stimulated to differentiate
by adding 2% horse serum [differentiation medium (DM)].

RNAI and transfection

Three kinds of small interfering RNA (siRNA) plasmid
vectors (608, 1993 and 4525) corresponding to different
targeting sites (nt.608—626, nt. 1993-2013 and nt. 4525—
4545, respectively) of RbIccl mRNA (GenBank accession
number, AB070619) were synthesized in vitro by inserting
artificial oligonucleotides into pPRNAT-H1.1/Hygro (Gen-
Script, Piscataway, NJ). We introduced each siRNA or con-
trol vector into C2C12 cells using FuGENEG6 according to
the supplier’s recommendations (Roche Applied Science).

Reverse-transcription polymerase chain reaction

Total RNA was isolated from C2C12 cells using TRIzol
(Gibco-BRL), and first-strand cDNA was synthesized using
Superscript III reverse transcriptase and Oligo d(T)o_ig
primer (Gibco-BRL). The gene primer sequences were as
follows: murine Rblccl: forward, 5'- TGCTGCACAA
GACTCTCACA and reverse, 5- CAGCATTTCCTTCTG
CTGTG; RbI: forward, 5'- CACGTGTAAATTCTGCTG
CAA and reverse, 5- CCTGG TGGAGGCATACTGTAA;
Gapdh: forward, 5- CATGACAACTTTGGCATTGTG
and reverse, 5'- GTTGAAGTCGCAGGAGACAAC; Myhc:
forward, 5'- AAGG AACTTGAAGAAAAGATGGTG and
reverse, 5'- TCAAGTTTTCTCTTG GCTCTTTCT,; cyclin
D3: forward, 5'- TAGGCGCCTGCTCTATGTCT and re-
verse, 5'-ATCTGTGGGAGTGCTGGTCT; p21: forward
5'-GTCCAATCCTGGTGATGT CC and reverse, 5'- CAG
GGCAGAGGAAGTACTGG. The PCR protocols con-
sisted of 26 cycles for Rbiccl, Rb1 and p21, 21 for Gapdh,
38 for Myhc, and 36 cycles for cyclin D3 of a 20-s de-
naturation at 95 C, 20-s annealing at 55 C, and 30-s ex-
tension at 72°C.

Immunocytochemical analysis of C2C12 cells

The above-mentioned primary antibodies were labeled with
Alexa Fluor 555 (Molecular Probes, Eugene, OR) accord-



Fig. 1 Expression of mRNA
during mouse embryogenesis.
Membranes were hybridized
with specific probes for RbIccl,
Rb1, and myosin heavy chain
(Myhc). Equal sample loading
was conformed by ethidium
bromide staining of RNAs.
Rblccl mRNA was constitu-
tively expressed in embryos and
predicted Rbl and Myhc
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ing to the supplier’s protocol. The C2C12 cells treated with
siRNA were fixed, incubated with the appropriate labeled
antibody, and evaluated using fluorescent microscopy.

Results
Rblccl predicts Rb1l and Myhe

To determine the importance of Rblccl in muscular dif-
ferentiation, we analyzed Rblccl expression in murine
embryos. Northern blotting showed that Rb/ccl mRNA
was constitutively expressed in the embryos and predicted
RbI and Myhc. RbI mRNA was obviously induced in
E10.5 embryos and upregulated at E13.5-14.5 and E16.5—
17.5. Following Rblccl and Rb1 expression, Myhc, a late
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marker of myogenic differentiation, was expressed in E13.5
embryos and obviously induced at E16.5 (Fig. 1).

Immunohistochemical staining with Rblccl, Rbl, and
Myhc in murine embryos also showed Rblccl, Rb1, and
Myhc expression in developing murine muscular tissues
(Fig. 2). Rbleccl was expressed predominantly in the
cytoplasm, and Rb1 was located in the nucleus. Myhc was
expressed throughout 18 dpc mouse muscles.

Expression of Rbiccl and Rb1 is associated
with muscular differentiation

To investigate the Rb1cc1-mediated molecular mechanism
in muscle differentiation, we used the murine C2C12 myo-
blast system. RbIccl and RbI gene expression was induced

Fig. 2 Expression of Rblccl, Rbl, and Myhc in mouse embryos. Immunohistochemical analysis demonstrated predominant Rblccl
expression in cytoplasm and Rbl in nuclei. Myhc expression is scattered throughout 18.5 days post-conception (dpc) mouse muscles
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in C2C12 cells by DM. Thereafter, differentiated C2C12
cells also expressed high levels of Myhc, a late marker of
myogenic differentiation, compared with proliferating C2C12
cells. More p21 expression was induced in differentiating
than in proliferating C2C12 cells (Fig. 3).

Rb1ccl-specific knockdown disturbs myoblast
differentiation

To study the functions of endogenous Rblccl during
the differentiation of C2C12 myoblasts, we knocked down
Rbliccl expression using siRNAs. This process led to Rb/
repression, as well as failed Myhc expression and myoblast
differentiation. The expression of a series of genes, includ-
ing p21 and cyclin D3, was similar during the experimental
process for the differentiation (Fig. 4). Immunocytochemi-
cally, C2C12 cells with siRNA vectors failed to synthesize
Rblccl and expressed low levels of Rb1 and Myhc (Fig. 5).
Exposure to several siRNAs corresponding to different
regions of RbIccl mRNA similarly caused C2C12 myo-
blast differentiation to fail (data not shown).

Discussion

Rblccl is a novel gene that is associated with multidrug
resistance to anti-cancer agents. The expression of both
Rblccl and RbI is synchronized in various cancer cell
lines and in normal human tissues. Moreover, the intro-
duction of wild-type RbIccl induces RbI expression in
human leukemic cells [5]. Rblccl expressed at high levels
contributes to the maturation of human embryonic mus-
culoskeletal cells [6]. To our knowledge, Rblccl might
interact with Stathmin [17], the Listeria monocytogenesis
surface protein ActA [20], or with focal adhesion kinase
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Fig. 3 Serial expressional analysis of genes regulating muscle dif-
ferentiation. Expression levels of Rblccl, Rb1, Myhc, p21, and
Gapdh in C2C12 cells incubated in differentiation medium (DM) for
indicated periods, or maintained in growth medium (GM) were de-
termined by semi-quantitative reverse-transcription polymerase chain
reaction. More Rblccl and Rb1 genes were induced by DM. Fol-
lowing expression of these genes, Myhc was obviously inducted in
differentiated C2C12 cells
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Fig. 4 Effects of Rblccl knockdown in C2C12 cells. C2C12 cells
treated with siRNA vector (4525) were incubated in differentiation
medium (DM). Expression levels of RbIccl, Rb1, Myhc, p21, cyclin
D3 and Gapdh were determined using semi-quantitative reverse-
transcription polymerase chain reaction. RbIccl siRNA inhibited
Rb1 expression and resulted in failed Myhc expression. Expression
of p21 and cyclin D3 was not affected

[1]. However, other molecules that associate with Rblccl
remain unknown, and the molecular mechanisms of Rblccl-
mediated cellular functions are obscure.

To determine the function of Rblccl, the present study
investigated the roles of Rblccl on skeletal muscle dif-
ferentiation. Northern and immunohistochemical analyses
of mouse embryos showed that RbIccl expression pre-
dicted that of RhI and Myhc. Although we demonstrated
that the expression of Rblccl and Rbl1 is synchronized in
musculoskeletal tissues of human embryos [6], Rblccl
was expressed more ubiquitously and earlier in mouse than
in human embryos. Further, the intracellular localization of
Rblccl could change according to the developing status,
and Rblccl is involved in the murine developmental pro-
cess [2]. More importantly, RbIccl and RbI expres-
sion closely correlated and led to Myhc expression during
C2C12 myoblast differentiation. These results suggest that
Rblccl is intimately involved in muscle differentiation in
vivo and in vitro. Rbl protein plays crucial roles in the
induction of late markers during myogenic differentiation
[8, 18]. Rblccl predicted Rbl during mouse myogenic
differentiation and might play an important role in the ex-
pression of Rb1 and subsequent Myhc, a late marker of this
process.

The RNAi-mediated knockdown of Rblccl reduced
Rb1 expression at the transcriptional level, and Myhc was
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Fig. 5

Effects of Rblccl knockdown on C2C12 myoblasts
differentiation. C2C12 cells treated with siRNA vector (4525) were
incubated in differentiation medium (DM). Fluorescent immunocy-
tochemistry of Rblccl, Rb1, and Myhc demonstrated that the C2C12

not induced during C2C12 myoblast differentiation. The
findings suggest that Rblccl acts in the same pathway as
Rbl1 and plays a crucial role in myoblast differentiation
upstream of Rb1 rather than downstream.

Although many proteins are implicated as critical mod-
ulators of myogenic differentiation, the complexity of this
process suggests that more remain to be discovered. Here,
we postulate that Rblccl is a novel modulator of myogen-
ic differentiation. We found that Rblccl appears to be
primarily required for muscular differentiation and that its
suppression causes failed maturation of myoblasts largely
due to the loss of Rbl expression. Rblccl is thought to
induce Rb1 expression [5]. Rblccl regulated Rb1 expres-
sion at the transcriptional level, although many proteins are
involved in Rb1 regulation by affecting its phosphoryla-
tion status [9, 14, 21, 23]. Rblccl might directly bind the
Rb1 gene promoter and induce its expression. Although
Rblccl predicted Rbl1, such concordance was incomplete
during mouse embryonic development. These findings in-
dicate that Rblccl indirectly rather than directly regulates
Rb1 expression. Otherwise, Rblccl might associate with
Rbl1. The Rblccl protein contains a consensus nuclear lo-
calization signal (KPRK) [5], and the protein was localized
in both the nucleus and cytoplasm. In addition, intracellular
sublocalization of Rblccl changes in accordance with de-

cells treated with Rblccl siRNA (green: GFP) failed to synthesize
Rblccl (Red, Alexa Fluor 555; A) in the cytoplasm, and they ex-
pressed neither Rb1 (Red, Alexa Fluor 555; B) nor Myhc (Red, Alexa
Fluor 555; C)

velopmental status [2]. Rblccl may play functional roles
by altering its intracellular sublocalization. Thus, Rblccl
might cooperate in nuclear Rb1 expression.

The present study demonstrated that RbIccl-siRNAs
decreased the expression of Rb/ and subsequently Myhc
but not that of p27 and cyclin D3. MyoD, a pivotal factor
for myogenic differentiation, can activate muscle-specific
gene expression and induce cell-cycle arrest through Rb1-
dependent pathways [18, 21]. At the onset of myogenic
differentiation, MyoD activates the expression of Rb1, p21,
cyclin D3 and induces cell cycle arrest, a process that is
referred to as early events [4, 15, 16]. MyoD also co-op-
erates with Rb1 to promote the expression of late markers
of muscular differentiation, such as Myhc, which is re-
ferred to as a late myogenic event [4]. Therefore, the failed
differentiation of myoblasts due to Rb/ccl-specific knock-
down was largely dependent on Rbl1 repression with no
change in p21 and cyclin D3, suggesting that Rblccl is a
crucial regulator of late, rather than early myogenic events.

Here, we reported that Rblccl is a novel modulator of
myogenic differentiation. The Rblcc1-Rbl1 pathway is pri-
marily required for myogenic differentiation, and eluci-
dating the components and precise mechanisms of the
pathway during this process will help to clarify how Rblccl
functions under physiological conditions.
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