
Ret finger protein inhibits muscle differentiation by
modulating serum response factor and enhancer of
polycomb1
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Skeletal myogenesis is precisely regulated by multiple transcription factors. Previously, we demonstrated that enhancer of
polycomb 1 (Epc1) induces skeletal muscle differentiation by potentiating serum response factor (SRF)-dependent muscle gene
activation. Here, we report that an interacting partner of Epc1, ret finger protein (RFP), blocks skeletal muscle differentiation. Our
findings show that RFP was highly expressed in skeletal muscles and was downregulated during myoblast differentiation.
Forced expression of RFP delayed myoblast differentiation, whereas knockdown enhanced it. Epc1-induced enhancements of
SRF-dependent multinucleation, transactivation of the skeletal a-actin promoter, binding of SRF to the serum response element,
and muscle-specific gene induction were blocked by RFP. RFP interfered with the physical interaction between Epc1 and SRF.
Muscles from rfp knockout mice (Rfp�/�) mice were bigger than those from wild-type mice, and the expression of SRF-dependent
muscle-specific genes was upregulated. Myotube formation and myoblast differentiation were enhanced in Rfp�/� mice. Taken
together, our findings highlight RFP as a novel regulator of muscle differentiation that acts by modulating the expression of SRF-
dependent skeletal muscle-specific genes.
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Skeletal muscle is critical for the generation of active force, the
maintenance of posture, and body shape. Muscle regenera-
tion from myoblasts is important for the repair and main-
tenance of skeletal muscles after muscle injury or dystrophy.
Myogenesis from the precursor cells to the skeletal muscle
lineage consists of multiple steps, and each of these steps is
tightly organized by extrinsic and intrinsic signaling pathways.
Thus, not only for understanding the regeneration of injured
skeletal muscles, but also for furthering therapeutic ap-
proaches to muscle atrophy, a hot issue in current research
is how the proliferation and differentiation of myoblasts are
regulated. To ultimately provide important clues for therapeu-
tics, a comprehensive understanding of how various signaling
mechanisms collaborate to regulate the gene expression and
epigenetic programs for myoblast differentiation is needed.
The TRIM (tripartite motif) protein family (also known as the

RBCC protein family) has the common structures of three
zinc-binding domains, a RING, a B-box type 1, and a B-box
type 2, followed by a coiled-coil region.1,2 Although little is
known about the molecular and biological mechanisms

mediated by the TRIM genes, the proteins in this family are
known to be involved in diverse cellular processes, such as
differentiation, cell growth, and even some human diseases
including cancers.3,4 Ret finger protein (RFP), also known as
TRIM27, was first discovered in transformed mouse fibro-
blasts that were transfected with genomic DNA from a human
lymphoma.5 RFP was found as a fusion protein of RFP/ret by
DNA rearrangement.6,7 Like other TRIM family proteins such
as TIF-18 and the promyelocytic leukemia (PML) gene,9,10

RFP becomes oncogenic when its TRIM27 is recombinedwith
the tyrosine kinase domain from the c-ret proto-oncogene.7

Although its biological and functional roles are yet to be
defined, RFP can physically interact with several proteins,
such as PML,11 int-6,12 and enhancer of polycomb 1 (Epc1), a
chromatin protein.13

Recently, we investigated the mechanism of skeletal
muscle differentiation and reported that Epc1 binds to serum
response factor (SRF) and activates SRF/SRE (serum
response element)-dependent genes by recruiting p300,
which then induces skeletal muscle differentiation.14 Epc1 is
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required for the full activation of those SRF-dependent
muscle-specific genes. We carried out this study to further
clarify the functional role of Epc1 in skeletal muscle
differentiation by characterizing its binding partners. We
performed yeast two-hybrid screening with the human adult
skeletal cDNA library as prey and found that Epc1 recruited
RFP. We also elucidated that RFP reduces the SRF-
dependent expression of skeletal muscle genes by interfering
with the interaction of Epc1 and SRF. In addition, we clearly
demonstrated that muscle regeneration and myoblast differ-
entiation are enhanced in rfp knockout mice (Rfp�/�) mice.
Although many research groups have established clear
positive relations between RFP and the development of
certain types of cancers, the functional role of the protein in
skeletal muscle has not been described. We herewith report
RFP as a novel negative regulator of Epc1/SRF-dependent
skeletal muscle differentiation.

Results

RFP, a binding partner of Epc1, is highly expressed in
neonatal skeletal muscles. To investigate further the
functional role of Epc1 in skeletal muscle differentiation,
we tried to find binding partners of Epc1 in skeletal muscle.
We used a yeast two-hybrid technique to screen a mouse
skeletal muscle cDNA library with full-length Epc1 as bait and
identified B200 clones that were positive to His and
b-galactosidase. The most frequent hit was RFP, and

the interaction was confirmed in the mammalian cells
(Figures 1a–c). Although the physical interaction between
Epc1 and RFP has been shown in other cell types,13 we
confirmed whether this interaction takes place in muscle
cells. The physical interaction of endogenous RFP and Epc1
was reproduced in C2C12 myoblast cells (Figure 1c).15 Both
proteins were colocalized in the nucleus of C2C12 cells
(Supplementary Figure 1).
Next we checked whether RFP is expressed in skeletal

muscles. First, we used sagittal sections of postnatal day 1
mice for immunohistochemistry (Figure 1d). RFP was
prominently expressed in leg muscle and diaphragm, all of
which contain striated skeletal muscle. However, interest-
ingly, RFP was not expressed in cardiomyocytes or intestinal
smooth muscles (Figure 1e). We also compared the expres-
sion of RFP in neonatal and adult mouse skeletal muscles by
western blot analysis with anti-RFP antibody. We observed
abundant immunoreactivity of the 58 kDa protein in the
neonatal skeletal muscles (Figure 1f), but not in adult
muscles.

RFP inhibits myoblast differentiation. We further
investigated the changes in RFP expression during
differentiation of C2C12 or H9c2 cells. In this study, serum
starvation by substituting growth medium with differentiation
medium was enough to lead C2C12 cells to have properties
of differentiated skeletal myocytes, as demonstrated by the
increase in skeletal muscle-specific gene transcripts such as
myogenin, MyoD, and desmin (Figure 2a). The expression of

Figure 1 RFP, a binding partner of Epc1, is highly expressed in neonatal skeletal muscles. (a) Epc1 recruits RFP in 293T cells. pCMV-Flag-RFP constructs with either
pcDNA3.1 or pCMV-myc-Epc1 were transiently transfected into 293 T cells, and anti-myc antibodies were used for immunoprecipitation. (b) Reverse immunoprecipitation in
H9c2, myoblast cells. (c) Physical interaction of endogenous Epc1 and RFP was demonstrated in C2C12 cells. (d) Immunohistochemistry analysis showing the distribution of
RFP in a sagittal section from a postnatal day 1 mouse. RFP expression was visualized as brown color. (e) RFP is expressed in skeletal muscles such as leg muscle and
diaphragm but is barely detected in cardiac and intestinal smooth muscles. (f) Western blot analysis showing RFP was highly expressed in neonatal skeletal muscles but was
dramatically decreased in adult
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Figure 2 RFP inhibits skeletal muscle differentiation. (a) Transcripts for Rfp, Epc1, MyoD, myogenin, and desmin were detected by qRT-PCR. C2C12 cells were forced to undergo
differentiation into skeletal myocytes by replacing growth medium with differentiation medium. The expression of Rfp was gradually reduced during myoblast differentiation, whereas
that ofEpc1was increased. Muscle-specific genes such asmyogenin,MyoD, and desminwere upregulated by serum deprivation. The results from 4B6 samples were shown. (b) The
changes in Rfp protein amounts were also shown in primary cultured myoblasts cells isolated from the hamstring muscles of mice. Lower panel: quantification results from three
independent sets of western blots. (c) Decreasedmyogenin andMck transcript levels in RFP-overexpressing H9c2 cell lines. Transcript levels ofmyogenin andMckwere measured by
qRT-PCR. (d) Transcripts formyogenin andMckwere measured by qRT-PCR in RFP-overexpressing C2C12 cells. (e) Impaired myotube formation of RFP-expressing cells. Mock- or
RFP- expressing H9c2 cells were grown in differentiation media for 6 days. Mock-cells were elongated by serum deprivation, whereas RFP-cells were not. (f) Serum deprivation failed
to induce myogenin in RFP-expressing cell lines. Band intensities from three independent sets of western blot analysis were averaged. (g and h) Transcript levels of myogenin (g) and
MyoD (h) in two clones of RFP-overexpressing H9c2 cells were measured by qRT-PCR. NS, not significant. *Po0.05, **Po0.01, compared with mock-transfected cells
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Epc1 was also increased by serum deprivation as previously
described.16 Interestingly, the expression of Rfp was
downregulated during the differentiation of C2C12 cells
(Figure 2a) and in primary cultured myoblasts (Figure 2b).
The downregulation of Rfp in differentiating skeletal muscle

led us to speculate that RFP may participate in maintenance
of the myoblasts by inhibiting muscle differentiation. There-
fore, to further investigate the role of RFP, we generated
stable cell lines overexpressing RFP by utilizing H9c2 and
C2C12 cells. Although H9c2 cells are originated from
cardiomyoblasts, it is known that serum deprivation without
addition of retinoic acid leads the cells to differentiate into
skeletal myocytes but not cardiomyocytes.17 In the cells
maintained in growth medium, the expression of myogenin
andMck (muscle creatine kinase) was significantly reduced in
RFP-overexpressing H9c2 cells (Figure 2c), and this finding
was reproduced in C2C12 cells (Figure 2d).
We next challenged the RFP-overexpressing cell lines with

serum deprivation. In mock-transfected cell lines, serum
deprivation for 6 days induced elongation of H9c2 cells to
form myotubes. However, it failed to induce elongation in
RFP-overexpressing cells (Figure 2e, lower panel). We also
examined the myogenin expression levels in clone #2 cells by
western blot analysis; the myogenin protein amount was
significantly reduced in RFP cell lines (Figure 2f, left panel).
RFP expression in the established stable cell lines
was 2.5B3-fold greater than in the mock-cell lines
(Figure 2f, right panel).
Failure of differentiation was further confirmed by quantita-

tive RT-PCR to detect myogenin (Figure 2g) and MyoD
(Figure 2h). In mock-transfected cell lines, serum deprivation
caused an increase in the expression of thesemuscle-specific
genes. However, the induction of those genes was blunted in
both clones #2 and #3, which overexpress RFP.

RFP abolishes Epc1-mediated potentiation of the SRF
effect by interfering with their interaction. Previously, we
showed that Epc1 synergistically potentiates SRF-induced
muscle differentiation. The present results that RFP, which
interacts with Epc1 (Figures 1a–c), retards muscle
differentiation (Figure 2) prompted us to study the
mechanisms of RFP’s association with both Epc1 and
SRF. We first checked the effects of RFP on
multinucleation induced by SRF and Epc1. RFP itself did
not affect the basal level of multinucleation of H9c2 cells
(Figure 3a, first versus second column). As reported
previously,14 SRF induced an increase in the
multinucleation of the myoblasts (third column), which was
further potentiated by co-transfection of Epc1 (seventh
column). Co-transfection of RFP did not affect the SRF-
induced multinucleation (fourth column, compared with third
column). However, co-transfection of RFP reduced the Epc1/
SRF-induced multinucleation (seventh versus eighth
column).
In our previous report,14 we confirmed the Epc1-induced

potentiation of SRF-dependent myoblast differentiation by
promoter analysis with the skeletal a-actin minimal promoter.
Here, we investigated the effects of RFP on the potentiation
effect with the promoter in 293T cells, a human embryonic
kidney cell line. The potentiation effect of Epc1 over the SRF

(seventh column) was blocked by co-transfection of RFP
(eighth column, Figure 3b). The level of transactivation
after RFP co-transfection (eighth column) was the same
as with the transactivation of SRF alone (third column).
We repeated the experiments in C2C12 cells, and obtained
the same results (Figure 3c). Transfection of RFP did not
repress the basal activity of the skeletal a-actin or myogenin
promoter in either C2C12 or 293T cells (Supplementary
Figures 2a–d).
The changes in the protein amounts of skeletal a-actin after

co-transfection of SRF, Epc1, and RFP were further investi-
gated by western blot analysis (Figure 3d, upper panel). The
SRF-induced increase in the skeletal a-actin protein amount
(second lane) was further increased by co-transfection of
Epc1 (fourth lane). However, co-transfection of RFP reduced
the amount of protein expression (fifth lane). The changes in
the skeletal a-actin protein amount were quantified after three
independent sets of immunoblot analysis (Figure 3e).
We next studied the muscle-specific transcription factors

that are induced during myoblast differentiation. The increase
in MyoD and myogenin induced by SRF (Figure 3d, second
lanes in the second and third immunoblots) was further
potentiated by co-transfection of Epc1 (fourth lanes), which
was blocked by co-transfection of RFP (fifth lanes). These
changes in protein amounts were quantified (Figure 3f for
MyoD and Figure 3g for myogenin).
We previously reported that muscle differentiation markers

are reduced in Epcþ /� mice. Thus, we sought to determine
whether muscle differentiation impairment induced by knock-
down of Epc1could be restored by double knockdown of Epc1
and Rfp in C2C12 cells. The reduction of myogenin and
desmin in Epc1 knockdown C2C12 cells was recovered in the
double knockdown cells (Figures 3h–j).
Our previous study showed that Epc1 interacts with SRF

and enhances the binding of SRF to the SRE in the skeletal
a-actin promoter.14 First, we assumed that Epc1/SRF/RFP
may form a complex and that SRF may interact with RFP. We
therefore checked whether RFP can directly interact with
SRF. However, we were not able to demonstrate the physical
interaction of the proteins in our experimental condition
(Figure 4a). This unexpected result suggests that RFP may
compete with SRF for binding to Epc1. To test our hypothesis,
we checked whether RFP can affect the interaction between
Epc1 and SRF. As reported previously, Epc1 successfully
pulled down SRF (Figure 4b, fourth lane in the uppermost
panel). Interestingly, however, co-transfection of RFP re-
duced the interaction of both proteins (Figure 4b, fourth versus
fifth lane in the uppermost panel). The physical interaction
between Epc1 and RFP was shown again (fifth lane in the
second immunoblot).
On the basis of our previous report,14 we also postulated

that RFP may affect the potentiation effects of Epc1. We
performed chromatin immunoprecipitation (ChIP) analysis
with anti-SRF antibody and amplified the promoter region
flanking the SRE in the skeletal a-actin promoter with H9c2
cells. RFP itself did not significantly alter the binding of SRF to
the SRE in the absence of exogenous Epc1 (Figure 4c,
second versus third lane in the lower gel). As reported
previously,14 Epc1 potentiated the binding of SRF to the
SRE (second versus fourth lane). However, co-transfection of
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RFP reduced the binding of SRF to the SRE (fourth versus
fifth lane).
Epc1 binds indirectly to the SRE by interacting through

SRF.14 Therefore, we next checked whether RFP affects the
indirect association of Epc1 with the SRE by ChIP analysis
with anti-Epc1 antibody. Binding of Epc1 to the SRE was
significantly reduced when RFP was co-transfected (second
versus third lane in lower panel in Figures 4d and e).
We tried to check whether binding of SRF to either Epc1 or

SRE is increased in the absence of RFP. Anti-sense RFP
C2C12 cells showed a significant reduction of RFP protein
(Figure 4f, lowermost panel) and transcript (Figure 4g). As

expected, the reduction in RFP resulted in an increased
association between SRF and Epc1 in C2C12 cells (Figure 4f,
uppermost panel). The decrease in RFP also resulted in a
significant increase in binding of SRF to the SRE (lower panel
in Figures 4h and i). Taken together, these results suggest
that RFP negatively regulates SRF by interfering with the
potentiation effects of Epc1 on SRF.

Muscle mass and muscle-specific gene expression are
enhanced in Rfp�/� mice. To investigate further the
functional roles of RFP in muscle differentiation, we
generated rfp�/� (Figure 5a; Supplementary Figures 3a–c).

Figure 3 RFP blocks Epc1-induced potentiation of SRF-dependent differentiation of skeletal myoblasts. (a) Epc1 potentiated SRF-induced multinucleation of H9c2 cells in
differentiation medium. However, the potentiation was completely blocked by co-transfection of RFP. Note that multinucleation after RFP transfection returned to that of the
SRF-level. (b) Epc1-induced potentiation of SRF-transactivation was completely absent after co-transfection of RFP in 293T cells. (c) The same results of promoter analysis
were obtained from C2C12 myoblast cells. (d) Representative western blot analysis showing that Epc1-induced potentiation of SRF-mediated expression of muscle-specific
genes was blocked by RFP. (e and g) Quantification results from three independent western blots of skeletal a-actin (e), MyoD (f), and myogenin (g). NS, not significant.
(h) Western blot analysis of Epc1- or Epc1/Rfp- knockdown C2C12 cells. The knockdown cells were prepared with antisense technology. Expression of myogenin and desmin
was decreased in antisense Epc1 cells and it was recovered in antisense Epc1/Rfp cells. (i) Quantification results from three western blots of myogenin. (j) Quantification
results from western blots of desmin. *Po0.05, **Po0.01
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Rfp�/� mice were fertile and did not show significant
phenotypic alterations in growth, movement, or glucose
tolerance, as reported previously.18 No RFP protein was
detected in the skeletal muscles of Rfp�/� mice (Figure 5b),
and ablation of Rfp did not result in changes in the transcript
levels of SRF and Epc1 (Figure 5c). Interestingly, however,
the hamstring muscles of adult Rfp�/� mice were bigger than
those of wild-type mice (Figures 5d–e).
To further determine whether the larger muscles of the

Rfp�/� mice were due to myofiber hypertrophy or to myofiber
hyperplasia, we examinedmyofiber size andmyofiber number
in the hamstring muscle. Compared with the wild-type mice,
Rfp�/� mice showed a significant increase in myofiber area,
as demonstrated either by wheat germ agglutinin staining
(Figures 5f and g) or by hematoxylin–eosin staining (Supple-
mentary Figure 4). However, no apparent proliferating cell
nuclear antigen-positive cells were observed in the null mice,
which suggests that myofiber hyperplasia was not evident in
the skeletal muscles from adult Rfp�/�mice (data not shown).
Immunohistochemical analysis of 18.5 day Rfp�/� embryos

revealed that the expression of MyoD and myogenin was
enhanced (Figure 6a). RFP protein was not detected in
skeletal muscles from adult Rfp�/� mice (Figure 6a, lower-
most panel). The expression of myogenin, MyoD, and Mck
was significantly increased in the muscle from adult knockout

mice (Figures 6b and c). Interestingly, we did not see
alterations in the gene expression of Myf-5 and Myf-6, both
of which are SRF-independent muscle-regulatory factors
(Figure 6c).

Skeletal myoblast differentiation is enhanced in Rfp�/�

mice. We used an in vivo wound-healing assay to examine
the capacity of Rfp�/� mice to regenerate skeletal muscle.
Cross-sectional slides were obtained from the hamstring
muscles at the suture sites 1 week after surgery. Compared
with that in the wild-type mice, myotube formation and
muscle fiber differentiation were enhanced in Rfp�/� mice
(Figure 7a, left panel). Counting of myogenin-positive
myotubules and differentiating muscle fibers further
confirmed the potentiation of muscle regeneration in the
Rfp�/� mice (Figure 7a, right panel). The expression of
embryonic myosin, a hallmark of muscular regeneration,19

was significantly increased in skeletal muscles from Rfp�/�

mice (Figure 7b).
We next checked the capacity of the myoblast cells to

differentiate. Multinucleation induced by differentiation med-
ium for 6 days was more prominent in myoblasts from Rfp�/�

mice than in those from wild-type (Figure 7c). Serum
deprivation for 3 days reduced RFP protein amounts in wild-
type cells (Figure 7d). Increases in the amounts of MyoD,

Figure 4 RFP squelched Epc1 from SRF, which resulted in the reduction of SRF-dependent transactivation. (a) SRF did not associate with RFP. (b) RFP blocked binding
of Epc1 to SRF. Uppermost panel: Epc1 successfully pulled down SRF (fourth lane). However, co-transfection of RFP reduced the interaction of both proteins (fifth lane).
Second panel: the physical interaction between Epc1 and RFP was shown again. Third to fifth panels: the expression of individual proteins was confirmed. (c) RFP blocked
binding of SRF to the SRE in the presence of Epc1. ChIP assay revealed that Epc1 potentiated binding of SRF to the SRE of the proximal skeletal a-actin promoter. However,
co-transfection of RFP reduced its binding. (d) Binding of Epc1 to the SRE in skeletal a-actin promoter was also significantly reduced by co-transfection of RFP.
(e) Quantification results of ChIP results of (d). (f) Reduction in RFP amounts caused increased association between SRF and Epc1 (uppermost panel). Anti-sense RFP
C2C12 cell lines were established and used for the immunoprecipitation. Mock-transfected cell lines were used for control. (g) Decreased transcript level of RFP in anti-sense
RFP cell lines. (h) ChIP assay showed that reduction of RFP caused the increase in the binding of SRF to the SRE. (i) Quantification of the ChIP assay. *Po0.05
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myogenin, Mck, and skeletal a-actin transcripts by 6 day
serum deprivation were enhanced in myoblasts isolated from
Rfp�/� mice (Figure 7e).

Discussion

In this study, we uncovered functional and biological roles of
RFP (TRIM27), a relatively uncharacterized member of the
TRIM protein family, in skeletal myogenesis. We clearly
showed that RFP inhibits muscle differentiation by altering
SRF-dependent transcriptional activity. The mechanism we
propose by which RFP acts in muscle differentiation is shown
in Figure 8. Duringmyoblast differentiation, a reduction in RFP
expression results in its loss of binding to Epc1, which
increases the binding of Epc1 to SRF and then enhances
SRF-dependent muscle–gene transcription. Our findings,
which show that RFP works as a novel modulator of
myogenesis by modulating the interaction of Epc1 and SRF,
provide new insights into the molecular mechanisms of gene
expression during myogenesis.

RFP was first described to be associated with the nuclear
matrix with high DNA-binding activity. RFP is a component of
PML nuclear bodies and interacts with other protein family
members of PML, other B-box family members,11,20,21 and
other diverse proteins.22–27 RFP even interacts with itself for
homodimerization.28 By use of yeast two-hybrid screening, we
found that RFP interacts with Epc1. An interaction between
Epc1 and RFP in testis was established in a previous report.13

We found in this study that RFP is abundant in skeletal muscle,
where Epc1 is also highly expressed,16 and that the interaction
between RFP and Epc1 takes place in skeletal myoblast cells.
These findings led us to postulate that the interaction may
have a biological function in skeletal muscles.
Indeed, we next showed that RFP expression was gradually

downregulated during myoblast differentiation induced by
serum deprivation, which was in contrast with the reciprocal
increase in the expression of Epc1. We also observed that the
reduced expression in muscle-specific genes in Epc1 knock-
down cells was recovered by double knockdown of RFP and
Epc1. This result further suggests that RFP reversely
regulates Epc1-mediated muscle differentiation.

Figure 5 Muscular phenotypes in rfp�/�. (a) Schematic diagram showing the genetic locus of Rfp (wild-type allele; top) and the knockout strategy (bottom). The Rfp gene
consists of 8 coding exons, and the first 3 are shown in the figure. The structure of the targeted Rfp allele is shown (bottom), as is the location of the Southern blot probes.
mRFP: primer sets to detect wild-type allele. neo: primer sets for targeted allele. (b) Rfp protein was not detected in hamstring muscles of three Rfp�/� mice (right three lanes).
(c) Srf and Epc1 transcript levels in the skeletal muscles of Rfp�/� and wild-type mice. (d) Entire thighs were excised and shown. A ruler is shown on the left (unit¼mm).
(e) The circumferences of the upper and lower legs (n¼ 6–8). (f) Immunohistochemical analysis of hamstring muscle from wild-type and Rfp�/� mice. Wheat germ agglutinin
staining showed the increase in myofiber size in Rfp�/� mice compared with Rfp wild-type mice. (g) Myofiber size was determined by measuring myofiber area and number
per field. NS, not significant. **Po0.01
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Although it should be examined during the embryonic
period when skeletal myogenesis is vigorous, the bigger
muscles in the Rfp�/� mice than in the wild-type mice might
have been caused by skeletal myofiber hypertrophy rather
than myofiber hyperplasia. Considering that MyoD and
myogenin are also involved in muscular hypertrophy,29 the
apparent hypertrophy in Rfp�/� mice may be caused by an
increase in those transcription factors.
RFP is known to have intrinsic transcription repressor

function, which is dependent on its coiled-coil and RFP
domains,13 and several differentmechanisms of RFP-induced
transcriptional repression have been proposed, largely
dependent on its binding partners. For example, Shimono
et al.22 reported that RFP forms a transcriptional repressor
complex by its association with Mi-2b and BRG1. RFP can
also enhance the transcriptional repression by MBD2 and
MBD4 by its direct association.25 Thus, we first postulated that
the delay in muscle differentiation might be caused by direct
transcriptional modulation of muscle-specific genes, and we
studied whether RFP directly inhibited the transcriptional
activity of muscle-specific genes, such as skeletal a-actin or
myogenin. However, it is not likely that those mechanisms are
involved in the RFP-induced transcriptional modulation of
Epc1/SRF, because RFP did not repress the basal transcrip-
tional activity. Interestingly, however, RFP did inhibit Epc1/
SRF-induced skeletal a-actin promoter activation. Of note,
RFP abolished the Epc1-induced potentiation effect of SRF
(Figure 3). RFP disrupted the binding of Epc1 to SRF by direct
association with Epc1 (Figure 4). These results suggest that
the competition between RFP and SRF for binding to Epc1
may be the mechanism by which RFP modulates SRF-

dependent transcription. Although RFP failed to directly
repress transcription in the present study, it is still noteworthy
that RFP interacts with MyoD to inhibit its transcriptional
activation of downstream genes in a trichostatin A-sensitive
manner.30 This interaction suggests that inhibition of MyoD-
dependent transcriptional regulation of myogenesis would be
at least involved in the RFP-mediated inhibition of muscle–
gene regulation.
Induction of skeletal muscle growth and differentiation is of

major interest in the treatment of muscular dystrophy. One
example of a therapeutic target is myostatin, a TGFb
superfamily protein, which strongly inhibits skeletal muscle
growth31 and even induces cachexia.32 Thus, inhibition of
myostatin or its receptors either by neutralizing antibody33 or
by soluble decoy receptors34 would be useful for muscle
regeneration and thereby muscular dystrophies. As RFP is
highly expressed in certain types of cancers and it is closely
associated with tumor progression and metastasis,35,36 it has
been suggested that ablation of RFP and its binding partners
may be an excellent target for tumor therapeutics.37 In
addition to targets for anticancer therapeutics, our findings
emphasize that RFP may be an excellent target for muscle
diseases.

Materials and Methods
All procedures were performed according to Chonnam National Medical School
Research Institutional Animal Care and Use Committee approved procedures.

Plasmid constructs. The pCMV-myc-mouse Epc1 and skeletal a-actin
promoter–reporter constructs were described previously.14 pFlag-CMV-RFP was
also described previously.13

Figure 6 Muscle-specific gene expression is enhanced in Rfp�/� mice skeletal muscles. (a) The expression of MyoD and myogenin in 18.5 day embryo back muscles. Rfp
protein was present in the muscles of wild-type but was absent in adult Rfp�/� skeletal muscles. (b) Protein amounts of MyoD and myogenin were increased in adult Rfp�/�

skeletal muscles. In each panel, pictures were taken from the same gel. (c) Quantitative real-time RT-PCR results showing that transcript levels of SRF-dependent genes were
increased in Rfp�/� mice, whereas those of SRF-independent ones (Myf-5 and Myf-6) were not. NS, not significant. *Po0.05, **Po0.01
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Antibodies, cell cultures, and transfection study. Epc1 antibody was
described previously.16 Antibodies were used to recognize MyoD (C-20, Sc-304),
myogenin (M-225, Sc-576), skeletal a-actin (Alpha sr-1, Sc-58671), MHC3
(embryonic myosin, Sc-53091), Gapdh (Sc-32233) (all of the above were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA)), desmin (ab6322; Abcam,
Cambridge, UK), wheat germ agglutinin (W11261, Invitrogen, Eugene, OR, USA),

and RFP (#01-8791; American Research Products, Inc., Belmont, MA, USA). H9c2,
Cos7, 293T, and C2C12 cells were obtained from the Korean Cell Line Bank (KCLB,
Seoul, Korea) and were maintained with DMEM containing 10 or 15% fetal bovine
serum for C2C12 cells (growth medium). To induce differentiation, growth medium
was replaced with differentiation medium of 1% fetal bovine serum for H9c2 or 2%
horse serum for C2C12 cells. To establish stable cell lines, pCMV-Flag-RFP and
vector were transfected into H9c2 or C2C12 cells. The cells were treated with 5mg/
ml blasticidine (Invitrogen, Carlsbad, CA, USA), and positive colonies were selected
2 weeks later.

To establish Epc1/Rfp double antisense cell lines, pcDNA3.1-V5-His- antisense
Epc1 and pcDNA6/myc-HisA-antisense Rfp were transfected to C2C12 cells. The
cells were treated with 5mg/ml blasticidine and 150mg/ml G418, and positive
colonies were selected 2 weeks later.

For transient transfection of RFP and Epc1, pFlag-CMV-RFP and/or CMV-myc-
Epc1 was introduced to 293T cells by use of Fugene 6 Transfection Reagent
(Roche Diagnostics Corp., Indianapolis, IN, USA) or to C2C12 or H9c2 cells by use
of Lipofectamine Plus reagent (Invitrogen).

Promoter analysis, immunoprecipitation, western blot,
fluorescent immunocytochemistry, quantitative RT-PCR, and
histology. These procedures were described previously.16 The antibodies for
western blot analysis were anti-Flag (1 : 500), anti-myc (1 : 500), anti-RFP (1 : 500),
anti-Epc1 (1 : 200), anti-MyoD (1 : 1000), anti-myogenin (1 : 1000), anti-skeletal a-
actin (1 : 1000), and anti-actin (1 : 2000). The primer sequences for the RT-PCR
reaction will be provided upon request. The RT-PCR amplification products were
confirmed by sequencing. For immunohistochemistry, primary antibody dilutions of

Figure 7 Muscle regeneration and myoblast differentiation in Rfp�/� mice. (a) In vivo wound-healing assay showing enhanced myotube formation in Rfp�/� mice. The
sections were collected 1 week after cutting and suture of hamstring muscles and were analyzed by immunohistochemistry analysis with myogenin. Note that myogenin-
positive multinucleated myotubes were well developed in the wound of Rfp�/� mice (left lower panel). Myogenin-positive myotubes and differentiating muscle fibers were
increased in Rfp�/� mice (right panel). (b) Increased embryonic myosin-immunoreactivity in Rfp�/� mice skeletal muscles. (c) Serum deprivation for 6 days induced greater
multinucleation in the isolated myoblasts obtained from rfp�/�. (d) Serum deprivation-induced muscle-specific gene expression in myoblasts in knockout mice myoblasts.
Western blot analysis showing the changes in Rfp protein amounts after serum deprivation for 3 days (upper panel). Quantification of the changes in Rfp protein amounts
from four independent sets of experiments (lower panel). (e) Quantification of qRT-PCR for the transcripts of MyoDmyogenin, Mck and skeletal a- actin. Muscle differentiation
was induced by substituting growth medium (GM) with differentiation medium (DM) for 6 days. The induction of these genes was enhanced in the myoblasts from rfp�/�. NS,
not significant. @,*Po0.05, @@,**Po0.01

Figure 8 Suggested mechanism by which RFP regulates SRF-induced
myogenesis. In the undifferentiated state, RFP inhibits Epc1-induced potentiation
of the SRF-dependent transcriptional activation of muscle-specific genes. When a
differentiation signal comes to the myoblasts, however, RFP is downregulated,
which results in the relief of Epc1 from the inhibition and then in the potentiation of
SRF-dependent skeletal muscle differentiation
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Rfp (1 : 500), embryonic myosin (1 : 100), myogenin (1 : 50), MyoD (1 : 100), and
wheat germ agglutinin (1 : 200) were used. The muscle specimens were fixed in 4%
paraformaldehyde, washed, dehydrated, paraffin-embedded, cut into 6-mm
sections, and mounted. Immunohistochemistry was performed by using LSAB2
system-HRP kit (Dako, Carpinteria, CA, USA), according to the manufacturer’s
instructions. The sections were counterstained with Harris hematoxylin.

Morphometric analysis. The myofiber area and number in hamstring muscle
of RFP null and wild mice were measured respectively from the fluorescence
images of anti-wheat germ agglutinin-stained sections using Image Pro Plus
(MediaCybernetics, Bethesda, MD, USA). The relative value of myofiber area/
number in each group is expressed as mean±S.E.M.

ChIP assays. ChIP assays were described previously.14 Briefly, cells were
treated with 1% formaldehyde for 10 min. The sonicated chromatin was
immunoprecipitated with anti-SRF or anti-Epc1 antibody and was then recovered
with protein A agarose/salmon sperm DNA beads. After reversing the cross-links,
chromatin was subjected to proteinase K digestion and the DNA was purified.
Primers used for PCR reactions were rat skeletal a-actin promoter (�192Bþ 5)
and mouse skeletal a-actin promoter (�184Bþ 22).

Real-time RT-PCR. After reverse transcriptase reaction, 1 ml of cDNA was
subjected to real-time PCR amplification by using the Rotor-Gene 3000 (Corbett
Research, Mortlake, NSW, Australia) with a SyberGreen MasterMix (Applied
Biosystems Inc., Foster City, CA, USA) according to the manufacturer’s
recommendations. For one experimental condition, the reaction was performed in
triplicate with three or more independent cDNA samples.

Animal experiments. The investigation conformed to the Guide for the Care
and Use of Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996). The experimental protocol was approved
by the Chonnam National Medical School Research Institutional Animal Care and
Use Committee. Mice were housed individually in plastic cages in a temperature-
controlled room.

Rfp�/� mice and in vivo wound-healing assay. Rfp�/� were generated
by conventional gene-targeting methods. Homologous recombination of the gene-
targeting vector at the Rfp locus (Figure 5a, wild-type allele; top) was designed to
insert a Neo cassette into the position of 10 amino acids after the start codon, which
results in disruption of the remaining first coding exon and the entire second exon.
The structure of the targeted Rfp allele (bottom) is shown (Figure 5a). The
circumferences of the upper and lower legs were measured 9 mm proximal and
11 mm distal to the lower margin of the patella, respectively. The in vivo wound-
healing assay was performed as described previously,16 and the sections were
obtained 1 week after surgery.

Myoblast isolation. Primary skeletal myoblasts from either wild-type or rfp�/�

were prepared as described previously with slight modifications. After mincing,
muscle tissues from hind limbs were treated with collagenase (2 mg/ml;
Worthington, Lakewood, NJ, USA) and the cell suspension was filtered through a
100-mm and then a 70-mm sieve (Cell Strainer Nylon, BD Falcon, San Jose, CA,
USA). After preplating, the myoblasts were grown in 15% fetal bovine serum in
DMEM supplemented with 5 nM basic fibroblast growth factor (Biosource,
Camarillo, CA, USA). The isolated myoblasts underwent differentiation by
replacing the growth medium (15% fetal bovine serum) with differentiation
medium (2% horse serum).

Statistical analysis. Data are presented as mean±S.E.M. Student’s t-tests
were used to determine statistical significance.
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