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Skeletal myogenesis is a multistep process by which multinucleated
mature muscle fibers are formed from undifferentiated, mononucle-
ated myoblasts. However, the molecular mechanisms of skeletal
myogenesis have not been fully elucidated. Here, we identified mus-
cle-restricted coiled-coil (MURC) protein as a positive regulator of
myogenesis. In skeletal muscle, MURC was localized to the cyto-
plasm with accumulation in the Z-disc of the sarcomere. In C2C12
myoblasts, MURC expression occurred coincidentally with myogenin
expression and preceded sarcomeric myosin expression during differ-
entiation into myotubes. RNA interference {RNAi)-mediated knock-
down of MURC impaired differentiation in C2C12 myoblasts, which
was accompanied by impaired myogenin expression and ERK acti-
vation. Overexpression of MURC in C2C12 myoblasts resulted in the
promotion of differentiation with enhanced myogenin expression and
ERK activation during differentiation. During injury-induced muscle
regeneration, MURC expression increased, and a higher abundance of
MURC was observed in immature myofibers compared with mature
myofibers. In addition, ERK was activated in regenerating tissue, and
ERK activation was detected in MURC-expressing immature myofi-
bers. These findings suggest that MURC is involved in the skeletal
myogenesis that results from modulation of myogenin expression and
ERK activation. MURC may play pivotal roles in the molecular
mechanisms of skeletal myogenic differentiation.

myoblast; skeletal muscle; differentiation; extracellular signal-regu-
lated kinase: myogenin

SKELETAL MYOGENESIS is characterized by a multistep process in
which mononucleated, undifferentiated myoblasts proliferate
(proliferation), withdraw from the cell cycle, and then differ-
entiate into mononucleated myocytes (early differentiation),
which subsequently fuse into multinucleated myotubes ex-
pressing muscle-specific proteins (late differentiation) to form
the mature muscle fiber (terminal differentiation) (16). Myo-
genic regulatory factors (MRFs), which belong to the basic
helix loop-helix family of transcription factors, in cooperation
with E2A and myocyte enhancer factor (MEF)2 families,
activate the differentiation program by inducing the transcrip-
tion of regulatory and structural muscle-specific genes (2-4,
16, 18, 29). In addition to these regulators, skeletal myogenesis
is regulated by signal transduction cascades with the complex
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involvement of several kinases, including ERK (1, 10, 16, 26,
30, 38, 42). In proliferating myoblasts, the ERK pathway
contributes to repress myogenic transcription and maintain the
undifferentiated phenotype. At the onset of differentiation, the
decline of ERK activity relieves the repressed myogenic tran-
scription. Once the activation of the myogenic program is
initiated, ERK activation is required to promote myogenic
differentiation. Thus, ERK shows a biphasic activation profile
with peaks in undifferentiated myoblasts and postmitotic myo-
tubes and is suggested to have a dual role during myogenic
differentiation, being inhibitory at the early stage and stimula-
tory at the late stage (38). However, the molecular mechanisms
of skeletal myogenesis have not been fully elucidated.

We have recently identified a novel muscle-restricted coiled-
coil protein, MURC, which is evolutionarily conserved from
the frog to human (22). MURC is expressed in cardiomyocyes,
smooth muscle cells, and skeletal myocytes. In the murine
adult heart, MURC was localized to the cytoplasm with accu-
mulation in the Z-line of the sarcomere. MURC mRNA ex-
pression in the heart increased during the developmental pro-
cess from the embryonic stage to adulthood. In response to
pressure overload, MURC mRNA expression increased in the
hypertrophied heart. Forced overexpression of MURC in car-
diomyocytes induced the activation of the RhoA/Rho-associ-
ated kinase (ROCK) pathway, which modulated serum re-
sponse factor (SRF)-mediated atrial natriuretic peptide (ANP)
expression and myofibrillar organization. Sustained overex-
pression of MURC in the heart induces cardiac dysfunction and
conduction disturbances with an increased vulnerability to
atrial arrhythmias in mice.

In this study, we examined the role of MURC in skeletal
myogenesis. MURC expression was induced during myogenic
differentiation in vitro and in vivo. In C2C12 myoblasts, RNA
interference (RNAi1)-mediated knockdown of MURC impaired
myogenic differentiation, which was accompanied by impaired
myogenin expression and ERK activation at the later stages of
differentiation. Overexpression of MURC in C2C12 myoblasts
promoted differentiation into myotubes with enhanced myoge-
nin expression and ERK activation during differentiation.

MATERIALS AND METHODS

Immunofluorescence microscopy. Specimens were fixed in 4%
paraformaldehyde and stained with rabbit polyclonal anti-MURC
antibody (22), mouse monoclonal anti-a-actinin antibody, mouse
monoclonal anti-embryonic myosin antibody (F1.652, Developmental
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Studies Hybridoma Bank), or mouse monoclonal anti-sarcomeric
myosin antibody (MF20, Developmental Studies Hybridoma Bank).
Secondary antibodies were conjugated with Alexa fluor 488, 555, or
594 (Invitrogen), and nuclei were visualized using 4’,6-diamino-2-
phenylindole (Invitrogen). The number of nuclei per myotube and the
fusion index were analyzed as previously described (21). Briefly, the
average number of nuclei per myotube was determined from ran-
domly chosen myosin-positive cells containing 2 or more nuclei, and
3,000 nuclei per culture were counted. The fusion index was calcu-
lated from the ratio of the number of nuclei in myotubes with 2 or
more nuclei to the total number of nuclei, and 1,000 myotube nuclei
were counted.

Cell culture and induction of differentiation. C2C12 cell culture
and differentiation were performed as previously described (21).
Briefly, myogenesis was induced by changing the medium to DMEM
supplemented with 2% horse serum after the cells were grown to
confluence in growth medium.

RNA extraction and quantitative RT-PCR. Total RNA was ex-
tracted from cells using an RNeasy mini kit (QTAGEN). ¢cDNA
synthesis and quantitative real-time PCR were performed as previ-
ously described (22, 23, 33). Mouse GAPDH or B-tubulin was used
for normalization, and the comparative threshold method was used to
assess the relative abundance of the targets. The primers used were as
follows: MURC, forward primer 5'-ACA GTC ACA CAG CAA TAC
GGG CTA-3' and reverse primer 5'-TTC TCG GGC AGG CTT CTG
TCT TTA-3'; myogenin, forward primer 5-TAC GTC CAT CGT
GGA CAG CAT-3' and reverse primer 5'-TCA GCT AAATTC CCT
CGC TGG-3'; MyoD, forward primer 5'-TGA GCA AAG TGA ATG
AGG CCT TCG-3' and reverse primer 5'-TGC AGA CCT TCG ATG
TAG CGG AT-3'; muscle creatine kinase (MCK), forward primer
5'-CAC CTC CAC AGC ACA GAC AG-3' and reverse primer
5’-ACC TTG GCC ATG TGA TTG TT-3'; and GAPDH, forward
primer 5-TTG TGA TGG GTG TGA ACC ACG AGA-3' and
reverse primer 5'-CAT GAG CCC TTC CAC AAT GCC AAA-3'.

Western blot analysis. Cell lysates were extracted with lysis buffer
containing 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, | mM EDTA, 1%
Nonidet P-40, 1| mM PMSF, 1X protease inhibitor cocktail (Pierce), 1
mM Na3VOy,, and 1 mM NaF. Cell lysates were electrophoresed in 10%
SDS-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Millipore). Membranes were incubated with primary anti-
bodies against MURC, F1.652, MF20, Flag (Sigma), phospho-ERK
(Thr2°%/Tyr2%*), ERK (Cell Signaling), or GAPDH (Chemicom). Horse-
radish peroxidase-conjugated anti-rabbit [gG and anti-mouse IgG (GE
Healthcare) were used as secondary antibodies.

Plasmid construction. The corresponding ¢cDNA fragments for
mouse MURC (mMURC) were cloned by PCR with a mouse heart
cDNA template as previously described (22). PCR was performed
using the following primers: mMURC, forward primer 5'-ATG GAA
CAC AAC GGA TCA GCT-3’ and reverse primer 5'-CTA TTT GTA
GTC TGA GGA CTG CTT TAG CTC CA-3'. cDNA encoding
mMURC with a COOH-terminal Flag epitope and LacZ were cloned
into the pMSCVpuro Retroviral Vector (Clontech) to generate
pMSCVpuro-MURC and pMSCVpuro-LacZ, respectively. RNAI tar-
get sequences for mMURC (5'-GCT ACG TTG TCA ACA AGC
TG-3" and 5'-AGA AAG TGA GTG GGA TTA GAA-3') were
cloned into the BamHI-EcoRI site of the RNAi-Ready-pSIREN-
RetroQ vector (Clontech) as an inverted repeat with a hairpin loop
spacer to generate RNAi-Ready-pSIREN-RetroQ-mMURC! and
RNAi-Ready-pSIREN-RetroQ-mMURC?2, respectively.

Recombinant retroviruses and gene transfer. To generate recom-
binant retroviruses, GP2-293 cells (Clontech) were cotransfected with
the helper vector pVSV-G, pMSCVpuro-MURC, pMSCVpuro-
LacZ, RNAi-Ready-pSIREN-RetroQ-luciferase (Clontech), RNAi-
Ready-pSIREN-RetroQ-mMURC]1, and RNAi-Ready-pSIREN-
RetroQ-mMURC?2 using FuGENEG6 (Roche). pMSCVpuro-LacZ and
RNAi-Ready-pSIREN-RetroQ-luciferase were used as controls. The
medium supernatant was collected and centrifuged to concentrate

REGULATION OF SKELETAL MYOGENESIS BY MURC
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virus stocks according to the manufacturer’s instructions. Cells were
infected with the retrovirus in the presence of 4 wg/ml polybrene for
24 h, and the medium was changed to fresh medium. Infected cells
were selected with 2.5 pg/ml puromycin and analyzed.

Replication-defective recombinant adenoviruses and gene transfer.
Recombinant adenoviruses expressing Flag-tagged mMURC (Ad-
MURC) and LacZ (Ad-LacZ) were generated as previously described
(22, 34). C2C12 cells were infected with Ad-MURC or Ad-LacZ
diluted in growth medium at a multiplicity of infection of 10 and
incubated at 37°C for 1 h. The viral suspension was removed, and
cells were cultured with growth medium.

Induced regeneration of skeletal muscle. Inductlon of muscle
regeneration was performed as previously described with minor mod-
ifications (25, 36). Male mice were anesthetized with 2,2,2-tribromo-
ethanol (0.25 mg/g, Aldrich). An incision was performed to expose
the tibialis anterior muscle. Muscle damage was induced by the direct
application of a 5-mm metal probe precooled in liquid nitrogen to the
surface of the exposed muscle for 15 s. At different times after injury,
mice were euthanized, and muscles were removed. All of the aspects
of animal care and experimentation performed in this study were
approved by the Institutional Animal Care and Use Committee of
Kyoto University.

Statistical analysis. All experiments were performed at least three
times. Data are expressed as means * SE and were analyzed by
one-way ANOVA with post hoc analysis. A value of P < 0.05 was
considered significant.

RESULTS

Subcellular localization of MURC in skeletal muscle. We
have shown previously that MURC was localized to the cyto-
plasm with an accumulation in the Z-line of the sarcomere in
the murine adult heart (22). To determine the subcellular
localization of MURC in skeletal muscle, adult mouse gastroc-
nemius muscle sections were immunostained with an anti-
MURC antibody. Consistent with our previous data in the
heart, MURC staining was detected in the cytoplasm with a
striated and periodic staining pattern and partly colocalized
with a-actinin in the Z-line (Fig. 1).

MURC expression in C2C12 myoblasts during myogenesis.
We used C2C12 myoblasts that could be induced to differen-
tiate into myotubes by serum starvation and assessed MURC
expression during differentiation into myotubes. In C2C12
myoblasts, MURC mRNA expression was induced as early as
day I after the induction of differentiation and then reached a
maximum on day 2, and its level continued up to day 6
(Fig. 2A). The expression pattern of myogenin mRNA was
similar to that of MURC mRNA because the induction of
myogenin mRNA expression was detectable on day I and its
expression peaked on day 2, but the expression level declined
on day 4. On the other hand, MyoD mRNA expression was
already detectable in undifferentiated myoblasts, and its level
was almost constant during myogenesis. MURC protein ex-
pression was then examined by Western blot analysis. MURC
protein expression was not detected in undifferentiated myo-
blasts, but its expression was activated after 1 day of serum
starvation and increased gradually up to day 6 (Fig. 2B).
Sarcomeric myosin protein expression followed MURC and
embryonic myosin protein expression. As shown in Fig. 2C,
immunostaining analysis showed that myotubes stained with
an anti-sarcomeric myosin antibody expressed MURC. Thus,
the induction of MURC expression occurred in differentiating
muscle cells and preceded that of sarcomeric myosin expres-
sion.
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Fig. 1. Subcellular localization of muscle-resticted
coiled-coil (MURC) protein in skeletal muscle.
Immunostaining was performed using adult
mouse gastrocnemius muscle sections with anti-
MURC and anti-a-actinin antibodies. Nuclei
were stained by 4',6-diamino-2-phenylindole
(DAPI; blue). Bortom: higher magnification
images.

MURC

RNAi-mediated knockdown of MURC in C2C12 myoblasts
inhibits myogenesis. The above observations prompted us to
investigate whether MURC might be involved in skeletal myo-
genesis. To investigate the biological role of endogenous MURC
expression during myogenesis, RNAi using mMURC short-hair-
pin RNA (shRNA) was performed in C2C12 myoblasts. We made
recombinant retroviruses expressing Flag-tagged mMURC,
mMURC-shRNA1, and mMURC-shRNA2. C2C12 myoblasts
were infected with recombinant retrovirus expressing Flag-tagged
mMURC and/or recombinant retroviruses expressing mMURC-
shRNA1 or mMURC-shRNA2, which confirmed that the protein
expression of Flag-tagged mMURC was reduced by mMURC-
shRNA1 and mMURC-shRNA2 (data not shown). We then
infected C2C12 cells with recombinant retroviruses expressing
luciferase-shRNA, mMURC-shRNAI, and mMURC-shRNA2
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and generated C2C12 cells expressing luciferase-shRNA (C2C12-
Luc-shRNA), mMURC-shRNA1 (C2C12-mMURC-shRNA1),
and mMURC-shRNA2 (C2C12-mMURC-shRNA?2). Upon the
induction of differentiation, endogenous MURC mRNA and
protein expression were attenuated in both C2C12-mMURC-
shRNAI and C2C12-mMURC-shRNA2 cells compared with
C2C12-Luc-shRNA cells (Fig. 34). Since MURC RNAi was
achieved more efficiently in C2C12-mMURC-shRNA1 cells
than C2C12-mMURC-shRNA2 cells, we used C2C12-mMURC-
shRNAT1 cells and examined the expression levels of myoge-
nin, MyoD, MCK, and sarcomeric myosin during myogenesis.
As shown in Fig. 3B, myogenin mRNA expression was atten-
uated on days 2 and 3 in C2C12-mMURC-shRNA1 cells
compared with C2C12-Luc-shRNA cells. MCK mRNA ex-
pression was reduced on days 4 and 6 in C2C12-mMURC-
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Fig. 2. MURC expression in C2C12 cells during myogenesis. A: expression of MURC mRNA during myogenesis in C2C12 myoblasts. Real-time RT-PCR was
performed with cDNAs from C2C12 cells during myogenesis. B: expression of MURC protein during myogenesis in C2C12 cells. Lysates of C2C12 cells were
immunoblotted with antibodies recognizing embryonic myosin, MURC, sarcomeric myosin, and GAPDH as an internal control. C: MURC expression in
differentiated myotubes. Immunostaining was performed using C2C12 cells at 6 days after the induction of differentiation with anti-MURC and anti-embryonic

myosin antibodies. Nuclei were stained by DAPI (blue).
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Fig. 3. Impaired myogenesis by MURC RNA interference (RNAi). A: expression of endogenous MURC mRNA (left) and protein (right) in differentiated C2C12
cells. Real-time RT-PCR was performed with cDNAs from C2C12-Luc-shRNA, C2C12-mMURC-shRNA1, and C2C12-mMURC-shRNA2 cells at 6 days after
the induction of differentiation. *P < 0.05 compared with C2C12-Luc-shRNA cells. Cell lysates from C2C12-Luc-shRNA, C2C12-mMURC-shRNA1, and
C2C12-mMURC-shRNA2 cells at 6 days after the induction of differentiation were immunoblotted with antibodies recognizing MURC (rop right) and GAPDH
(bottom right). B: mRNA expression of MyoD, myogenin, and muscle creatine kinase (MCK) during myogenesis in C2CI2 cells. Real-time RT-PCR was
performed with cDNAs from C2C12-Luc-shRNA and C2C12-mMURC-shRNAT cells during myogenesis. *P < 0.05 compared with C2C12-Luc-shRNA cells.
C: expression of sarcomeric myosin protein during myogenesis in C2C12 cells. Cell lysates from C2C12-Luc-shRNA and C2C12-mMURC-shRNAI cells were
immunoblotted with antibodies recognizing sarcomeric myosin (top) and GAPDH (bortom). D: immunostaining of differentiated C2C12 cells. Immunostaining
was performed using C2C12-Luc-shRNA, C2C12-mMURC-shRNA1, and C2C12-mMURC-shRNA?2 cells at 6 days after the induction of differentiation with
an anti-sarcomeric myosin antibody. Nuclei were stained by DAPI (blue). Borrom, higher magnification images. E: expression of MURC protein and sarcomeric
myosin protein in C2C12-mMURC-shRNA1 cells. C2C12-mMURC-shRNA1 cells were infected with Ad-LacZ or Ad-MURC. Cell lysates from C2C12-
mMURC-shRNAI cells infected with Ad-LacZ and Ad-MURC at 6 days after the induction of differentiation were immunoblotted with antibodies recognizing
Flag, MURC, sarcomeric myosin, and GAPDH. F: immunostaining of differentiated C2C12-mMURC-shRNAI cells. Immunostaining was performed using
C2C12-mMURC-shRNAT cells infected with Ad-LacZ and Ad-MURC at 6 days after the induction of differentiation with an anti-sarcomeric myosin antibody.

Nuclei were stained by DAPI (blue). Bottom, higher magnification images.

shRNA1 cells. Consistent with these observations, sarcomeric
myosin expression during myogenesis was impaired in C2C12-
mMURC-shRNAT cells compared with C2C12-Luc-shRNA
cells (Fig. 3C). Immunostaining analysis showed that myotube
formation was also impaired in C2C12-mMURC-shRNAI
cells compared with C2C12-Luc-shRNA cells, and this obser-
vation was confirmed in C2C12-mMURC-shRNA?2 cells (Fig.
3D). Furthermore, to exclude off-target effects of the
mMURC-shRNA used, C2C12-mMURC-shRNAI cells were
infected with Ad-MURC. As shown in Fig. 3E, compared with
C2C12-mMURC-shRNA cells infected with Ad-MURC and
C2C12-mMURC-shRNAT cells infected with Ad-LacZ at day
6 after the induction of differentiation, the forced expression of
Flag-tagged MURC using Ad-MURC resulted in increases in
MURC protein expression and sarcomeric myosin protein
expression. In accordance with this finding, myotube formation
in C2C12-mMURC-shRNA1 cells infected with Ad-MURC
was promoted compared with that in C2C12-mMURC-
shRNAT cells infected with Ad-LacZ (Fig. 3F). These results

indicate that MURC has at least an important permissive role
in myogenesis in C2C12 cells.

MURC RNAi impaired ERK activation during myogenesis in
C2C12 myoblasts. ERK has been reported to have a key role in
the differentiation into myotubes (1, 10, 30, 38). To reveal the
role of MURC in the signaling pathway involved in myogenic
differentiation, we investigated ERK activation in C2C12 myo-
blasts. Consistent with a previous report (38), ERK phosphor-
ylation decreased at the onset of differentiation, reached a
minimum at day 2 after differentiation, and increased at later
stages of differentiation in C2C12-Luc-shRNA cells (Fig. 4A).
We obtained a similar pattern of ERK phosphorylation in naive
C2C12 cells (data not shown). In C2C12-mMURC-shRNAI
cells, ERK phosphorylation was impaired at the later stages of
differentiation (Fig. 4, A and B). To examine whether ERK
activation at the later stages is required for differentiation in
C2C12 cells, we used PD-98059, a MEK inhibitor. Upon the
induction of differentiation in C2C12 cells treated with PD-
98059 at 25 uM for 3 days, inhibition of ERK phosphorylation
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Fig. 4. Impairment of ERK activation by MURC RNAI during myogenesis. A
and B: ERK phosphorylation during myogenesis in C2C12 cells. Cell lysates
from C2C12-Luc-shRNA and C2C12-mMURC-shRNA1 cells at the indicated
days after the induction of differentiation were immunoblotted with antibodies
recognizing phosphorylated ERK (p-ERK) and ERK. *P < 0.05 compared
with C2C12-Luc-shRNA cells. C: effect of PD-98059 on ERK phosphoryla-
tion in C2C12 cells. C2C12 cells were treated with or without PD-98059 at 25
uM for 3 days. Cell lysates were immunoblotted with antibodies recognizing
p-ERK and ERK. D: effect of ERK inhibition on myogenesis in C2C12 cells.
C2CI2 cells were treated with or without PD-98059 at 25 pM for the indicated
periods of time. Cell lysates were immunoblotted with antibodies recognizing
p-ERK and ERK. Immunostaining was performed with an anti-sarcomeric
myosin antibody. Nuclei were stained by DAPI (blue). Botiom, higher mag-
nification images.

in C2C12 cells at day 3 was observed (Fig. 4C). Myogenic
differentiation was impaired in C2C12 cells treated with PD-
98059 during both days 0—6 and days 2—-6, whereas it was not
impaired in C2C12 cells treated with PD-98059 during days
0-2 (Fig. 4D). These results indicate that ERK activation at the
later stages (days 2—6) is necessary for myogenic differentia-
tion in C2C12 cells.

Overexpression of MURC in C2CI2 myoblasts promotes
myogenesis with enhanced ERK activation at later stages. We
then examined whether MURC could promote myogenesis in
C2C12 myoblasts. We used recombinant retroviruses express-
ing LacZ and Flag-tagged MURC and made C2C12 cells
expressing LacZ (C2C12-LacZ) and MURC (C2C12-MURC),
respectively (Fig. 5A). Although the myogenin mRNA expres-
sion level was not altered in undifferentiated C2C12-MURC
cells compared with C2C12-LacZ cells, after the induction of
differentiation, its expression level was upregulated on days 2

REGULATION OF SKELETAL MYOGENESIS BY MURC

and 3 during differentiation in C2C12-MURC cells compared
with C2C12-LacZ cells (Fig. 5B). The MyoD mRNA expres-
sion level in C2C12-MURC cells was not altered compared
with C2C12-LacZ cells. The expression of MCK mRNA and
sarcomeric myosin protein during myogenesis was accelerated
and augmented in C2C12-MURC cells compared with C2C12-
LacZ cells (Fig. 5, B and C). Morphologically, differentiated
myotubes on day 6 in C2C12-MURC cells were both longer
and wider than those in C2C12-LacZ cells (Fig. 5D). Consis-
tent with this observation, the number of nuclei per myotube
and the percentage of all nuclei present in myotubes (fusion
index) on day 6 were significantly higher in C2C12-MURC
cells than C2C12-LacZ cells (Fig. 5E). These findings suggest
that MURC can promote differentiation into multinucleated
myotubes in C2C12 cells.

Although ERK phosphorylation was not affected in C2C12-
MURC cells on day 0 compared with that in C2C12-LacZ cells
on day 0, it was enhanced at the later stages of differentiation
(Fig. 6, A and B). Furthermore, myogenesis in C2C12-MURC
cells was inhibited by treatment with PD-98059 during days
0-6 (Fig. 6C).

Upregulation of MURC expression and activation of ERK
during injury-induced muscle regeneration in vivo. Although
the cell culture system used above is a valuable tool for the
identification and characterization of myogenic pathways, it
may only partially recapitulate the regulation of myogenesis.
Therefore, we examined MURC expression and ERK activa-
tion in regenerating muscle tissue. We induced muscle damage
by cryoinjury in the tibialis anterior muscle of adult mice.
Muscle tissues before injury and at I, 3, 5, and 9 days
postinjury were collected and assessed by hematoxylin and
eosin staining, Western blot analysis, and immunostaining. As
shown in Fig. 7A, the muscle was destroyed at 1 day postin-
jury, and regeneration by satellite cells resulted in the forma-
tion of small, slightly basophilic, and centronucleated myofi-
bers at 5 and 9 days postinjury. Western blot analysis showed
that the MURC protein expression level decreased at 1 day
postinjury, accompanied by muscle destruction, gradually in-
creased during muscle regeneration, and was then restored at 9
days postinjury, whereas embryonic myosin was transiently
expressed at 5 days postinjury (Fig. 7B). Immunohistofluores-
cence analysis of regenerating muscle at 5 days postinjury
showed that the abundance of MURC appeared higher in
centronucleated and immature myofibers than in mature myo-
fibers in which the nuclei occupied a peripheral position.
During injury-induced muscle regeneration, Western blot anal-
ysis showed that ERK phosphorylation decreased at 1 day
postinjury, accompanied by muscle destruction, and then in-
creased at day 3 and continued up to day 9 (Fig. 7B). To
examine which cells account for ERK activation, immuno-
staining was performed. As shown in Fig. 7D, sections of
regenerating muscle at 5 days postinjury revealed that phospho-
ERK appeared in small, centronucleated, MURC-expressing
myofibers, suggesting that ERK activation occurred in MURC-
expressing immature myofibers during myogenesis in vivo.

DISCUSSION

The Z-disc is known to be not only simply the structural
border of the sarcomere but also to function in sensing and
transmitting external and internal signals, because various
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signaling molecules have been identified as components of the
Z-disc, and a large number of the Z-disc-associated proteins
have been shown to shuttle between the Z-disc and other
subcellular locations to transmit signals (7, 14, 27). We have
previously shown that in vascular smooth muscle cells MURC
was diffusely localized to the cytoplasm and that in cardiomyo-
cytes MURC was partly localized in the Z-line of the sarco-
mere and functioned as a molecule involved in Rho/ROCK
signaling (22). In the present study, we showed that in skeletal
muscle MURC staining was detected in the cytoplasm with a
striated and periodic staining pattern and partly colocalized
with a-actinin in the Z-line of the sarcomere. These findings
suggest that in striated muscle MURC is a Z-disc-associated
protein and functions as a molecule that shuttles between the
Z-disc and other subcellular locations to transmit signals.

A
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Fig. 5. Promotion of myogenesis by MURC over-
expression. A: expression of Flag-tagged MURC in
C2CI12-MURC cells. Cell lysates from C2C12-
LacZ and C2C12-MURC cells were immunoblot-
ted with antibodies recognizing Flag (top), MURC
(middle), and GAPDH as an internal control
(bottom). B: mRNA expression of MyoD, myoge-
nin, and MCK during myogenesis in C2C12 cells.
Real-time RT-PCR was performed with cDNAs

MCK

0
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(Day) from C2C12-LacZ and C2C12-MURC cells during
—e-C2C12-acZ myogenesis. *P < 0.05 compared with C2C12-
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LacZ cells. C: expression of sarcomeric myosin
protein during myogenesis in C2CI2 cells. Cell
lysates from C2C12-LacZ and C2C12-MURC cells
were immunoblotted with antibodies recognizing
sarcomeric myosin (fop) and GAPDH (bottom).
D: immunostaining of differentiated C2C12 cells.
Immunostaining was performed using C2C12-
LacZ and C2C12-MURC cells at 6 days after the
induction of differentiation with an anti-sarcomeric
myosin antibody. Nuclei were stained by DAPI
(blue). Bottom, higher magnification images.
E: numbers of nuclei per myotube (leff) and per-
centages of all nuclei present in myotubes (fusion
index; right) of differentiated C2CI12 cells. The
numbers of nuclei and myotubes were counted in
C2C12-LacZ and C2CI2-MURC cells at 6 days
after the induction of differentiation. *P < 0.05
compared with C2C12-LacZ cells.

C2C12-MURC
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MURC was expressed as early as myogenin during the
differentiation of myoblasts into myotubes, and knockdown
and overexpression of MURC altered myogenin but not MyoD
expression during myogenesis in C2C12 cells. Skeletal myo-
genesis is tightly controlled by the MRF family, which consists
of MyoD, Myf5, myogenin, and MRF4 (2—-4, 16, 29). MyoD
and Myf5 are required for the commitment of proliferating
somitic cells to the myogenic lineage (28), whereas myogenin
is required for committed cells (myoblasts) to differentiate into
myocytes and mature into myofibers but is dispensable for
establishing the myogenic lineage (12, 20, 29, 35). MRF4 has
functions of both commitment and differentiation in myogen-
esis (2, 15, 31, 44). These data suggest that myogenin expres-
sion altered by MURC might be involved in the differentiation
of myoblasts into myotubes. The induction of myogenin ex-
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MURC cells. C2C12-MURC cells were
treated with or without PD-98059 at 25 uM
for 6 days. Cell lysates were immunoblotted
with antibodies recognizing p-ERK and
ERK. Immunostaining was performed with
an anti-sarcomeric myosin antibody. Nuclei
were stained by DAPI (blue). Bottom, higher
magnification images.
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Fig. 7. MURC expression and ERK activation during injury-induced muscle regeneration. A: muscle regeneration induced by cryoinjury. Hematoxylin and eosin
staining was performed using sections of the tibialis anterior muscle of the adult mouse with or without cryoinjury. B: expression of MURC and activated ERK
during injury-induced muscle regeneration. Lysates of skeletal muscle with or without cryoinjury were immunoblotted with antibodies recognizing embryonic
myosin, MURC, sarcomeric myosin, p-ERK, ERK, and GAPDH as an internal control. C: MURC expression in regenerating muscle. Immunostaining was
performed using sections of the tibialis anterior muscle muscle at 5 days after cryoinjury with anti-MURC, anti-embryonic myosin, and anti-p-ERK antibodies.
D: ERK activation in regenerating muscle. Immunostaining was performed using sections of the tibialis anterior muscle muscle at 5 days after cryoinjury with
anti-MURC and anti-p-ERK antibodies. Nuclei were stained by DAPI (blue). Bottom, higher magnification images.

pression has been reported to require an E box and a MEF2-
binding site for proper expression (6, 41). Rho family proteins
have been shown to be required for the transcription of the
myogenin gene during myogenesis (9, 32). RhoA activates
SRF-mediated gene expression (13, 19, 37), and SRF is in-
volved in myogenin expression during myogenesis in myoblast
cell lines (37). Our previous study suggested that MURC
signaling regulates SRF-mediated ANP gene expression
through the Rho/ROCK pathway in cardiomyocytes (22). Fur-
thermore, we examined the effect of MURC signaling on the
transcription of the skeletal a-actin (SkA) gene to perform a
luciferase reporter assay using the SkA promoter (kindly pro-
vided by Michael D. Schneider, Imperial College, London,
UK), which has SRF binding sites (17). MURC transactivated
the SkA promoter, and MURC-induced transactivation of the
SkA promoter was attenuated by the ROCK inhibitor Y-27632
(T. Ueyama, unpublished observations). Thus, our findings
suggest that the Rho/ROCK pathway contributes to the SRF-
mediated gene transcription in MURC signaling. We found
that the overexpression of MURC increased RhoA activity in
undifferentiated C2CI12 cells (C2C12-MURC cells, 4.70 *+
0.89-fold, P < 0.05 compared with C2C12-LacZ cells). How-
ever, myogenin expression was not induced in undifferentiated
C2C12-MURC cells, as shown in Fig. 5B. These findings

suggest that the activation of the Rho pathway alone is not
sufficient for myogenin expression in undifferentiated C2C12
cells and that additional signaling pathways activated during
myogenesis cooperate with the Rho pathway to regulate myo-
genin expression modulated by MURC.

p38 MAPK has been shown to activate MEF2 family mem-
bers (11, 24, 38, 40, 43) and stimulate skeletal myogenesis (8,
16, 42). Therefore, we examined p38 MAPK activation during
myogenesis in C2C12 cells. However, p38 MAPK activation
during differentiation was not detected in either naive C2C12
or C2C12-MURC cells. The system that we used might be
under the sensitivity to detect the activation of p38 MAPK. On
the other hand, we observed a biphasic change in ERK activity
during myogenesis in C2C12 cells, which is consistent with the
previous report by Wu et al. (38). Wu et al. have shown that
reactivated ERK during myogenesis cooperates with p38
MAPK in promoting myogenic differentiation (38). We dem-
onstrated that overexpression and knockdown of MURC mod-
ulated ERK reactivation in differentiating C2C12 myoblasts
and that modulated ERK activation by the altered expression of
MURC was correlated with myogenic responses. In addition,
MURC expression was upregulated in immature muscle cells
during muscle regeneration in vivo, and ERK phosphorylation
was detected in small, centronucleated cells. These results
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suggest the involvement of MURC in ERK activation during
skeletal myogenesis both in vitro and in vivo. The Rho/ROCK
pathway has been reported to contribute to the activation of
ERK in cardiomyocytes (39). In myogenic cells, ROCK2 and
its alternatively spliced isoform ROCK2m have been shown to
positively control the activation of ERK1/2 during myogenesis
(26). Therefore, the reactivation of ERK during myogenesis in
C2C12 cells may be partly attributable to the Rho/ROCK
pathway modulated by MURC. Our finding that treatment of
naive C2C12 and C2C12-MURC cells with PD-98059 impairs
myogenesis suggests the requirement of the ERK/MEKI path-
way for myogenesis in both naive C2C12 and C2C12-MURC
cells. However, we also found that myogenic differentiation in
C2C12-mMURC-shRNA1 cells infected with recombinant ad-
enovirus expressing constitutively activated MEKI (Ad-
MEKI! EE) (34) at day 2 after the induction of differentiation
was not promoted compared with that in C2C12-mMURC-
shRNA cells infected with Ad-LacZ at day 2 after the induc-
tion of differentiation (M. Tagawa and T. Ueyama, unpub-
lished observations). Since recombinant adenovirus-mediated
protein expression is induced as early as 12 h after infection,
reaches a maximum on day 2, and then declines (5), the activity
and activation pattern of ERK in C2C12-mMURC-shRNA1
cells infected with Ad-MEK!1 EE probably differs from that in
naive C2C12 cells during myogenesis. In addition, infection of
C2C12-mMURC-shRNA1 cells with Ad-MEK1 EE on day 2
should induce ERK activation in cells not committed to the
myocyte lineage as well, which may affect the commitment to
the myocyte lineage through paracrine effects. These might be
due to the failure of forced activation of endogenous ERK by
ectopic expression of MEK1 EE to rescue myogenic differen-
tiation in C2C12-mMURC-shRNA1 cells. Collectively, our
findings suggest that the activation of the ERK/MEK] pathway
is necessary but not sufficient for MURC-mediated myogenesis
in C2C12 cells or that fine regulation of ERK/MEKI signaling
during myogenesis is required for MURC-mediated differen-
tiation in C2CI12 cells. Further studies are needed to clarify
how MURC is involved in ERK reactivation during skeletal
myogenesis and how the reactivation of ERK modulated by
MURC is involved in skeletal myogenesis.

In conclusion, the present study demonstrates that MURC is
expressed as early as myogenin and is upregulated in immature
differentiating muscle cells during myogenesis. MURC regu-
lates skeletal myogenesis accompanied by the modulation of
myogenin expression and ERK activation. Further investiga-
tion of the role of MURC will provide insights into the
molecular mechanisms that regulate skeletal muscle develop-
ment and muscle degenerating diseases.
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during Early Cardiomyocyte Differentiation in P19 Cells”
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Increasing evidence indicates that bone morphogenetic pro-
teins (BMPs) are crucial for cardiac induction, specification, and
development. Although signaling of BMPs is tightly regulated
through soluble BMP-binding proteins, how they regulate BMP
signaling during cardiac differentiation remains unknown. To
identify molecules responsible for BMP signaling during early
cardiomyocyte differentiation of P19 cells, cDNA subtraction
was performed. We found a bimodal expression of the BMP-
binding protein Crossveinless-2 (Cv2) during cardiomyocyte
differentiation; Cv2 is temporally expressed earlier than cardiac
transcription factors such as Nkx2.5 and Thx5 and acts as a sup-
pressor for BMP signaling in P19 cells. We established a P19
clonal cell line harboring a cardiac alpha-myosin heavy chain
promoter-driven enhanced green fluorescent protein gene to
monitor cardiac differentiation by flow cytometry. Treatment
with BMP2 during the first 2 days of differentiation suppressed
cardiomyocyte differentiation through activation of down-
stream targets Smad1/5/8 protein and Id1I gene, whereas treat-
ment with Cv2 conversely inhibited Smad1/5/8 activation and
Id1 expression, leading to increased generation of cardiac cells.
RNA interference-mediated knockdown (KD) of endogenous
Cv2 showed increased Smad1/5/8 activation and impaired car-
diomyocyte differentiation. Expression of cardiac mesoderm
markers was reduced, whereas expression of /d1 and endoderm
markers such as Sox7, Hnf4, and E-cadherin was induced in Cv2-
kinase dead cells. These phenotypes were rescued by the addi-
tion of Cv2 protein to the culture media during the first 2 days of
differentiation or co-culture with parental cells. These data sug-
gest that Cv2 may specify cardiac mesodermal lineage through
inhibition of BMP signaling at early stage of cardiogenesis.

Heart development during embryogenesis is a multistep proc-
ess that involves cardiac induction of mesodermal progenitor cells
into the cardiac lineage. Although the genetic blueprint for cardiac

* This work was supported by grants from Japan Cardiovascular Research
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differentiation and development is rapidly being elucidated (1-3),
there is still uncertainty about cardiac-inducing factors which
might be involved in cardiogenic induction and specification.

Increasing evidence indicates that BMPs? are crucial for car-
diac induction, specification, and development (2-7). Conven-
tional deletion of BMP receptor la in mice showed no forma-
tion of mesoderm and heart (8). Studies with an ix vitro cardiac
differentiation model demonstrated an essential role of BMP
signals in cardiomyogenesis (9). In contrast, functional disrup-
tion of the different BMPs in mice displayed a role in late but
not in early cardiogenesis (10). For example, although deletion
of BMP2 in the heart resulted in abnormal heart development,
specification of cardiac mesoderm occurred normally (11).
Explant cultures in chicken revealed that activation of BMP
signaling inhibits cardiogenesis at early developmental stages
(7). Until now, whether activation or suppression of BMP sig-
naling is required during early cardiogenesis has not been
resolved. It is also not known how the inhibitory effect of BMP
signaling on early cardiogenesis is regulated.

BMPs belong to the transforming growth factor- superfam-
ily of secreted growth factors. The BMP family signals have
been shown to play multiple roles in the control of embryogen-
esis, including cell-type specification, maturation, and dorso-
ventral axis determination (12). These pleiotropic functions of
BMPs implicate a need for tight regulation of their activities.
One way by which this is achieved is via soluble BMP-binding
proteins, which tightly regulate BMP signaling (12, 13). During
gastrulation of early embryogenesis, collaboration with BMPs
and their binding proteins specifies the patterning of meso-
derm by limiting the spatial extent of each other (13, 14).

In Drosophila, genetic analyses have identified a five cys-
teine-rich (CR) domain-containing molecule, Crossveinless-2
(Cv2), which promotes decapentaplegic (homologous to verte-
brate BMP) activity in wings (15). Cv2 transcripts emerge first at
gastrulation and are detected both in the precardiac mesoderm
and in the posterior primitive streak in mouse embryos (16), sug-
gesting the developmental role of Cv2 in cardiogenesis. Cv2 loss-
of-function studies demonstrated the essential role of Cv2 as a

2 The abbreviations used are: BMP, bone morphogenetic protein; Cv2, Cross-
veinless-2; pSmad1/5/8, phosphorylated Smad1/5/8; FACS, fluorescent-as-
sisted cell sorting; Id1, Inhibitor of DNA binding/differentiation 1; KD,
knockdown; RNAi, RNA interference; aMHC, a-myosin heavy chain; EGFP,
enhanced green fluorescent protein; CK, cytokeratin 18; KD, knockdown;
RT, reverse transcription.
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Day 6 of cardiac differentiation

FIGURE 1. Cardiac differentiation of P19ENS cells harboring «MHC pro-
moter-driven EGFP gene. Cells showing bright fluorescence matching beat-
ing areas have immunoreactivities for the primary antibody against sarcom-
eric myosin MF20 after 6 days of cardiac differentiation with DMSQ. Scale bars
equal 250 um in panels.

pro-BMP factor in development (17, 18). However, either antago-
nistic or agonistic effects of Cv2 on BMP signal have been reported
in vertebrates (17-22). Thus, the molecular mechanism by which
Cv2 regulates BMP signal remains unclear.

In the present study we established a novel P19 embryonal
carcinoma (P19)-derived clonal cell line EN8 cells harboring a
cardiac a-myosin heavy chain (eMHC) promoter-driven
enhanced green fluorescent protein (EGFP) gene to monitor
the generation of cardiac cells by flow cytometric analysis (Fig.
1) and found a unique requirement for Cv2 in cardiac lineage
decision through the temporal suppression of BMP activity
during the first 2 days of differentiation. These findings imply
that cardiac fate decision requires the temporal suppression of
BMP signals at the early stages of development.

EXPERIMENTAL PROCEDURES

Cells, Differentiation, and Transfection—Maintenance of
P19 cells and dimethyl sulfoxide (DMSO)-induced differentia-
tion were achieved as described previously (23). Briefly, cell
aggregates were formed in hanging drops of 1000 cells in 50 ul
of medium with 1% DMSO for the first 4 days. Aggregates were
plated 2 days later onto tissue culture grade surfaces and main-
tained in DMSO-free medium. P19 EN8 cells were developed
by transfecting the aMHC-green fluorescent protein vector
(24) into P19CI6 cells. P19Cl6 cells stably expressing FLAG-
tagged Cv2 cDNA were also isolated. The BMP-responsive lucif-
erase reporter (25) was from Dr. T. Katagiri (Saitama Medical
School). pRL-TK was from Promega. Epitope-tag Cv2 was gener-
ated by amplifying Cv2 lacking the signal peptide and by subclon-
ing the fragment in-frame into the pSec-Tag2 vector (Invitrogen).
To develop the Cv2 knockdown cell and control cell lines, mouse
Cv2 short hairpin RNA and control construct were developed by
subcloning the target sequence (GCATAATGTGTGTGTGTT-
TGA) and GC%-matched scramble sequence into the pBA-puro
vector (Takara, Japan), respectively.

cDNA Subtraction—Poly (A)-RNA (1 pg) from undifferenti-
ated (driver) or differentiated P 19 cells at day 6 (tester) was
used for double-stranded ¢cDNA synthesis. The tester cDNA
was digested with EcoRV and Hincll. The driver cDNA library
was amplified with the biotin-14-dCTP (Invitrogen) using the
c¢DNA PCR library kit (Takara). Digested tester cDNA and bio-
tin-labeled driver cDNA library were dissolved in 20 ul of a

26706 JOURNAL OF BIOLOGICAL CHEMISTRY

hybridization solution (0.5 mol/liter NaCl, 50 mmol/liter Tris,
pH 7.5, 0.15% SDS, 40% formamide). After hybridizing for 48 h
at 42 °C, the mixture was extracted, precipitated, and dissolved
in 10 ul of H,O. After the mixture was incubated with 1.2 mg of
streptavidin paramagnetic particles (Promega) in 100 ul of
binding solution (10 mmol/liter Tris, pH 7.5, 1 mmol/liter
EDTA, 100 mmol/liter NaCl), the supernatant was precipi-
tated. Part of the products was ligated into pCR4Blunt-TOPO
plasmids (Invitrogen). Purified plasmids went through
sequence analysis, and the obtained data were compared with
the GenBank™ databases with the BLAST program.

RT-PCR and Real-time PCR—T, Gata4, E-cadherin, Foxa?2,
NeuroD1, Pax6, Hnf4, Sox7, and cytokeratin 18 (CK) primer
sequences can be found in Tada ef al. (26). The PCR cycling
conditions were as follows: 1 cycle of 94 °C for 4 min; 30
cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min; 1 cycle
of 72 °C for 30 s. Primers used for the PCR are as follows
(forward and reverse): Cv2, 5-GGGTAAAATTCTCAACA-
GGA-3 and 5-CCACCAATCAAGTCATCACG-3; Mespl,
5-CTGGCCATCCGCTACATTGG-3 and 5-CGTTGCAT-
TGTCCCCTCCAC-3; Nkx2.5, 5-CAGTGGAGCTGGACA-
AAGCC-3 and 5-TAGCGACGGTTCTGGAACCA-3; Tbx5,
5-GCAGGGCCTGAGTACCTCTT-3 and 5-GGCTGATG-
GGCCACTGAGGT-3; Bmp2, 5-CGGGAACAGATACAGG-
AAGC-3and 5-GCAAGGGGAAAAGGACACTC-3; Bmp4, 5-
TGTGAGGAGTTTCCATCACG-3 and 5-TTATTCTTCTT-
CCTGGACCG-3; Inhibitor of DNA binding/differentiation 1
(Id1), 5-GGTACCGTACAACCTTTCTCCAACTTC-3 and 5-
GGCTGGAGTCCATCTGGTCCCTCAGTGC-3. For quanti-
tative analysis of gene expression levels, real-time PCRs were
done using the ABI Prism 7700 sequence detection system.
Data were normalized to glyceraldehyde-3-phosphate dehy-
drogenase. Primers used for the real-time PCR were as follows:
T, Mm00436877_ml1; Mespl, Mm00801883_gl; Nkx2.5,
MmO00657783_m1; Tbx5 Mm00803521_ml; and aMHC,
Mm00440354_m1 (Applied Biosystems).

Whole-mount in Situ Analysis—Whole-mount in situ
hybridization was performed using digoxigenin-UTP-labeled
RNA probes according to manufacturers’ protocols. Probes
used were cDNAs for mouse Cv2. All experiments were per-
formed inaccordance with local institutional guidelines for ani-
mal experiments.

Flow Cytometry and Fluorescent-assisted Cell Sorting—Cells
were prepared into a single-cell suspension by treatment
with trypsin/EDTA. Flow cytometric analysis was performed
with a fluorescent-assisted cell-sorting (FACS) machine
(FACSCalibur, BD Biosciences). Sorted cells were collected
by FACS Aria (BD Biosciences).

Western Blotting and Immunoprecipitation—Standard West-
ern blot methods were used. FLAG-tagged secreted proteins were
obtained by transient transfection. Forimmunoprecipitation anal-
ysis, an aliquot of the supernatant was incubated with anti-FLAG
M2 antibody overnight at 4 °C. The immune complexes were col-
lected with Protein G plus-agarose beads (Promega). For the in
vitro receptor-ligand assays, BMP was incubated for 2 h at 4°C
with BMPRIa-Fc protein (R&D Systems) and then incubated with
Cv2 (R&D Systems) for 2 h at 4 °C. The protein-A-agarose was
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TABLE1
List of genes expressed during early cardiomyocyte differentiation in P19 cells identified by cDNA subtraction analysis

Roles of Cv2 in Early Cardiomyocyte Differentiation

Gene symbol Gene name NCBI GenBank'™
Cv2/Bmper Crossveinless-2/BMP binding endothelial regulator AF454954/NM028472
Mapkapl Mitogen-activated kinase-associated protein 1 NM177345
Igf2bp3 Insulin-like growth factor 2 mRNA-binding protein 3 NM023670
Sparc Secreted acidic cysteine-rich glycoprotein/osteonectin NM009242
Fkhi18 Forkhead-like 18 NM010226
Wnt3a Wingless-related MMTYV integration site 3A NMO009522
preblocked with 1 mg/ml bovine
serum albumin and then used to pull
A down the BMPR1A-Fc.
Data Analysis—Results are ex-
Inducer - DMSO RA pressed as the mean * S.D. Statisti-

w)

(x1,000)

FSC

FIGURE 2. Gene expression during an in vitro cardiac differentiation model of P19 cells. A, RT-PCR analysis
confirmed Cv2 expression in differentiating P19 cells (day 6) induced by DMSO but not retinoic acid (RA) or
no-treatment control. B, kinetic analysis of gene expression in differentiating P19 cells showing that the pro-
gressive loss of an undifferentiating cell marker and the sequential acquisition of transcripts indicative of
specific stages of embryonic development. RNA was isolated from undifferentiated P19 cells (day 0), aggre-
gates harvested at daily interval (days 1-4), and adherent cultures (days 5 and 6). C, whole-mount in situ
hybridization with Cv2 probes at 7.5 post-coitum. Lateral view and frontal view are shown. Cv2 transcripts were
detected in the cardiac crescent (arrowhead) and the posterior primitive streak (arrow). D, purification of
EGFP-positive cells (R3) and negative cells (R2) by FACS at day 7. FSC, forward scatter. £, RT-PCR and real-time
PCR analysis of various lineage markers in each population. EGFP-expressing cells are cells differentiating into
cardiac myocytes (n = 3; ¥, p < 0.05, R2 versus R3).
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cal significance was determined by
Student’s ¢ test or one-way analysis
of variance. p < 0.05 was used to
determine a significant difference.

RESULTS

Identification of Genes Expressed
during Early Cardiomyocyte Differ-
entiation in P19 Cells—P19 cells are
pluripotent stem cells that can
mimic in vitro the first stages of cel-
lular differentiation, which occur
during normal mouse embryogene-
sis (23). To identify molecules
responsible for BMP signaling dur-
ing early cardiomyocyte differentia-
tion of P19 cells, cDNA subtraction
was employed. This analysis (per-
formed by searching GenBank™

T = * o= (NCBI) using the BLAST program)
®3) ®2) g ) resulted in the identification of six
* o distinct products including three

4 genes that encode partial cDNA

2 sequences of secreted proteins

(Table 1). They are Wnt-3a, Sparc,

8 . and Cv2. Except for Cv2, these can-

didate genes have been reported on
in detail elsewhere (27, 28). Among
them, BMP-binding protein Cv2
was selected for further analysis
0 based on the established role of

Nkx2.5

S
(=4
S

2000 * oMHC BMPs in the regulation of cardio-
genesis. A full-length Cv2 ¢cDNA

4000 was obtained by using 5 and 3’
rapid amplification of ¢cDNA end

0 technique. RT-PCR using c¢cDNA

from differentiated P19 cells at day 6
confirmed a substantial increase in
Cv2 mRNA induced by DMSO (1%)
but not retinoic acid (0.3 pwmol/li-
ter) nor a no-treatment control (Fig.
2A), suggesting that Cv2 is a
DMSO-inducible factor in cardiom-
yocyte differentiation of P19 cells.
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FIGURE 3.Cv2 binds BMP2, and antagonizes BMP2 signaling by inhibiting receptor binding. A, represent-
ative Western blot (/B) analysis of BMP2 bound to full-length Cv2 after immunoprecipitation (/P). 8, Cv2 inhib-
ited pSmad1/5/8 by BMP2 (0.5 nmol/liter) in a dose-dependent mannerin P19 cells (n = 3; %, p < 0.05 versus 0
nmol/liter Cv2). C, representative Western blot showing that inhibition of pSmad1/5/8 in P19 cells by Cv2 at
low, but not high, BMP2 concentrations. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. D, reporter
analysis of P19 cells transfected with BRE reporter (n = 3-4;*, p < 0.05 versus 0.5 nmol/liter BMP2). E, pulldown
assay with protein A beads shows Cv2 inhibition of BMP2 (1 nmol/liter) binding to BMPRIa-Fc (1 nmol/liter).
F, representative Western blot analysis of conditioned medium of P19 cells stably expressing N terminus
FLAG-tagged Cv2 (designated as P19[FLAG-Cv2]) before and after cardiac differentiation. CTL, control.

Bimodal Expression of Cv2 during Cardiomyocyte Dif-
ferentiation—RT-PCR analysis of differentiating P19 cells as
aggregates demonstrated the progressive down-regulation of a
stem cell marker such as Oct3/4 accompanied by the sequential
acquisition of mesodermal markers of 7, Mespl, Nkx2.5, and
Thx5 (Fig. 2B). Expression of T and Mespl peaked at day 1
and day 2, respectively. Transcription of Nkx2.5, Thx5, Gata4,
and Mef2c was also up-regulated from day 4, and aMHC was
expressed from day 5. The fractions of aggregates with beating
activity at day 6 are 80% in culture with DMSO and 0% in cul-
ture without DMSO (data not shown). Bmp2 and Bmp4 were
expressed from day 1 and day 2, respectively. Noggin, the spe-
cific BMP antagonist, was expressed from day 5, consistent with
the previous findings (29). These data indicate that our in vitro
cardiac differentiation model of P19 cells reproduces the natu-
ral course of differentiation as described in the literature (23,
25), and this model is able to follow the Cv2 expression during
the primary steps of cardiomyocyte differentiation. The kinet-
ics of Cv2 expression showed a bimodal pattern; Cv2 is initially
expressed earlier than cardiac transcription factors such as
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Nkx2.5 and Tbx5, and the second
expression was up-regulated from
day 4. This initial increase of Cv2
would correspond to just before or
during gastrulation in intact
embryos, in comparison with
expression of T'as a marker of prim-
itive streak mesoderm (30). Because
cells that are fated to become car-
diac mesoderm are specified during
gastrulation (31), this initial expres-
sion of Cv2 may be involved in the
specification of cardiac lineage via
modulating BMP activity. Whole-
mount in situ hybridization re-
vealed that at 7.5 days postcoitum
Cv2transcripts were predominantly
found on the cardiac mesoderm
(cardiac crescent) and the posterior
primitive streak (Fig. 2C) as de-
scribed previously (16).

Differentiating Cardiomyocytes
Autologously Express Cv2—Next
we analyzed Cv2 expression in dif-
ferentiating P19ENS cells (Fig. 2,
D and E), because Cv2 may be
expressed in a lineage-restricted
manner. The EGFP-positive (dif-
ferentiating cardiomyocytes) and
EGFP-negative sorted populations
were isolated by FACS, and gene
expression was profiled by RT-PCR.
Cv2 transcripts were determined to
be 4-fold higher in the EGFP-posi-
tive population compared with the
EGFP-negative population. These
results indicate that Cv2 re-ex-
presses autologously in the popula-
tion of differentiating cardiac lineage.

Cv2 Antagonizes BMP2 Signaling by Blocking Receptor
Binding—First, we confirmed the BMP binding to Cv2 (Fig. 34)
using the FLAG-epitope-tagged construct of Cv2, in agreement
with previous studies (19-22). This binding was inhibited in
the presence of 10-fold molar excess of BMP4, but not activin A,
transforming growth factor-B1 and epidermal growth factor
(data not shown). Next, to examine whether Cv2 can antago-
nize BMP activity, we performed two independent experi-
ments; the phosphorylation state of Smad1/5/8 proteins and
the activation of a reporter gene under the control of a BMP-
responsive sequence (Fig. 3, Band C).In Western blots, increas-
ing amounts of Cv2 inhibited BMP-induced phosphorylated
Smad1/5/8 (pSmad1/5/8) in a dose-dependent manner with
50% inhibition (IC5,) at 2 nmol/liter (Fig. 3B). Although
pSmad1/5/8 induced by 0.5 nmol/liter BMP2 was completely
inhibited by the addition of more than 8 nmol/liter Cv2 (Fig. 3,
B and C, lane 3), an excess of BMP2 (10 nmol/liter) was able to
quench the antagonistic effect of Cv2 (16 nmol/liter) on BMP2
action (Fig. 3C, lane 5). Cv2 (16 nmol/liter) failed to affect
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FIGURE 4. BMP2 plays distinct roles in early and late cardiomyocyte differentiation, and Cv2 regulates
BMP signaling for cardiac lineage decision. A, experimental procedure of treatment. B, representative fig-
ures showing that effects of exposure to BMP on cardiomyocyte differentiation at day 6. Treatment with 1
nmol/liter BMP2 during the first 2 days (b) (+/—) resulted in no cardiac differentiation at day 6, whereas
treatment without BMP2 (a) (—/—) generated cardiac cells. Contrarily, treatment with 1 nmol/liter BMP2 from
day 5 t0 6 (¢) (—/+) increased the generation of EGFP-positive cells, suggesting enhanced cardiac differentia-
tion. Scale bars equal 250 wm in panels. C and D, percentage of EGFP-positive cells assessed by FACS at day 7
(n = 3;* p < 0.05 versus no treatment control). Baseline means no-treatment control at day 0. £, effects of either
BMP2 or Cv2 on pSmad1/5/8 at day 2. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. F, effects of either
BMP2 or Cv2 on gene expression at day 2. G, real-time PCR analysis of T (day 2), Nkx2.5 (day 6), and Tbx5 (day 6)
after treatment with 2 nmol/liter Cv2 (n = 3;*, p < 0.05 versus no treatment control).

pSmad2 induced by 1 nmol/liter transforming growth fac-
tor-B1 or 1nmol/liter activin (data not shown). In luciferase
assay of P19 cells transfected with the BMP-responsive reporter
(Fig. 3D), Cv2 as well as Noggin and BMPRIa-Fc protein (a
synthetic BMP antagonist) inhibited BMP-induced reporter
expression in a dose-dependent manner. These results suggest
Cv2 antagonism of BMP signalsin P19 cells, consistent with the
findings of others (19-21). To further address the molecular
mechanism by which Cv2 antagonizes BMP2 signaling, we
examined the effect of Cv2 on the binding of BMP2 to its recep-
tor. The BMPRIa-Fc protein was immobilized on protein
A-agarose, and bound BMP2 was analyzed. Increasing amounts

§
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of Cv2 (1 and 5 nmol/liter) caused a
decrease in the amount of BMP2
bound to 1 nmol/liter BMPRIa-Fc
protein (Fig. 3E, lane 3 and 4). We
also observed an increase in the
cleaved form of Cv2 in concert
with cardiac differentiation using P19
cells stably expressing FLAG-tagged
Cv2 cDNA (Fig. 3F). Together, these
results strengthen the notion that
Cv2 functionally interacts with
BMP signaling by blocking interac-
tion of BMP2 with its cognate
receptor.

Distinct Roles of BMP2 during
Early and Late Cardiomyocyte
Differentiation—BMP2 is an impor-
tant signaling molecule for cardiac
differentiation and development
(2-7). To confirm this evidence, we
treated differentiating P19 cells with
BMP2 in a dose-dependent manner
(Fig. 4A4) and then evaluated car-
diomyocyte differentiation at day 6
(Fig. 4B) and at day 7 (Fig. 4C). Con-
trary to our expectations, exposure
to BMP2 during the first 2 days of
differentiation suppressed the gen-
eration of cardiac cells (green fluo-
rescent  protein-positive  cells),
whereas exposure to BMP2 from
day 5 to day 6 enhanced the genera-
tion of cardiac cells, as compared
with the no-treatment control. The
same observation applied to BMP4
(data not shown). These results sug-
gest that at the early time frame
from day 1 to day 2 of differentia-
tion, corresponding to prior to or
during gastrulation in development,
BMP2 acts as an anti-cardiogenic
factor. Our results agree with previ-
ous studies in chick embryos that
BMPs inhibited cardiogenesis when
applied at an early stage of gastrula-
tion (7).

Progenitor cells destined to the cardiac lineage emerge from
the primitive streak during gastrulation (31). Because there isa
period that is sensitive to BMP concentrations in the early stage
of cardiomyocyte differentiation of the P19 system, we hypoth-
esized Cv2 modulation of BMP signaling in this period vulner-
able to BMP activity. Therefore, with the focus on the time
frame from day 1 to day 2 of early differentiation (Fig. 2B), we
examined whether the suppression of BMP signals is required
to generate the cardiac myocytes in further detail. For this pur-
pose, we cultured differentiating P19 cells in the presence of
Cv2, Noggin, or the BMPRIa-Fc protein during this period to
evaluate cardiac differentiation by FACS. Increasing doses of

+/- -/+
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the BMP antagonists led to successive peaks of cardiomyocyte
differentiation at 2 nmol/liter Cv2, 6 nmol/liter Noggin, and 2
nmol/liter BMPRIa-Fc protein (Fig. 4D). In contrast, treatment
of three BMP antagonists with higher doses than IC,, inde-
pendently diminished the generation of cardiac cells. These
results suggest that the dose of suppression of BMP signals with
Cv2 as well as Noggin and BMPRIa-Fc at this early stage is
critical in effective cardiac myocytes generation.

Cv2 Regulates BMP Signaling for Cell Lineage Determina-
tion—Analogous to the dorsoventral patterning of mesoderm
by BMP signal gradients in Xenopus (14), we hypothesized that
the manipulation of BMP levels either by BMP2 or Cv2 would
reproduce the fate decision of cardiac mesoderm. To gain
insights into the molecular mechanisms by which the modula-
tion of BMP2 activity plays a potential lineage determinant at
the early time point of differentiation, we detected and meas-
ured pSmad1/5/8 at day 2 of differentiation as an indicator of
activated BMP signaling. Exposure to BMP2 (1 nmol/liter)
markedly induced the pSmad1/5/8 (Fig. 4E, lane 3) compared
with no-treatment control (Fig. 4E, lane 2). Conversely, treat-
ment with both 2 and 16 nmol/liter Cv2 reduced pSmad1/5/8 to
the base-line level at day 0 and to the level beneath the base-line
level at day 0, respectively (Fig. 4E, lanes 4 and 5). RT-PCR
analysis of day 2 aggregates demonstrated that exposure to
BMP2 completely blocked Mespl expression and reduced T
expression, whereas the IdI and CK, high-dose responders of
BMPs, were remarkably up-regulated (Fig. 4F, lane 2). In addi-
tion, expression of Oct3/4 sustained the high level relative to
the others, suggesting that BMP-treated cells still sustain in the
undifferentiated state. Conversely, treatment with Cv2 pro-
gressively down-regulated Oct3/4 expression and did not
induce expression of Id1 and CK. Two nmol/liter Cv2 enhanced
expression of T and Mesp1 (Fig. 4F, lane 3), whereas 16 nmol/
liter Cv2 diminished expression of mesoderm markers and
advanced expression of neuronal marker NeuroDI (Fig. 4F, lane
4). When treated with 2 nmol/liter Cv2, real-time PCR analysis
demonstrated the statistically significant increase in the mRNA
levels of Nkx2.5 and Thx5 (Fig. 4G). These results suggest the
varying levels of BMP activity for priming differential genetic
specification, including cardiac induction.

Loss of Cv2 Leads to Impaired Cardiomyocyte Differentia-
tion—To further assess the involvement of endogenous Cv2 in
cardiomyocyte differentiation, we performed loss-of-function
experiments using short hairpin RNA specific for Cv2 (Fig. 54).
RNAi-mediated knockdown (KD)-of Cv2 expression showed
severely decreased cardiomyocyte differentiation at day 6 (Fig.
5, Band C). At day 2 of differentiation, increased pSmad1/5/8
and Id1 expression were observed in KD cells but not in control
cells (Fig. 5, D and E), whereas there were no differences
between both cell types in the phosphorylation of ERK and p38

Roles of Cv2 in Early Cardiomyocyte Differentiation

(data not shown). In parallel with impaired cardiomyocyte dif-
ferentiation, expression of cardiac mesoderm markers was
reduced, but expression of visceral endoderm markers such as
Sox7 and Hnf4 and pan-endoderm marker E-cadherin was
induced in Cv2-KD cells (Fig. 5E). These results suggest that
Cv2 KD preferentially gives rise to cells destined to the visceral
endoderm through the up-regulation of BMP signals (32).
These phenotypes in KD cells were reversed by the addition of
recombinant Cv2 during the first 2 days of differentiation (Fig.
5C), and this was confirmed by mixing KD cells with control
cells just before cardiac differentiation. Reduced cardiomyo-
cyte differentiation in Cv2-KD cells was also reversed by co-
culture with control cells KD (Fig. 5, F and G). These data sug-
gest that Cv2-KD cells substituted loss of Cv2 for secreted Cv2
from control cells, and Cv2 itself can act in trans as an intercel-
lular modulator in the extracellular space.

DISCUSSION

There are still many questions about the molecular mecha-
nisms of cardiac induction of mesodermal progenitor cells into
the cardiac lineage despite emerging evidence that several car-
diac specific transcription factors and growth factors act as key
regulators (1-3). A clear understanding about how stem cells
differentiate into cardiac cells is essential for the clinical appli-
cations of stem cells and would be connected with innovation in
novel medical treatments.

Evidence suggests that signaling of BMPs is crucial for regu-
lating cardiac induction, differentiation, and development
(2-7). The functional significance of BMP2/4 appears to be
unique on the basis of opposite effects on cardiogenesis in the
developmental stage-dependent manner, the inhibitory effect
at early stage, and the promotive effect at late stage (7).
Although the promotive effect of BMP signaling has been stud-
ied extensively (2—-6), how the inhibitory effect of BMP signal-
ing is regulated remains unclear. In the present study we
show that distinct roles of BMP signaling for cardiomyocyte
differentiation; BMP2 blocks cardiomyocyte differentiation
before up-regulation of cardiac mesoderm markers, whereas
BMP2 enhances cardiomyocyte differentiation when cardiac
mesoderm was specified. We also show that Cv2, known as a
suppressor for BMP signaling, plays a key role in the specifi-
cation of cardiac cell lineage by inhibiting the anti-cardio-
genic effect of BMP signaling at an early stage of cardiomyo-
cyte differentiation.

Cardiac cell lineage is determined in the early developmental
stage (such as gastrulation) when endo-, meso-, and epidermal
cells differentiate and dynamically move under complex signal
networks (31, 33). During the gastrulation stage, BMPs, in con-
cert with BMP-binding proteins, specify mesoderm subdivision
by demarcating the spatial extent (13, 14). Our careful stepwise

FIGURE 5. Loss of Cv2 leads to impaired cardiac differentiation that is rescued by addition of Cv2 proteins or co-culture with parental cells. A, representative
western bolt shows Cv2 was successful knockdown of Cv2 by RNAI. Densitometry analysis shows significant reduction of secreted Cv2 proteins by RNAI in dose-de-
pendent manner. shRNA, short hairpin RNA. CTL, control; NS, non-specific band. 8, Cv2 RNAi clone showed impaired cardiac differentiation at day 6. Scale bars equal 250
umin panels. C, treatment of KD cells with Cv2 during the first 2 days. Percentage of EGFP-positive cells assessed by FACS atday 7 (n = 3;*, p < 0.05 versus CTL). Baseline
means no-treatment control at day 0. D, representative Western blot of pSmad1/5/8 at day 2. Densitometry analysis shows increased pSmad1/5/8 in KD cells more
than ontrol cells at day 2 of differentiation. Treatment of KD cells with Cv2 during the first 2 days inhibited pSmad1/5/8. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. £, gene expression analysis by RT-PCR at day 2 and day 6 ECD, E-cadherin. F, representative figures showing that effects of co-culture on cardiomyo-
cyte differentiation at day 6. G, percentage of EGFP-positive cells assessed by FACS at day 7 (n = 3). NS, not significant.
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approaches recapitulating endogenous signals in the P19 cells
revealed that the increase in BMP activity plays arepressive role
for cardiomyocyte differentiation during the first 2 days of dif-
ferentiation, at which specification of cardiac mesoderm occurs
in embryos, evaluated by expression of T/brachyury (30) and
Mespl (34). Together with findings that up-regulation of Cv2
transcription as well as Bmp transcription was detectable
already at day 1 in the P19 system, these results suggest that the
interaction between BMP and Cv2 plays arole in the decision of
cardiac lineage fate.

We also found strong induction of 41 expression and block-
ade of Mesp1 expression by administration of BMP2 during the
first 2 days of cardiac differentiation, in concert with increased
BMP activity. Because BMP signaling is known to suppress dif-
ferentiation of stem cells and sustain self-renewal by Id1 (35), a
negative regulator of basic helix-loop-helix transcription fac-
tors (36), this strong induction of /d1 expression might block
cardiac induction by suppressing differentiation itself. Alterna-
tively, with findings that transcription of the basic helix-loop-
helix transcription factor Mespl but not T was specifically
blocked, activation of BMP2 signaling at this timing might
induce negative feedback repression of Mespl expression by
unknown factors, resulting in the blockade of differentiation
into cardiac mesoderm from mesendoderm but not into
endoderm lineages. In this model the level of BMP activity may
be a critical determinant of the effects on cardiomyocyte differ-
entiation, and it is also possible that timing of its signal is criti-
cal. Conversely, complete ablation of BMP signal at an early
stage of development leads cells to different specification from
cardiac lineage; in BMP receptor la null mouse embryos, the
mesodermal formation is abolished at the onset of gastrulation,
and no heart is formed (8). In our study, the optimized blockade
of BMP activity with Cv2 (2 nmol/liter) enhanced cardiac myo-
genesis by promoting the specification of cardiac mesoderm
but not by promoting the induction of undifferentiated meso-
derm. Complete blockade of BMP activity by administration of
Cv2 (16 nmol/liter) during the first 2 days of differentiation
preferentially proceeded to neuronal cell lineage against car-
diac cell lineage. These results support the emerging idea that
early bursts of Cv2 acts to fine-tune the level of BMP activity to
a dose that specifies commitment of cardiac cell fate rather than
simply blocking BMPs.

The loss of Cv2 by RNAi inhibited cardiomyocyte differenti-
ation and gave rise to cells destined to the endodermal lineage.
In addition, we observed the up-regulation of Id1 followed by
predominant expression of endoderm marker but not meso-
derm marker. Coupled with findings that administration of Cv2
during the first 2 days of differentiation or co-culture with wild-
type cells restored impaired cardiomyocyte differentiation of
Cv2-KD cells, these data implicate the functional importance
of Cv2 in cardiac fate decision at the early stage of cardiom-
yocyte differentiation. Cv2 likely inhibits an unnecessary
increase in BMP activity in the state of precardiac meso-
derm. Currently, the genes that are regulated by this unnec-
essary BMP activity and may inhibit cardiomyocyte differen-
tiation remain unknown.

Our concept that Cv2 antagonism of anti-cardiogenic BMP
signaling at early cardiomyocyte differentiation seems to be

26712 JOURNAL OF BIOLOGICAL CHEMISTRY

similar to the results of recent studies, which found that tran-
sient inhibition by noggin significantly promoted cardiogenesis
from embryonic stem cells (37). In our study, although we failed
to detect transcripts of noggin at early stages of differentiation
in the P19 system, biochemical analysis showed that Cv2 as well
as noggin acts as an antagonist, at least, suggesting that P19 cells
might substitute Cv2 for noggin in this process. Nevertheless,
both might have different roles from each other in embryogen-
esis. Previous studies demonstrated that in vivo pattern of their
transcriptions is quite different; noggin transcripts restrict in
the node at gastrulation in the mouse embryo (38, 39), and
contrary to this, Cv2 transcripts detect in the precardiac meso-
derm as well as the posterior primitive streak (16, this study). In
addition, based on structural characteristics (16, 19), it is sup-
posed that Cv2 might be a bifunctional modulator of BMP
activity. Recent studies have reported that Cv2 can be proteo-
lytically cleaved and that both cleaved and uncleaved Cv2 dis-
play similar affinities to BMPs (17). Together with our findings
that Cv2 is expressed autologously in the population of cardiac
cells and is proteolytically cleaved in concert with cardiac dif-
ferentiation, these results suggest a spatial and temporal con-
trol of Cv2 cleavage might cause context-dependent switching
of a BMP antagonist to a BMP agonist at different stages of
cardiomyocyte differentiation. Additionally, the functions of
the long C terminus module of CV2 are still unknown (16, 19).
It is likely that these domains mediate the interaction with
other unknown proteins leading to further modification of
BMP signals for cardiomyocyte differentiation. Elucidation of
their functions may help to explain the roles of Cv2 on the
complex anti- and pro-cardiogenic BMP activities in early stage
of cardiomyocyte differentiation.

In summary, our results provide the evidence for the unique
requirement of Cv2 antagonism of BMP signals at the early
stage of cardiomyocyte differentiation in P19 cells. In addition,
our results demonstrate that Cv2 acts to fine-tune levels of
BMP activity for decision of differential lineages. This study will
allow for the innovation of future technologies to develop car-
diac cells efficiently from stem cells.
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