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Figure 3 Knockdown of Rbm24 and Rbm38 activates DNA synthesis or mitosis, and inhibits cell cycle arrest. Immunofluores-
cence staining was carried out to determine the proliferative state of cells transfected with Rbm?24 or Rbm38 siRNA. (A) C2C12
cells were treated with siIRNA on the day of differentiation induction. On day 4 of differendation, cells were exposed to BrdU for
2.5 h prior to fixation. Shown are anti-BrdU antibody and DAPI-stained images. (B) Shown are anti-phospho HH3 antibody and
DAPI-stained images. (A, B) When cells were transfected with Rbm24 or Rbm38 siRNA, the proportions of BrdU- and phos-
pho-HH3-positive cells were significantly increased as compared with the control. (C) The percentage of BrdU- and phospho-
HH3-positive nuclei was calculated to assess the cell cycle status of C2C12 cells treated with siRbm24 or siRbm38. Error bars
indicate the standard error. Values shown are the average of three experiments. siRbm24, Rbm24 siRNA duplex; siRbm38,

Rbm38 siRNA duplex; Ctrl, control siRNA. duplex.

mRNAs for Rbm24 and Rbm38 were each
increased to greater than fivefold as compared to
that following mock transfection with the control
plasmid on day 4 of differentiation (Fig. 4A), after
which the effects of over-expressed Rbm24 and
Rbm38 on myogenic differentiation were evaluated
by immunofluorescence staining to check myotube
formation (Fig. 4B,C). In addition, over-expressed
p21 in C2C12 cells caused a significant increase in
myotube formation, as previously reported (Halevy
et al. 1995). MyHC-positive myotubes were also sig-
nificantly increased when the cells were transfected
with pCAG-Rbm24 or pCAG-Rbm38, although

© 2009 The Authors

myotubes with Rbm38 over-expression were longer
and larger than those with Rbm24 over-expression,
similar to those with p2l over-expression. These
results suggest that over-expression of Rbm24 or
Rbm38 promotes myogenic differendation, although
the latter has a stronger effect. Considering that
100% of our C2C12 cells did not differentiate into
myotubes, these results indicate promotion of myo-
genic differentiation in nondifferentiating cells that
lack differentiation potential.

Next, to investigate whether over-expressed
Rbm24 and Rbm38 have effects on DNA synthesis
or mitosis, iimmunofluorescence staining was carried

Genes to Cells (2009) 14, 1241-1252
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Figure 4 Over-expression of Rbm24 and Rbm38 promote myotube formation dering C2C12 differentiation. (A) Schematic dia~
gram of plasmid transfection protocol daring C2C12 cell differentiaion. Growing C2C12 myoblast cells (70%-80% confluent,
1 day before differentiation) were transfected with an Rbm24- or Rbm38-expressing plasmid, and the effects were examined by
QRT-PCR on day 4 of differentiation. The expresions of both Rbm24 and Rbin38 were significantly increased as compared
with the control. (B) C2C12 cells were transfected with an Rbm24-, Rbm38- or p21-expressing plasmid. Cells were stained with
anti-MyHC and anti-GFP antibodies, and DAPI on day 4 of differentiation to determine their differentiation status. Shown are
anti-GFP (green), anti-MyHC {red) and DAPI (blue) stained merged images. When cells were transfected with an Rbm24-,
Rbm38- or p21-expressing plasmid, the number of MyHGC-positive myotubes was significantly increased as compared with the
control. {(C) The percentage of nuclel in MyHC-positive cells was calcelated to assess the differentiation efficiency of C2C12 cells
treated with pCAG-Rbm24, pCAG-Rbm38 or pCAG-p21. FError bars indicate the standard error. Values shown are the average
of three experiments (*P < 0.005). pCAG-Rbm24, Rbm24-expressing plasmid; pCAG-Rbm38, Rbm38-expressing plasmid:
pCAG-p21, p21i-expressing plasimid; mock, control plasmid.

out using anti-BrdU and anti-phospho-HH3 antibod-
ies on day 4 of differentiation (Fig. 5A,B). The num-
ber of BrdU-positive cells was decreased when the
cells were transfected with the over-expression vector
of Rbm24 or Rbm38, with similar results obtained
following immunofluorescence staining for phospho-
HH3. When the cells were transfected to over-express

results suggest that over-expressions of Rbm24 and
Rbm38 induce cell cycle arrest, which has a positive
effect on myogenic differentiation.

Rbm38, but not Rbm24, binds directly to p21
transcripts

Rbm38, BrdU-positive cells were decreased by 48%
and phospho-HH3-positive cells by 71% as compared
with the control, and when the cells were transfected
to over-express Rbm24, BrdU-positive cells were
decreased by 27% and phospho-HH3-positive cells by
58% as compared with the control (Fig. 5C). These

Genes to Cells (2009) 14, 12411252

Human Rbm38 RNPC1) is known to regulate the
stability of p21 transcripts by binding to their 3’
UTRs (Shu e al. 2006). Therefore, mouse Rbm38
was also expected to bind directly to the p21 tran-
scripts, resulting in induction of cell cycle amest and
regulation of myogenic differentiation. To confitm

© 2009 The Authors
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Figure 5 Over-expressed Rbm24 and Rbim38 inhibit DNA synthesis, and promote cell cyde arrest. Immunofluorescence staining
was carried out to determine the proliferative state of cells transfected with Rbm?24- and Rbm38-expressing plasmids. (8) C2C12
cells were uwansfected with an Rbm24- or Rbm38-expressing plasmid 1 day before differentiation induction. On day 4 of differen-
tiation, cells were exposed to BrdU for 2.5 h prior to fixation. Shown are anti-BrdU antibody and DAPl-stained images.
{B} Shown are anti-phospho HH3 antibody and DAPI-stained images. (A, B) When cells were transfecred with Rbm24- and
Rbm38-expressing plasmids, the proportions of both BrdU- and phospho-HH3-positive cells were significantly decreased as
compared with the control. (C) The percentage of BrdU- and phospho-HH3-positive nuclei was caeulated to assess the cell cycle
status of C2C12 cells treated with pCAG-Rbm24 or pCAG-Rbm38. Error bas indicate standard error. Values shown are the
average of three experiments. pCAG-Rbm24, Rbm?24-expressing plasmid; pCAG-Rbm38, Rbm38-expressing plasmid, mock,

control plasmid.

this, an RNA. immunoprecipitation assay was carried
out using cell extracts from C2C12 cells transiently
expressing Flag-tagged Rbm24 or Rbm38. An anti-
Flag antibody was used to identify Rbm24 and
Rbm38 RNA complexes that underwent immuno-
precipitation, while the anti-IgG1 antbody was used
as a control (Fig. 6, apper). Following RT-PCR
amplification, p21 tanscripts were detected in associ-

© 2009 The Authors

ation with Rbm38, but not Rbm24 (Fig. 6). These
results indicate that Rbm38, but not Rbm24, binds
to the p21 transcript and induces cell cycle
arrest, resulting in a positive effect on myogenic
ditferentiation.

Next, we carried out a p21 over-expression experi-
ment with Rbm24 and Rbm38 siRNA-treated
C2C12 cells to investigate whether their effects on

Genes to Cells (2009) 14, 1241-1252
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Figure 6 Rbm38, but not Rbm24, binds to p21 tanscripts
in vivo. An RNA immunoprecipitation assay was carried ount
using extracts from C2C12 cells transiently expressing Flag-
tagged Rbm24, Rbm38 or mock. The anti-Flag aniibody was
wsed to immenoprecipitate potential Rbm24- and Rbm38-
RINA complexes, whereas the anii-IgG1 antibody was used as
the control. Upper: Precipitated Rbm24- and Rbm38-RNA
complexes were treated with RNase-free DNase to remove
trapped genomic DNA, then pull-down RNA was used for
¢DNA synthesis. Curved lines, targer mRNA; black hexagon,
RNA binding protein; gray triangle, Flag-tag; Y-shape, anti-
bodies. Lower: p21 and Gapdh transcrpts in potental
Rbm38-RNA complexes were detected by RT-PCR. Five
percent of the cell extract was used as an inpuot control.

myogenic differentiation are mediated by p21.
pCAG-p21 or a mock expression vector was trans-
fected into exponentially growing C2C12 cells for
5 hours prior to transfection with Rbm24, Rbm38,
or control sIRINA (Fig. 7A, upper). Cells without
plasmid transfection were used as a control for those
with expression vectors. Immunofluorescence staining
with anti-MyHC was then carried out to determine
the differentiation status of the cells on day 4. Myo-
tube formation was restored in Rbm38 siRNA-trea-
ted cells by transfection with a pCAG-p21 expression
vector, whereas it was not restored in those cells
wranstected  with the control expression vector or
untransfected cells [Fig. 7A (lower), B]. In addition,
phospho-HH3-positive nuclei in the cells were deter-
mined in the same field (Fig. 7C) to evaluate whether
mitotic ability was changed in this rescue experiment.
The percentage of phospho-HH3-positive nuclei was
decreased by over 78% in Rbm38 siRINA-treated p21
over-expressed cells as compared with the Rbm38

Genes to Cells (2009) 14, 12411252

siRNA-treated control cells. In contrast, myotube
formation was not sufficiently restored in Rbm24
siRNA-treated cells  and  phospho-HH3-positive
nuclei were not significantly changed by p21
over-expression. These results suggest that the effects
of Rbm38 on cell cycle amest and promotion of
myogenic differentiation  are correlated with p21
binding, and that Rbm24 regulates myogenic differ-
entiation in a p2l-independent manner.

Discussion

In a previous study, human Rbm38 (RNPC1} was
identified as a factor that is induced by the p53 family
and by DNA damage in a p53-dependent manner (Shu
et al. 2006). Also, RNPC1 was shown to bind to the 3’
UTR of the p21 transcript and regulate its stability
(Shu et al. 2006). However, Rbm38 has only been
investigated in human cancer cell lines such as RKO
cells, whereas its function with myogenesis has not
been reported. It is generally known that p21 is trans-
criptionally regulated during the cell cycle transition
from G1 to S by members of the p53 family, such as
p53, p63 and p73 (el-Deiry et al. 1993; Zhu et al.
1998). In addition, post-transcriptional modulation of
p21 is important for maintaining p21 function. For
example, HuR, which is translocated from the nucleus
to cytosol, is known to bind to the ARE in the 3’
UTR: of the p21 transcript and enhance its stability
(Wang et al. 2000; Giles et al. 2003; Yang et al. 2004).
However, the post-transcriptional modulatory function
of HuR is not tssue-specific, because it is also
expressed and functions in intestine, thymus, spleen
and testis tissues, in addition to skeletal muscles (Lu &
Schneider 2004). Thus, we are the first to show that
Rbm38 is an RINA binding protein that is preferentially
expressed in muscle, and regulates the cell cycle and
myogenesis through interaction with p21 transcripts.

A previously reported analysis suggested that
RINPCI1 is responsive outside of the conserved ARE
in the 3-UTR of p21 (Shu e al. 2006); therefore, it
is possible that mouse Rbm38 may not share the
binding region with HuR and NF90. Identifying the
binding region of mouse Rbm38 for p21 is needed to
further investigate its functions as an RNA binding
protein.

In our previous report, we identified Rbm24 as a
gene that is particularly expressed during the course
of ES cell differentiation using DNA microarray anal-
ysis  {Terami et al. 2007). Its expression during
embryogenesis was investigated using whole mount
in situ hybridization analysis, which showed that

© 2009 The Authors
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Figure 7 Differentiation of C2C12 with silenced expression of Rbm38 is rescued by p21 expression. (A) Schematic diagram of
rescue experiments conducted during the course of myogenic differentiation of C2C12 cells. Growing C2C12 myoblast cells were
wransfected with a p21-expressing plsmid or control plasmid, and grown for 1 additional day. After the cells had reached 100%
confluence, they were tansfected with a Rbm24 or Rbm38 siRNA duplex, or control siRNA duplex and differentiation was
indnced. Immunoflnorescence staining with anti-MyHC and anti-GFP antibodies was carried ont to determine the differentiation
status of the C2C12 cells on day 4 of differentiation. Shown are anti-MyHC (red), anti-GFP (green) and DAPI (blue) stained
merged images. When cells were transfected with Rbm38 siRNA, myotube formation was restored by addition of a p2i-express-
ing plasmid as compared with mock. In contrast, myotube formation was not restored in Rbm24 siRINA-treated cells by the addi-
don of a p2i-expressing plasmid. (B) The percentage of nuclei in MyHC-positive cells was calculated to assess the differentiation
efficiency of C2C12 cells. Error bars indicate the standard error. Values shown are the average of three experiments (*P < 0.005).
{Q) The percentage of phospho-HH3-positive nuclei was calculated to assess the cell cycle status of C2C12 cells. Emor bars indi-
cate the standard error. Values shown are the average of three experiments. pCAG-Rbm24, Rbm24-expressing plasmid; pCAG-
Rbni38, Rbm38-expressing plasmid; mock, control plasmid; siRbm24, Rbm24 siRNA duplex; siRbm38, Rbin38 siRNA duplex;
Ctal, control siRNA duplex; pCAG-p21, p2i-expressing plasmid; mock, control plasmid; No plasmid, no plasmid.

Rbm24 is specifically expressed in the heart region  the findings of another recent report (Miller ef al.
on EB.25, and in the heart and somite regions on B 2008). In the present study, we found that the
9.25 (data not shown), which were consistent with  expression of Rbm24 is indeed muscle-specific and
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that it regulates myogenesis by modulating the cell
cycle. However, in contrast to Rbm338, Rbm24 did
not bind to the p21 tanscripts and Rbm24-knock-
down myogenesis-suppressed cells were not sufficiently
rescued by p21 ovet-expression, although Rbm?24-
knockdown cells inhibited cell cycle arrest and then
prevented myotube formation. These findings suggest
that Rbm24 is involved in control of the cell cycle and
then regulation of myogenesis in a manner different
from that of Rbm38. Although evidence is lacking,
cyciin-dependent kinase inhibitors including p27 and
p57 may be candidate targets controlled by Rbm24.

Although the effects of over-expressed Rbm24 and
Rbm38 have not been verified in vivo, we are in the
process of generating transgenic mice models and our
preliminary results indicate that over-expression of
Rbm24 causes embryonic lethality (data not shown).
Such lethality might be triggered by an ectopic
increase in Rbm24, rtesulting in acceleration of cell
cycle arrest and interruption of muscle development,
as shown in vitro. These preliminary results also sup-
port the notion that Rbm24, and probably Rbm38 as
well, plays a critical role in myogenic development,
although conditional expression model mice using
Rbm24 will be required to further investigate its
functions. We also intend to clarify the roles of
Rbm24 and Rbm38§ in skeletal muscle regeneration.
According to results of DNA microarray analysis of
quiescent and activated satellite cells, Rbm24 and
Rbm38 are not expressed in those cells (Fukada ef ol
2007). It would be interesting to examine whether
Rbm24 and Rbm38 are up-regulated during the
course of differentiation of satellite cells.

In conclusion, our findings are the fist to show
that the RNA-binding proteins Rbm24 and Rbm38
play critical roles in myogenic differentiation by regu-
lating the cell cycle in mammals. Moreover, we
found that Rbm38 induces cell cycle arrest by bind-
ing to p21 eanscripts and regulating them. These
results provide imporntant information to understand
myogenic mechanisms, myogenic diseases and tissue-
specific RNA processing.

Experimental procedures
Plasmids

Expression  vectors  pCAG-Rbm24, pCAG-Rbm38 and
pCAG-p21 were constructed as follows. ¢cDNAs encoding
Rbn24, Rbm38 and p21 were amplified separately by
RT-PCR using totdl RNA from C2C12, with the follow-
ing primers: sense primer for Rbm24, 5-GGTATGCTCGA-
GATGCACACCACCCAGAAG-3; ' antisense primer for

Genes to Cells (2009) 14, 12411252

Rbm24, 5-GTGAGATATCGGGCCCTTACTACTGCATT
C-35 sense primer for Rbm38, 5-GGTATGCTCGA-
GATGCTGCTGCAGCCCGCGT-3"; andsense primer for
Rbm38, 5-TATCGCGGCCGCGCATCACTGCATCCTGT
CAGG-3"; serse primer for p21, 5-GGTATGCTCGAGATG
TCCAATCCTGGTGATG-3"; antisense primer for p21, 5'-
TATCGCGGCCGCACTTCAGGGTTTTCTCTTGCA-3 .

These ¢DNAs were cloned into a2 pCR4-TOPO vector
{Invitrogen, Carlsbad, CA, USA) and confirmed by sequencing,
The entire coding region of each was subcloned into pCAG-
FLAG-Hras-IRES-EGEP (Mochizuki et al. 2001} by replacing
with an Hras sequence. The control plasmid was generated by
removing the Rbm38 sequence from pCAG-Rbm3R,

Cell culture

C2C12 cells {ATCC) were grown and maintained in Dul-
becco's modified eagle medium (DMEM; Sigma, St Louis,
MO, USA) conmining 10% fetal bovine sernm (MBL) and
penicillin/streptomycin  (Invitrogen), following the manufic-
torer’s instructions (Invitrogen). First, 5 % 107 cells were
seeded in 1.8%-cmn” wells, then differentiation was induced
after 2 days, immediately after the cells had reached 100% con-
fluence. To indece differentiation, growth medium  was
replaced with differentiation medium containing DMEM and
2% horse serum {Invitrogen). Although C2C12 cells do not
differentiate as efficiently as satellite cells do, they are regarded
as effective to investigate molecular functions in myogenesis.

Gene knockdown and over-expression

For the gene knockdown experiments with siRNA transfec-
tions, Lipofectamine RNAIMAX (Invitrogen) was used
according to the maneficturer’s protocol. Transfection with
Rbm24 or Rbm38 siRNA, or nonspecific siRNA (Stealth
RNAL Invitrogen) was carried out after C2C12 cells had
reached 100% confluence, then differentiation was indaced by
changing the medium to differentiation medium. For the
over-expression experiments, transfection was carried out
1 day before the C2C12 cells had reached 100% confluence,
n order to incresse transfection efficiency. Lipofectamine 2000
{Invitrogen) was used according to the manufacturer’s instruc-
tons. Growing C2C12 cells (70%-80% conflaent) were trans-
fected with pCAG-Rbm24, -38, -p21 or the control plasmid,
the cultured for one additional day until the cells became
100% confluent, Confluent cells were then differentiated by
changing the medium to differentiation mediom. For the res-
cue experiments, plasmid transfection was carried out 1 day
before stRINA transfection and differentiation induoction.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in phosphate-buf-
fered saline (PBS) for 5 minutes at 4 °C and washed with PBS
three times for 5 min. After background binding was blocked
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by incebation in PBS-MT (PBS, 2% skim milk, .1% Triton
X-100) for 30 min at room temperature, the cells were incu-
bated with primary antibodies in PBS-MT for 1 h at room
temperature, followed by incubation with secondary antibod-
ies. The primary antibodies used were as (ollows: MyHC
mouse monoclonal antibody (clone MF20, Hybridoma Bank)
0 detect differentiated cells, anti-GFP mouse monoclonal anti-
body (Invitrogen) to detect transfected cells, anti-phosphory-
lated histone H3 (phospho-HH3) mbbit polyclonal antibody
(Upstate Biotechnology, Lake Placid, NY, USA) to detect
mitotic nuclei, and ant-BrdU mouse monoclonal antibody
{Zymed, South San Francisco, CA, USA) to detecc DNA
synthesis. The secondary antibodies were as follows: Alexa-
Fluor488-conjugated anti-mouse 1gG and AlexaFluor546-con-
Jjugated anti-rabbit 1gG antibodies {(Molecular Probes, Eugene,
OR, USA}. For a BrdU assay, cell cultures were maintained
for 2.5 h with 1 v of Brdl). 4’,6-Diamidino-2-phenylindole
{DAPI) was used to see the naclei (0.5 pg/mL).

Analysis of interactions between proteins and
mRINAs

C2C12 cells were wansfected with over-expression vectors
expressing FLAG-tagged Rbm24, Rbm38 or moack for 5 h,
then immoenoprecipitation was carried out as  previonsly
described (Peritz ef al. 2006). The antibody-antigen-RNA
binding protein complexes were subjected to immunoprecipi-
tation with protein G agarose beads, then DNase (Invitrogen)
treatment was carried out completely before RNA exteaction,
Five percent of the cell extract was used directdly for total
RNA isolation, with the remaining portion incubated with
Protein G agarose beads (Invitrogen) conjugated with mono-
clonal anti-Flag M2 (Sigma) or anti-lgG1 control antibody
(BD Pharmingen, San Diego, CA, USA) for 4 h. Revene
transcription was carried out using Super Seript 11l (Invitro-
gen}. The sense primer, 5-CCCTCTCCCAGTCTCCAA-
AC-3 and antsense primer, 5-TAAGGGCCCTACCGT-
CCTAC-3, were designed to amplify the entire p21 ORF,
which was carried out for 1 min at 94 °C, 30 s at 55 °C and
1 min at 72 °C for 35 cycles. The primers used to amplify the
GAPDH  wanscripts were as  follows: forward primer,
S-TGAAGGTCGGAGTCAACGGATTTGGT-3 and reverse
primer, 5-CATGTGGGCCATGAGGTCCACCAC-3".
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