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ABSTRACT

Imbalanced splicing of premessenger RNA is typical of tumorous malignancies, and the regulatory mechanisms involved in several
tumorigenesis-associated splicing events are identified. Elevated expression of serine-arginine protein kinase 1 (SRPK1) may
participate in the pathway responsible for the dysregulation of splicing events in malignant tumor cells. In this study, we
observed a correlation between the cytoplasmic accumulation of RNA-binding motif protein 4 (RBM4) and up-regulated
SRPK1 in breast cancer cells. The production of the IR-B and MCL-1S transcripts was induced separately by the overexpression
of RBM4 and SRPK1 gene silencing. Overexpressed RBM4 simultaneously bound to the CU-rich elements within the MCL-1
exon2 and the downstream intron, which subsequently facilitated the exclusion of the regulated exon. Breast cancer cells are
deprived of apoptotic resistance through the RBM4-mediated up-regulation of the IR-B and MCL-1S transcripts. These findings
suggest that the splicing events regulated by the SRPK1-RMB4 network may contribute to tumorigenesis through altered
sensitivity to apoptotic signals in breast cancer cells.
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INTRODUCTION

Alternative splicing constitutes a molecular mechanism par-
ticipating in various processes of tumorigenesis. The alterna-
tively spliced transcripts of Bcl-2-like 1 (BCL2L1) andmyeloid
cell leukemia 1 (MCL-1) genes encode either the anti-apopto-
tic or pro-apoptotic isoforms that manipulate the therapeutic
response of cancer cells (Moore et al. 2010; Gautrey and
Tyson-Capper 2012). The inclusion of cyclin D intron 4 leads
to the production of the cyclin D1b isoform which acts as an
oncogene in prostate cancer cells (Burd et al. 2006; Olshavsky
et al. 2010). An increase in the short S6K1 variant facilitates
the transformation of breast epithelial cells, whereas the pres-
ence of the long S6K1 isoformmediates the opposite effect by
inhibiting Ras-induced transformation and tumor growth
(Ben-Hur et al. 2013). The loss of the survivin 2B isoform en-
hances the cell proliferation of breast cancer cells (Végran
et al. 2011). These results demonstrate the functional influ-
ence of imbalanced splicing events on tumorigenic processes.
MCL-1 is amember of the Bcl-2 family, the elevated level of

which was first reported in differentiating myeloid leukemia
cells (Kozopas et al. 1993). The full-length transcript of the
MCL-1 gene encodes the MCL-1L isoform which contains

the Bcl-2 homology (BH) domains 1, 2, and 3. The associa-
tions between MCL-1L and other Bcl-2 family members
maintain cell viability through an anti-apoptotic mechanism
(Kozopas et al. 1993). An exon 2-skipping variant, MCL-1S,
encodes the BH3 domain-only protein which was identified
in the human placenta (Bae et al. 2000; Bingle et al. 2000).
Dimerization of the MCL-1L and MCL-1S isoforms acts as a
pro-apoptotic factor by antagonizing the effect of the MCL-
1L-mediated inhibition of apoptosis (Bae et al. 2000). The el-
evated expression of the SRSF1, SRSF3, and SRSF5 genes has
been demonstrated to exert an oncogenic effect through in-
creases in the level of the MCL-1L isoform, which results in
the anti-apoptotic response of MCF-7 and MDA-MB-231
breast cancer cells to cytotoxic agents (Gautrey and Tyson-
Capper 2012). However, the detailed mechanism underlying
the splicing profile ofMCL-1 pre-mRNA inmalignant tissues
is unclear.
Although themolecularmechanism responsible for tumor-

related alternative splicing events is not comprehensively un-
derstood, changes in the expression level of splicing factors
correlate with alternative splicing events in malignant tumor
cells (Cohen-Eliav et al. 2013; Iborra et al. 2013). Serine-
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arginine (SR) proteins comprise a family of splicing factors
that exert influence on the utilization of the splice site by inter-
acting with the cis-elements of candidate pre-mRNAs and
trans-splicing factors (Wang et al. 2005). SR protein kinase 1
(SRPK1) induces the phosphorylation of numerous SR pro-
teins, including SRp30, 40, 75, and SRSF1 (previously desig-
nated as ASF) (Manley and Krainer 2010; Zhou and Fu
2013). The Akt-SRPK1 pathway drives the translocation of
phosphorylated SRSF1 from the cytoplasm to the nucleus,
which substantially affects its influence on the splicing pattern
of E1A pre-mRNA (Ngo et al. 2005; Zhou et al. 2012; Wang
et al. 2014). SRPK1 is anchored in the cytoplasmby interacting
with chaperones but translocates into the nucleus under os-
motic stress and EGF treatment (Zhong et al. 2009; Zhou
et al. 2012). The presence of nuclear SRPK1 induces the cyto-
plasmic accumulation of SR proteins and subsequently alters
downstream splicing events (Aubol et al. 2013). Knocking
down SRPK1 expression by using small interfering RNA
(siRNA) results in the up-regulation of pro-apoptotic pro-
teins, which subsequently sensitizes breast, colorectal, and
pancreas tumor cells to apoptosis (Hayes et al. 2006, 2007).
Thus, the expression level of SRPK1may constitute amolecu-
lar switch in manipulating the tumorigenic process.

In this study, the relatively high levels of SRPK1 and RBM4
proteins were widely observed in human breast cancer tissues
and breast cancer cells compared to noncancerous tissues
and cells. The influence of SRPK1 reduction on the subcellu-
lar distribution of endogenous RBM4 was evaluated in MCF-
7 cells. The effect of SRPK1 knockdown and RBM4 overex-
pression on breast cancer-associated splicing events, such as
the insulin receptor (IR) andMCL-1 splice variants, and relat-
ed cellular processes were also examined. Moreover, the
RBM4-mediated mechanism involved in regulating the splic-
ing profile of MCL-1 pre-mRNA was identified by adopting
multiple approaches. The results indicate that the SRPK1-
RBM4 network regulates splicing events that subsequently
manipulate the apoptotic resistance of breast cancer cells to-
ward a cytotoxic agent.

RESULTS

Expression of RBM4 and SRPK1 in human breast cancer
tissues and cell lines

The up-regulation of SRPK1 has been widely reported in co-
lorectal, pancreatic, and breast cancer (Hayes et al. 2007). In
addition to SRPK1, the immunoblotting analysis also re-
vealed relatively high levels of RBM4 expression in various
types of breast cancer cells, compared with that in the non-
cancerous breast epithelial cells, HBL100 (Fig. 1A). The use
of the anti-phospho Ser309 antibody indicated the elevated
phosphorylation of RBM4 in breast cancer cell lines (Fig.
1A, p-RBM4). Higher levels of the SRPK1, total RBM4, and
phosphorylated RBM4 proteins were also observed in the to-
tal extract prepared from the arbitrary breast cancer tissues,

compared with those in the adjacent noncancerous tissues
(n = 6) (Fig. 1B). The clinical characteristics of the breast
cancer patients from whom the tissue samples were collected
are listed in Table 1. Although the nuclear translocation of
SRPK1 can be triggered by osmotic stress and EGF treatment
(Zhong et al. 2009; Zhou et al. 2012), the majority of SRPK1
protein was enriched in the cytoplasm of MCF-7 cells, and
similar results were observed in HBL100 cells (Fig. 1C).
The subcellular fractionation analysis consistently showed
the relatively high level of total SRPK1 in the MCF-7 cells
compared to the HBL100 cells.

Elevated SRPK1 induces the cytoplasmic localization
of RBM4 in MCF7 cells

SRPK1 was demonstrated to phosphorylate SRSF1 at the N-
terminal part of the RS domain by binding to its docking
motif,which subsequently induces the cytoplasmic accumula-
tion of SRSF1 (Ngo et al. 2005). SRPK1-mediated phosphor-
ylation and translocation of SRSF1 abolishes its effect on the
selection of the proximal 5′ splice site in the E1A minigene
(Zhou et al. 2012). The SRPK1-mediated phosphorylation
of RBM4 at Ser309 causes the cytoplasmic accumulation of
RBM4 in cells subjected to oxidative stress (Lin et al. 2007).
Therefore, we suspected that the increase in SRPK1 expres-
sion influences the cellular localization of RBM4 in breast
cancer cells. The subcellular fractionation analysis showed
thatmore than half of RBM4was localized in the nuclear frac-
tion of HBL100 cells (Fig. 2A, lane 1), whereas most RBM4
proteins were present in the cytoplasmic fraction from the
MCF-7 cells (Fig. 2A, lane 4). Higher levels of phosphorylated
RBM4 were present in the cytoplasmic fraction of the MCF-7
cells, compared to that observed in the HBL100 cells (Fig. 2A,
p-RBM4). The siRNA-interference of SRPK1 expression
substantially reduced the phosphorylation of RBM4 with a
concomitant decline in endogenous SRPK1 (Fig. 2B, left
row). The subcellular fractionation indicated that SRPK1 si-
lencing restored the nuclear distribution of RBM4 (Fig. 2B,
right row, lane 3), whereas the cellular distribution of poly-
pyrimidine tract-binding protein 1 (PTBP1) was not affected
by siRNA-mediated SRPK1 knockdown. Phosphorylated
RBM4 was only detected in the cytoplasm of control cells
transfected with the empty pSilencer1.0 U6 plasmid (Fig.
2B, p-RBM4). Serine-309 of RBM4 has been proven to be
the major site for SRPK1-mediated phosphorylation both
in vivo and in vitro (Lin et al. 2007). The insignificant effect
of SRPK1 overexpression on the subcellular distribution
of FLAG-tagged S309A was consistent with such findings
(Supplemental Fig. S1). Treatment with the SRPK1 inhibi-
tor SRPIN340 restored the nuclear localization of RBM4
(Fig. 2C, T-RBM4) and reduced the level of phosphorylated
RBM4 in theMCF-7 cells. The indirect immunostaining assay
consistently indicated the level of RBM4 protein in the
nuclear fraction of the majority of the MCF-7 cells treated
with SRPIN340 or transfected with the sh-SRPK1 expression
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plasmid (Fig. 2D, sh-SRPK1 and SRPIN340), compared to
those transfected with the empty pSilencer1.0 U6 plasmid
and the mock-treated MCF-7 cells. The silencing of SRPK1
expression exerted no substantial effect on the nuclear loca-
lization of endogenous RBM4 in the
HBL100 cells. These results demonstra-
ted the correlation between the elevated
SRPK1 expression and the Ser309-phos-
phorylation-dependent cytoplasmic ac-
cumulation of RBM4 in MCF-7 cells.

Splicing of IR and MCL-1 pre-mRNA
is modulated by the SRPK1-RBM4
network in breast cancer cells

The cytoplasmic accumulation of splicing
factors reduces their relative abundance

in the nucleus, which subsequently in-
terferes with the regulation of alternative
splicing (Licatalosi and Darnell 2010).
We investigated whether the cytoplasmic
accumulation of RBM4 correlated with
the splicing event in breast cancer cells.
Exon 11-excluding IR-A and exon 11-in-
cluding IR-B isoforms originate from the
alternatively spliced transcripts of the IR
gene, which has been characterized as
the candidate target of RBM4 (Lin and
Tarn 2011; Lin et al. 2014). The relatively
high level of the anti-apoptotic IR-A tran-
script was examined in the origins of var-
ious malignancies (Kalli et al. 2002; Kalla
Singh et al. 2011; Chettouh et al. 2013).
The RT-PCR analysis showed that the
predominant expression of the IR-A iso-
form was noted in MCF-7 breast cancer
cells compared to those in HBL100
cells (Fig. 3A, left row). The level of the
MCL-1L transcript was also higher in the
MCF-7 cells (Fig. 3A, left row), which is
consistent with the results reported in
other malignancies (Palve and Teni
2012; Gao et al. 2013). The relatively
high level of IR-A and MCL-1L was also
observed in the breast cancer tissue sam-
ples, butnot in the adjacentnoncancerous
tissues (Fig. 3A, right row). The silencing
of SRPK1 expression led to an increase in
the IR-B andMCL-1S transcript inMCF-7
cells, as was shown in the RBM4-overex-
pressing cells (Fig. 3B, left; Fig. 3C, right).
In contrast, the overexpression of SRPK1
and the knockdown of RBM4 conversely
induced the expression of IR-A and
MCL-1L in MCF-7 cells (Fig. 3B, right;
Fig. 3C, left). Treatment with SRPIN340

substantially increased the production of IR-B and MCL-1S
transcript (Fig. 3D) as observed in the SRPK1-knockdown
MCF-7 cells. To investigate the mechanism involved in regu-
lating the splicing profile of MCL-1 pre-mRNA, an in vivo

FIGURE 1. Relatively high level of SRPK1 and RBM4 proteins in breast cancer tissues and cell
lines. (A) The cell lysates isolated from cultured cells (MCF-7 and HBL100) and commercially
produced cell lysates (MDA-MB-231 and BT-20; Santa Cruz Biotechnology) were analyzed by us-
ing an immunoblotting assay with specific primary antibodies as indicated. The bar graph shows
the relative level of total RBM4 to actin (light gray) and phosphorylated RBM4 to total RBM4
(dark gray) in three independent experiments. (∗) P < 0.05, (∗∗) P < 0.01. (B) The protein extracts
were prepared from human breast cancer tissues (T) and the adjacent noncancerous tissues (NT;
n = 6) and analyzed by using immunoblotting analysis with specific primary antibodies. The bar
graph presents the relative level of SRPK1 and total RBM4 in breast cancer tissues. (∗∗∗) P < 0.005.
(C) The subcellular fractions of HBL100 and MCF-7 cells were extracted and analyzed using an
immunoblotting assay with primary antibodies against the endogenous SRPK1, lamin, and α-tu-
bulin proteins.

TABLE 1. The clinical characteristics of the recruited breast cancer patients

Patient
no. Tissue Histological type

Histological
grade Stage

Tumor
%

1 Breast, right Invasive ductal carcinoma 2 IIIC 95
2 Breast, right Invasive ductal carcinoma 3 IIA 90
3 Breast, right Invasive ductal carcinoma 2 IIA >95
4 Breast, left Invasive ductal carcinoma 3 IIIB 90
5 Breast, left Invasive ductal carcinoma 2 IA 95
6 Breast, left Invasive ductal carcinoma 3 IIB 90

RBM4 sensitizes the MCF-7 cells toward apoptosis
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splicing assay was performed using the
pCH-MCL-1 minigene plasmid (Fig. 3E,
top row). HBL100 and MCF-7 cells were
cotransfected with the pCH-MCL-1min-
igene reporter and the RBM4 expression
plasmid. Using a 5′ primer targeted to
the SV40 promoter, an increase in the ex-
ogenousMCL-1S transcript was observed
in the HBL100 cells and MCF-7 cells
overexpressing RBM4 (Fig. 3E, bottom
panel). These results clearly showed that
an increase in RBM4 enhanced the pro-
duction of the IR-B and MCL-1S tran-
script in various types of cell.

Phosphorylation reduces the effect of
RBM4 on pre-mRNA splicing

We investigated whether the phosphory-
lation of RBM4 also affected the splicing
pattern of IR and MCL-1 transcripts in a
manner similar to that caused by the cy-
toplasmic accumulation of RBM4. To
evaluate this possibility, the impact of
Ser309 phosphorylation on the cellular
localization of RBM4 in MCF-7 cells
was first examined. TheMCF-7 cells were
transfected with plasmids expressing
the nonphosphorylatable S309A or the
phosphomimetic S309D mutant RBM4
proteins. The results of an indirect immu-
nostaining assay showed that the S309A
mutant was less inclined to be distributed
in the cytoplasm, whereas the S309Dmu-
tant had a high tendency for cytoplasmic
localization compared to the wild-type RBM4 (Fig. 4A). The
RT-PCR analysis indicated that the wild-type RBM4 and the
S309A mutant exerted statistically similar effects regarding
the levels of the IR-B and MCL-1S transcripts (Fig. 4B, WT
and SA), whereas the S309D mutant had no substantial effect
on the splicing patterns of the IR and MCL-1 transcripts in
MCF-7 cells (Fig. 4B, SD). The influence of overexpressing
RBM4 proteins on the splicing profile of IR and MCL-1
pre-mRNA was clearly dependent on its phosphorylation
and biological activity since the expression levels were equal
(Fig. 4B, bottom panel). These results indicated that the phos-
phorylation-mediated subcellular localization of RBM4 af-
fected its influence on the splicing patterns of the IR and
MCL-1 transcripts.

Utilization of MCL-1 exon 2 is regulated by RBM4
through binding to CU-rich elements

The overexpression of RBM4 has been demonstrated to en-
hance the inclusion of α-tropomyosin exon 9a by binding to

the intronic CU-rich element markedly downstream from
the regulated exon (Lin and Tarn 2005). However, the simul-
taneous binding of RBM4 to the intronic and exonic CU ele-
ments mediates the skipping of alternatively spliced exons in
other candidate genes (Lin and Tarn 2011). CU-rich elements
are also present inMCL-1 exon 2 of and the downstream in-
tron adjacent to the 5′ splice site (Fig. 5A), and we, therefore,
investigated the interaction between RBM4 and these ele-
ments. The DIG-labeled probes originated from the CU-
rich elements in MCL-1 exon 2 and intron 2 (the latter con-
tains the CU-rich element) (Fig. 5A) were incubated with
the mock eluate or the recombinant His-tagged RBM4 pro-
tein, and the mixtures were analyzed using the RNA electro-
phoretic mobility shift assay (REMSA). The DIG-labeled
probes derived from the exonic and intronic elements formed
ribonucleoprotein (RNP) complexes with the recombinant
RBM4 protein (Fig. 5B, lanes 2 and 6), whereas the cyto-
sine-to-guanine nucleotide substitutions in the CU-rich ele-
ment (Fig. 5A, top panel) substantially reduced RNP
complex formation (Fig. 5B, CU1gg and CU2gg, lanes 4 and

FIGURE 2. SRPK1 modulates the cellular localization of RBM4 in MCF7 cells. (A) Subcellular
fractions were prepared from HBL100 and MCF-7 cells and analyzed using an immunoblotting
assay with primary antibodies against RBM4, phosphorylated RBM4, lamin, and α-tubulin. (B)
MCF-7 cells were transfected with the shSRPK1 expression plasmid or the empty shRNA expres-
sion vector for 24 h. The whole-cell lysate (left) and subcellular fractions (right) were analyzed
using an immunoblotting assay with the indicated primary antibodies. (C) Subcellular fractions
prepared frommock- and SRPIN340-treatedMCF7 cells (10 µM, 48 h) were analyzed by using an
immunoblotting assay with the primary antibodies as described for the previous panels. (D)
MCF-7 and HBL100 cells were transiently transfected with the shSRPK1 expression plasmid or
the empty shRNA vector or treated with SRPIN340 and analyzed by using indirect immunoflu-
orescence with an anti-RBM4 antibody.
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8). The REMSA assay indicated that the interactions between
RBM4 and the CU1 and 2 elements were sequence-specific.
To investigate the impact of phosphorylation status on the

binding of RBM4 to the CU-rich ele-
ments, theDIG-labeled probeswere incu-
bated with the nuclear extract of the
mock-transfected MCF-7 cells or that of
cells expressing FLAG-tagged RBM4 that
were treated with SRPIN340 or vehicle
control. Treatment of SRPIN340 in-
creased the level of RBM4 in the nuclear
extract, which subsequently enhanced
RNP complex formation (Fig. 5C, top
panel, lanes 3 and 6).Nevertheless, no ob-
vious difference was noted in the associa-
tion of RNP complexes when the DIG-
labeled probes were incubated with the
nuclear extract of cells expressing the
wild-type RBM4 protein, the S309A
RBM4 mutant, or the S309D RBM4 mu-
tant (Fig. 5C, bottom panel). These re-
sults suggested that the phosphorylation
status ofRBM4hadno impact on its bind-
ing to the CU-rich elements. The in vivo
splicing assay indicated that the cyto-
sine-to-guanine nucleotide substitutions
in the CU1 and 2 elements abolished the
repressive effect of RBM4 on Mcl-1 exon
2 inclusion, resulting in a relatively high
level of the MCL-1L mRNA originated
from themutantminigene (Fig. 5D, lanes
4 and 6). These results indicated that the
direct binding of RBM4 to the exonic
and intronic CU-rich elements subse-
quently enhanced the production of
MCL-1S transcript.

The SRPK1-RBM4 network modulates
the apoptotic resistance of breast
cancer cells

Relatively high levels of the IR-A and
MCL-1L isoforms have been proven to
exert anti-apoptotic effects in various
cancer cells (Kalli et al. 2002; Gautrey
and Tyson-Capper 2012; Palve and Teni
2012; Chettouh et al. 2013).We evaluated
whether RBM4 affected the apoptotic
sensitivity of breast cancer cells to cyto-
toxic agent through the modulation of
IR and MCL-1 alternative splicing. The
fragmented DNA is a well-characterized
marker for apoptotic cells. TheDNA frag-
mentation analysis indicated that MCF-7
cells exhibited cytotoxic resistance to 25

μM sodium arsenite for up to 8 h (Fig. 6A, lane 2), whereas
HBL100 cells underwent apoptosis under the same condition
(Fig. 6A, lane 4). The caspase 3 activity assay was performed

FIGURE 3. The SRPK1-RBM4 network modulates the splicing pattern of the IR andMCL-1 pre-
mRNAs. (A) Total RNA was extracted from HBL100 and MCF-7 cells (left panel) and from hu-
man breast cancer tissues (T) and the adjacent noncancerous tissues (NT; right panel). The RT-
PCR analysis was conducted with sequence-specific primers designed to demonstrate the splicing
pattern of the IR andMCL-1 genes. The PCR products were analyzed using electrophoresis on a
2% agarose gel. (B) MCF-7 cells were transfected with the empty expression vector, the shSRPK1
expression plasmid (left), or the SRPK1 expression plasmid (right) for 24 h. An RT-PCR was used
to examine the splicing patterns of the IR and MCL-1 genes as described for the previous panel.
The cell lysates were analyzed using an immunoblotting assay with anti-SRPK1, anti-FLAG, and
anti-GAPDH antibodies. (C) Total RNA and whole-cell lysates were prepared from MCF-7 cells
transfected with the empty expression plasmid, the shRBM4 expression plasmid (left), or the
RBM4 expression plasmid (right). The splicing profile of IR and MCL-1 was examined using
an RT-PCR as described for panel A. (D) The total RNA was isolated from mock-, vehicle-, or
SRPIN340-treated MCF7 cells, and the splicing profile of IR and MCL-1 was examined by using
an RT-PCR analysis as described for panel A. The PCR products were analyzed using electropho-
resis on a 2% agarose gel. (E) The diagram presents theMCL-1minigene (top panel) in the plas-
mid that was cotransfected with the empty plasmid or the RBM4 expression plasmid into HBL100
andMCF-7 cells. An RT-PCR was conducted using a primer set complementary to the SV40 pro-
moter andMCL-1 exon 3. The PCR products were analyzed using electrophoresis on a 2% agarose
gel. The cell lysates were subjected to an immunoblotting assay by using the anti-FLAG and anti-
GAPDH antibodies.

RBM4 sensitizes the MCF-7 cells toward apoptosis
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to evaluate whether the apoptotic feature of MCF-7 cells
was affected by SRPK1 knockdown and RBM4 overexpres-
sion. A relatively small increase in caspase 3 activity was ob-
served in the SRPK1-silencing, RBM4-overexpressing, and
SRPIN340-treated MCF-7 cells (Fig. 6B, light gray). In con-
trast, in the cells treated with SRPIN340, the knockdown of
SRPK1 expression and the simultaneous overexpression
of RBM4 caused a synergistic increase in the arsenite-induced
apoptosis of MCF-7 cells, compared with that observed using
sodium arsenite treatment alone (Fig. 6B, dark gray). The
presence of the nonphosphorylatable S309A mutant, but
not the phosphomimetic S309D mutant, exerted a similar ef-
fect as wild-type RBM4 on sensitizing the MCF-7 to the cyto-
toxic agent (Fig. 6C). It is well known that the active caspase
cascade cleaves the DNA repair enzyme poly-ADP-ribose po-
lymerase (PARP), resulting in its inactivation in apoptotic
cells (Laha et al. 2014). The shRNA-mediated knockdown
of SRPK1 expression increased the cleavage of PARP in the
MCF-7 cells treated with sodium arsenite, relative to that
observed in the cells transfected with the control plasmid
(Fig. 6D, top panel). A substantial increase in the level of
cleaved PARP was also observed in the MCF-7 cells overex-
pressing RBM4 following sodium arsenite treatment, whereas
such an increase was not observed in the MCF-7 cells overex-
pressing the S309D RBM4 mutant (Fig. 6C, bottom panel,
WT and SD). The overexpression of the S309A RBM4mutant
induced a relatively high level of PARP cleavage following
sodium arsenite treatment (Fig. 6C, bottom panel, SA).
Nevertheless, these results suggested that the SRPK1-RBM4

network modulated the sensitivity of
breast cancer cells toward pro-apoptotic
agents.

DISCUSSION

Alternative splicing events have been re-
ported in diverse malignancies (Chen
and Weiss 2014), and numerous splicing
events have been proven to be critically
regulated in tumorigenic cells. An in-
crease in the intracellular level of SRPK1,
a major kinase of SR proteins, has been
demonstrated to be critical in the reg-
ulation of the alternative splicing pro-
file of malignant cells (Gout et al. 2012;
Odunsi et al. 2012; Zhou et al. 2013).
Mutations of Wilms’ tumor suppressor
gene (WT1) lead to the up-regulation of
SRPK1, which diminishes the SRSF1-
mediated up-regulation of VEGF165b
(Amin et al. 2011). The elevated ratio
of VEGF165 to VEGF165b correlates
closely with the angiogenesis which facil-
itates the tumor growth (Merdzhanova
et al. 2010). Elevated SRPK1 modulates

the influence of SRSF2 on caspase-8 mRNA splicing and sub-
sequently strengthens the therapeutic resistance of cancer cells
to cisplatin treatment (Edmond et al. 2011). In vitro studies
have shown that siRNA-mediated knockdown of SRPK1 ex-
pression sensitizes the malignant cells to chemotherapeutic
treatment (Hayes et al. 2007). However, the reduced level of
SRPK1 also contributes to retinoblastoma and tumorigenesis
of male germ cells (Krishnakumar et al. 2008). Nevertheless,
these results indicate that altered SRPK1 levels in either course
are closely correlated with the progression and immortality of
cancer cells.
The isoform shift of the IR gene is considered a tumori-

genic event in various malignancies, including breast cancer
(Kalli et al. 2002; Kalla Singh et al. 2011; Chettouh et al.
2013). Conventional approaches have revealed a close corre-
lation between a high IR-A:IR-B ratio and malignant features
of breast cancer, such as high proliferation and poor progno-
sis (Costa et al. 2008; Mester and Redeuilh 2008; Brierley et
al. 2010). However, the comprehensive molecular mecha-
nism involved in the isoform shift of IR transcript remains
unclear. The overexpression of SRSF3 has been proven to an-
tagonize the effect of CUGBP1-mediated exclusion of IR
exon 11 in hepatic cancer cells (Sen et al. 2009). The aberrant
expression of hnRNPA1 and SRSF1 also affects the utiliza-
tion of IR exon 11 in myotonic dystrophy (Talukdar et al.
2011). The results of our previous study showed that ele-
vated intracellular levels of RBM4 antagonize the repressive
effect of PTBP1 on the inclusion of IR exon 11 during
myogenesis (Lin and Tarn 2011). In this study, the relatively

FIGURE 4. The phosphorylation status of RBM4modulates its cellular localization and effect on
alternative splicing events. MCF-7 cells were transiently transfected with an expression vector en-
coding wild-type RBM4, the S309A mutant (nonphosphorylatable; SA), or the S309D mutant
(phosphomimetic; SD) for 24 h. (A) Localization of overexpressing RBM4 proteins was examined
using indirect immunostaining with an anti-FLAG antibody. (B) Total RNAwas isolated from the
transfected MCF-7 cells and analyzed using RT-PCR, as described in Figure 3A. The cell lysates
were subjected to an immunoblotting assay by using anti-FLAG and anti-GAPDH antibodies. The
bar graph presents the relative ratio of IR-B and MCL-1S in the transfected cells in three indepen-
dent experiments. (∗∗∗) P < 0.005.
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high expression of SRPK1 mediated the cytoplasmic ac-
cumulation of RBM4 but not that of PTBP1 (Fig. 2B, right
panel). The reduced ratio of RBM4:PTBP1 in the nuclei
of MCF-7 cells subsequently diminished the influence of
RBM4 on the inclusion of IR exon 11 in alternatively spliced
IR variants.
The splicing pattern of theMCL-1 gene has been reported

to correlate with the sensitivity of a wide variety of tumor cells
to cytotoxic agents (Palve and Teni 2012; Gao et al. 2013;
Pennarun et al. 2013). Recent studies have demonstrated a
link between the up-regulation of theMCL-1L transcript and
SR proteins, such as SRSF1 and SRSF5 (Gautrey and Tyson-
Capper 2012), which act as proto-oncogenes in various types
of cancer (Das et al. 2012; Breig and Baklouti 2013; Fregoso
et al. 2013). An increase in SRSF1 has been demonstrated
to facilitate the translational efficiency and stability of the
MCL-1L isoform in breast cells (Gautrey and Tyson-Capper
2012). However, a modest impact of SRSF1 silencing was
noted on the apoptotic sensitivity of breast cancer cells toward
cytotoxic agents (Gautrey and Tyson-Capper 2012). These re-

sults imply that anuncharacterizedmech-
anism might also modulate the action of
MCL-1 on apoptosis in malignant cells.
In this study, the results of an in vivo splic-
ing assay showed that the overexpression
of RBM4 markedly increased the level
of the MCL-1S transcript originating
from the endogenous MCL-1 gene and
exogenous MCL-1 minigene reporter in
both mammary epithelium cells and
breast cancer cells (Fig. 3C,E). The elevat-
ed caspase 3 activity and an increase in the
cleaved PARP product indicated that
the elevation of RBM4-favored MCL-1S
modulated the apoptotic resistance of
breast cancer cells toward cytotoxic agents
(Fig. 6B–D).The depletion and inhibition
of SRPK1 exerted a substantial effect on
the induction of apoptosis in sodium ar-
senite-treatedMCF-7 cells, which implies
that another SRPK1-modulated mecha-
nism might also modulate the apoptotic
resistance of breast cancer cells.

Previous studies have investigated the
interaction between RBM4 and the CU-
rich elements within its candidate genes
(Lin andTarn 2005, 2011). RBM4protein
was first observed to enhance the inclu-
sion of exon 9a in an α-TM splicing vari-
ant by binding to the CU-rich element
within the downstream intron (Lin and
Tarn 2005). RBM4 has also been proven
to mediate the exclusion of exon 11 in a
PTBP1 splicing variant by binding to
CU-rich elements located within and

adjacent to exon 11(Lin and Tarn 2011), which might inter-
fere with the association between the spliceosome and the 5′

splice site. In this study, the binding of RBM4 to CU-rich el-
ements within and downstream fromMCL-1 exon 2 correlat-
ed with the exclusion of MCL-1 exon 2 (Fig. 5B,D), which is
similar to the exclusion of PTBP1 exon 11. Our results and
those of previous studies collectively indicate that the binding
of RBM4 to CU-rich sequences in exons and adjacent introns
might activate the exclusion of alternatively spliced exons
in other RBM4-specific target genes. However, the association
of RBM4 protein and other cis-elements was observed by
using CLIP analysis (Uniacke et al. 2012; Wang et al. 2012).
Future investigations are warranted to determine whether
RBM4 modulates alternative splicing events through these
molecular mechanisms.
In conclusion, our results indicated that the elevation in

SRPK1 protein induced the cytoplasmic accumulation of
RBM4, which abolished the effect of RBM4 on the expression
of pro-apoptotic IR-B and MCL-1S transcripts (Fig. 7). Our
results constituted a molecular mechanism that the

FIGURE 5. RBM4mediates the exclusion ofMCL-1 exon 2 by binding directly to the exonic and
intronic CU-rich elements. (A) The diagram presents the sequence of the exonic and downstream
intronic CU-rich elements of MCL-1 exon 2. The mutant reporters contained cytosine-to-gua-
nine nucleotide substitutions in the CU1 and CU2 elements. (B) The mock eluate from Ni2+-
nitrilotriacetic acid-agarose resin or 1 µg of recombinant His-tagged RBM4 protein was incubated
with 10 nM DIG-labeled probes. The mixtures were fractionated in 8% native acrylamide gel and
transferred to the nylon membrane. The membrane was probed using an HRP-conjugated anti-
DIG Fab fragment. (C) MCF-7 cells were mock-transfected or transfected with the FLAG-RBM4
expression plasmid, followed by vehicle or SRPIN340 treatment. The nuclear extracts prepared
from the various transfected cells were incubated with the DIG-labeled CU1 and CU2 probes, fol-
lowed by UV crosslinking. The reactions were analyzed using an immunoblotting assay with the
anti-FLAG M2 antibody. (D) The wild-type MCL-1 minigene and the derived mutants (CU1gg
and CU2gg) were cotransfected with the empty vector or FLAG-RBM4 expression vector into
MCF-7 cells. The PCR product of spliced transcript of each minigene was analyzed using electro-
phoresis on a 2% agarose gel.
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simultaneous binding of RBM4 to the CU-rich elements
within and adjacent toMCL-1 exon 2modulated its selection.
We propose that the action of the SRPK-RBM4 network on
the modulation of apoptotic sensitivity may support the ther-
apeutic potential of SRPK1 and the associated splicing factor in
breast cancer.

MATERIALS AND METHODS

Cell culture and patient samples

Humanbreast tumor samples (n = 10)were requested as anonymous
specimens from the TMU Joint Biobank. The application was re-
viewed and approved by the Institutional Review Board of the
Taipei Medical University (approval number: 201308023). All of
the recommendations of the Declaration of Helsinki for biomedical
research involving human subjects were followed. The HBL100 cells
and MCF-7 human breast carcinoma cell line were kind gifts from
Dr. C. H. Lee (Taipei Medical University, Taipei, Taiwan). The
MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), and the HBL100 cells were maintained in DMEM/
Ham’s F12 nutrient mixture supplemented with 10% fetal bovine

serum, 600 mg/mL glutamine, 100 units/mL
penicillin, and 100 mg/mL streptomycin
(Invitrogen).

Plasmid construction and
transfection

Complementary DNAs encoding human
SRPK1 were amplified by polymerase chain
reaction using a cDNA library prepared
from the human fetal brain as the template
and then inserted into the pcDNA3.1 FLAG
vector (Invitrogen). The vector expressing a
SRPK1-targeting small hairpin RNA was con-
structed as follows. The short hairpin primers
were designed around the potential sequence,
namely sh1-SRPK1 (5′-GTGCAGCAGAAA
TTAATT-3′), which corresponds to nucleo-
tides 1171–1189 of the SRPK1 transcript
(GI: 47419935), and the sequence was an-
nealed and then ligated into the PstI site of
the pSilencer1.0 U6 vector (Ambion). The
MCL-1 minigene reporter was constructed
by inserting a complete human MCL-1 geno-
mic fragment containing exons 1, 2, and 3 and
intra-exon introns. The genomic fragments
were amplified by PCR using the genomic
DNA prepared from MRC5 fibroblasts as
the template and then inserted into the Hin-
dIII/SacI sites to replace the β-galactosidase
gene of pCH110 (Amersham Pharmacia).
Mutant pCH-MCL-1 vectors containing
changed nucleotides were constructed using
the QuikChange site-directed mutagenesis
system (Stratagene).

Subcellular fractionation

MCF-7 and HBL100 cells were collected and resuspended in 500 μL
of RSB-100 buffer containing 40 mg/mL digitonin (Calbiochem).
After incubation on ice for 5 min, the cells were centrifuged at
2000g for 8 min. The supernatant was collected as the cytosolic frac-
tion, and the pellet was resuspended in 500 μL of RSB-100 contain-
ing 0.5% Triton X-100 and incubated on ice. After centrifugation,
the supernatant was collected as the nuclear fraction.

Immunoblotting assay

The immunoblot analysis was conducted using an enhanced chemi-
luminescence (ECL) system (Millipore), and the images were ana-
lyzed with the LAS-4000 imaging system (Fujifilm). The primary
antibodies used in this study included polyclonal anti-RBM4 and
anti-pS309, which probed the total and phosphorylated RBM4,
monoclonal anti-PTB (EMD Millipore), monoclonal anti-SRPK1
(BD Transduction Laboratories), monoclonal anti-FLAG M2 (Sig-
ma-Aldrich), polyclonal anti-GAPDH (MDBio), polyclonal anti-
lamin A/C (Santa Cruz Biotechnology), monoclonal anti-actin
(Chemicon Millipore), and monoclonal anti-α Tubulin (EMD
Millipore).

FIGURE 6. The SRPK1-RBM4 network sensitizes MCF-7 cells to sodium arsenite-induced ap-
optosis. (A) HBL100 andMCF-7 cells were treated with 25 µM sodium arsenite or vehicle control
for 8 h. The chromosomal DNAwas extracted and subjected to electrophoresis on a 1.5% agarose
gel, followed by ethidium bromide staining. (B) MCF-7 cells were transfected with the empty ex-
pression vector, the shSRPK1 expression plasmid, the FLAG-RBM4 expression plasmid, or pre-
treated with SRPIN340 before exposure to DMSO or 25 µM sodium arsenite for 8 h. The caspase 3
activity was quantified by adding a caspase 3-specific substrate in three independent experiments.
(∗∗) P < 0.01. (C) MCF7 cells were transfected with the expression vectors encoding FLAG-
RBM4s and then exposed to DMSO or 25 µM sodium arsenite for 8 h. The caspase 3 activity
in three independent experiments was quantified as in B. (∗∗) P < 0.01. (D) MCF7 cells were
transfected with the shSRPK1 expression plasmid (top) or the FLAG-RBM4 expression plasmid
(bottom), followed by exposure to 25 µM sodium arsenite for 8 h. Whole-cell lysates were subject-
ed to SDS-PAGE and analyzed using immunoblotting with anti-PARP antibody.
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In vivo splicing assay

MCF-7 and HBL100 cells were grown to 50%–60% confluency in
six-well plates and transfected with 2 μg of the effector expression
vector alone or cotransfected with 1 μg of the minigene using
PolyJet according to the manufacturer’s instructions (SignaGen
Laboratories). Total RNA from the cultured cells was collected
using Trizol (Invitrogen). For the reverse-transcription PCR analy-
sis, 5 μg of RNA were reverse-transcribed with SuperScriptase III
(Invitrogen) in a 10-μL reaction. The PCR analysis was performed
using specific sets of primers (see Table 2), and the products were
resolved using agarose gel electrophoresis.

Indirect immunostaining

The indirect immunofluorescence was measured using a previously
described procedure (Lin et al. 2007). A polyclonal anti-RBM4 an-
tibody or monoclonal anti-FLAG M1 antibody (10 ng/mL; Sigma)
was used as the primary antibody.

DNA fragmentation assay

The transfected cells were grown in the pres-
ence of sodium arsenite in 6-cm dishes for 8
h. The cells were washed twice with phos-
phate-buffered saline (PBS) and lysed in 300
μL of lysis buffer (20 mM Tris-HCl, pH 7.4,
5 mM EDTA, 150 mM NaCl, and 0.5%
Triton X-100). After incubation on ice for
30 min, the cells were centrifuged at 12,000
rpm for 15 min. RNase A (200 μg/mL) was
poured into the supernatant, and the mixture
was incubated at 37°C for 1 h. After the addi-
tion of proteinase K (200 μg/mL), the mixture
was incubated at 37°C for 1 h. The fragmented

DNA was extracted with phenol/chloroform/
isoamyl alcohol (25:24:1 v/v/v) and precipi-
tated with 95% ethanol. An equal amount of
DNA was resolved in a 2% agarose gel and
then stained with EtBr.

Apoptosis assay

Caspase 3 activity was measured using the
Caspase-Glo 3/7Assay kit (Promega). Ten
thousand cells were seeded in each well of
96-well plates 24 h prior to the assay. One
hundred microliters of reaction reagent were
added to each well followed by gentle shaking.
The luminescence intensity relative to the cas-
pase activity was measured at excitation/emis-
sion wavelengths of 485/535 nm using a
Synergy HT multi-mode microplate reader
(BioTek).

RNA-protein interaction

The DNA oligonucleotide containing the
SP6 RNA promoter was synthesized in vitro.
The sequence of the CU1 probe was 5′-ttt

cttttggtgcctttgtggctaaacacttgaagacca, and the sequence of the CU2
probe was 5′-gtaagtttgccttaaggatgaaaggggccttggagtg. The RNA probe
was transcribed in vitro using SP6 RNA polymerase and then sub-
jected to 5′-end DIG-labeling (Roche) according to the manufactur-
er’s protocol. The DNA template was removed by treatment with
DNase I (Promega) at 37°C for 15 min. The RNA probe was purified
through a Sephadex G-25 column (Pharmacia Biotech) and quanti-
fied by using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Tech). The 10-μL nuclear extract prepared from the empty-vector
and FLAG-RBM4-overexpressing cells was incubated with the
DIG-labeled probe (5 ng) in a 20-μL mixture at 30°C for 30 min.
The reaction mixtures were irradiated on ice under 254-nm light
for 10 min, and the unbound probes were digested with 1 μg of
RNase A (Sigma) at 30°C for 20 min. The samples were subjected
to 12% SDS-PAGE and then electron-transferred to a nitrocellulose
membrane. The membranes were probed with anti-FLAG M2
antibody. An immunoblot analysis was conducted as previously
described.

RNA electrophoretic mobility shift assay

Recombinant His-tagged proteins were prepared as described previ-
ously (Lin and Tarn 2011). RNA probes used were MCL-1 exon 2

TABLE 2. List of PCR primer sets

Gene Forward Reverse

IR gaggattacctgcacaacg ttcctttggctcttgccac
Mcl-1 atctctcggtaccttcgggagc cctgatgccaccttctaggtcc
Isl1 cggactgtgctcaacgagaa ggactggctaccatgctgtt
Mcl-1 minigene atcaagcttatgtttggcctcaaaagaaac atcgagctcctatcttattagatatgcca
RBM4 promoter atcggtacccctctaaagtcggttctag atcctcgagcccaagggagtgagagaag
Firefly luciferase ctgatcatgaactcctctgg taagacgactcgaaatccac
SV40 tatttatgcagaggccgagg

FIGURE 7. SRPK1-RBM4 network constitutes an apoptotic circuit by regulating alternative
splicing events in breast cancer cells. Elevated SRPK1 induces the cytoplasmic accumulation of
phosphorylated RBM4, which abolishes its pro-apoptotic effect by inducing the IR-B and
MCL-1S transcripts. The depletion of endogenous SRPK1 restores the pro-apoptotic influence
of RBM4 by enhancing the expression of IR-B and MCL-1S isoforms in MCF-7 cells.
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(CU1, 39 nt) and the downstream intron (CU2, 39 nt). Exonic and
intronic elements were in vitro-transcribed and used as probes. For
RNA-protein interaction, 1 μg of recombinant proteinwas incubated
with 10 nM of DIG-labeled probe in a 20-μL reaction containing 10
mMHEPES, pH 7.9, 50 μMEDTA, 10% glycerol, 1 mM dithiothrei-
tol, 5 mMMgCl2, 0.5 μg/mL bovine serum albumin, and 12.5 ng/mL
tRNA for 15 min at room temperature. The reactions were analyzed
by electrophoresis on an 8% nondenaturing polyacrylamide gel in
TBE buffer (45 mM Tris-HCl, 45 mM boric acid, and 1 mM
EDTA, pH 8.0). The binding complexes were transferred to a nylon
membrane (Hybond N, Amersham Bioscience) that was irradiated
under 254-nm light for 60 sec. The immunoblotting was conducted
by incubating the membranes with HRP-conjugated anti-DIG Fab
fragments (Roche).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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