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ABSTRACT

The premessenger RNA of the majority of human genes can generate various transcripts through alternative splicing, and differ-
ent tissues or disease states show specific patterns of splicing variants. These patterns depend on the relative concentrations of
the splicing factors present in the cell nucleus, either as a consequence of their expression levels or of post-translational
modifications, such as protein phosphorylation, which are determined by signal transduction pathways. Here, we analyzed the
contribution of protein kinases to the regulation of alternative splicing variant Rac1b that is overexpressed in certain tumor
types. In colorectal cells, we found that depletion of AKT2, AKT3, GSK3β, and SRPK1 significantly decreased endogenous
Rac1b levels. Although knockdown of AKT2 and AKT3 affected only Rac1b protein levels suggesting a post-splicing effect, the
depletion of GSK3β or SRPK1 decreased Rac1b alternative splicing, an effect mediated through changes in splicing factor
SRSF1. In particular, the knockdown of SRPK1 or inhibition of its catalytic activity reduced phosphorylation and subsequent
translocation of SRSF1 to the nucleus, limiting its availability to promote the inclusion of alternative exon 3b into the Rac1
pre-mRNA. Altogether, the data identify SRSF1 as a prime regulator of Rac1b expression in colorectal cells and provide further
mechanistic insight into how the regulation of alternative splicing events by protein kinases can contribute to sustain tumor
cell survival.
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INTRODUCTION

Gene expression is initiated by transcription into a premes-
senger RNA, which undergoes a series of processing steps
including pre-mRNA splicing. Through alternative splicing,
more than one mRNA can be produced from the same
gene and generate transcript isoforms that differ in stability
or translation efficiency or that encode functional protein
variants, thus increasing the diversity of products expressed
by the genome. Current estimates based on high-throughput
sequencing approaches identified alternative splicing events
in >90% of human protein-coding genes (Pan et al. 2008;
Wang et al. 2008; Blencowe 2012).

The regulation of such alternative splice-site choices is me-
diated by the binding of splicing factors (SFs) to gene-specific
cis-acting sequence elements so that protein–protein inter-
actions required for productive spliceosome assembly are ei-

ther promoted or disrupted. These gene-specific elements
can either enhance (splice enhancer [SE]) or suppress (splice
silencer [SS]) inclusion of a given exon and be located in the
exon itself (ESE, ESS) or in the surrounding introns (ISE, ISS)
(Pagani and Baralle 2004; Wang and Burge 2008).
Individual tissues differ in their alternative splicing pat-

terns due to different expression levels of key SFs, which deter-
mine such patterns through a combinatorial mode of action
(Singh and Valcárcel 2005; Wang and Burge 2008; Calarco
et al. 2011). For example, members of the arginine-serine
rich (SR) proteins and heterogenous nuclear ribonucleopro-
teins (hnRNPs) compete for splice-site regulatory elements
(Eperon et al. 2000; Smith and Valcárcel 2000).
Changes in SF expression were also reported in a variety

of tumor types (Ghigna et al. 1998; Stickeler et al. 1999;
Venables 2006), and overexpression of SRSF1 (previously
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called ASF or SF2) has been shown to exert oncogenic effects
in cells (Karni et al. 2007). Recent data support a view that the
alternative spliced exons in a given tissue form functional
networks, which rewire protein–protein interactions and
establish tissue-specific proteome signatures (Buljan et al.
2012; Ellis et al. 2012). This is an important notion because
changes in genome-wide splicing patterns can also be in-
duced following either physiological or pathological stimuli
(Shin and Manley 2004; Blaustein et al. 2007; Stamm 2008;
Heyd and Lynch 2010) with concomitant remodeling of
protein interaction networks or signaling pathways. In tu-
mors, SF expression levels or activity were found to be altered
due to SF gene mutations or deregulated signal transduction
pathways that affect, for example, changes in nuclear-cyto-
plasmic SF localization ratios and accordingly lead to changes
in the cell’s splicing pattern (Srebrow and Kornblihtt 2006;
Venables 2006; David and Manley 2010). One particular ex-
ample is the tumor-related splicing variant Rac1b, an isoform
of the signaling GTPase Rac1 (Matos et al. 2003), in which
a usually skipped exon 3b is retained. The resulting protein
isoform Rac1b is overexpressed in a specific subtype of colo-
rectal tumors and required to sustain tumor cell survival
(Jordan et al. 1999; Matos and Jordan 2008; Matos et al.
2008) but was also reported in breast, lung, and thyroid tu-
mors (Schnelzer et al. 2000; Radisky et al. 2005; Liu et al.
2012; Stallings-Mann et al. 2012; Silva et al. 2013; Zhou
et al. 2013). Interestingly, Rac1b was found to be predomi-
nantly in the signaling-competent GTP-bound conformation
(Schnelzer et al. 2000; Matos et al. 2003; Fiegen et al. 2004;
Radisky et al. 2005), so that small changes in its expression
level yield significant cellular responses.
Although much remains to be learned about the mecha-

nisms by which deregulated cancer cell signaling connects
to the splicing machinery, a couple of instructive examples
have been elucidated in recent years. For example, activa-
tion of the p38-MAP kinase pathway led to phosphorylation
of hnRNPA1, resulting in its cytoplasmic sequestration and
altered splicing of an adenovirus reporter gene (Van der
Houven van Oordt et al. 2000). Inclusion of exon v5 into
the cell surface tumor marker CD44 depended on activation
of the Ras-ERK pathway (Weg-Remers et al. 2001; Matter
et al. 2002). Also, phosphorylation of SRp40 by AKT2 has
been shown to regulate alternative splicing of protein kinase
C βII (Patel et al. 2005; Jiang et al. 2009). Nucleo-cytoplasmic
transport of the splicing regulator polypyrimidine tract-bind-
ing protein (PTB) was found to be modulated by the cAMP-
dependent protein kinase PKA (Xie et al. 2003). The phos-
phatidylinositol 3 (PI3)-kinase pathway mediates alternative
splicing of fibronectin in response to growth factor stimula-
tion (Blaustein et al. 2004).
One identified phosphorylation target is the SR protein

SRSF1 (Xiao and Manley 1997), and its nuclear versus cyto-
plasmic localization is modulated by phosphorylation in
HeLa cells (Sanford et al. 2005). Responsible protein kinases
are AKT1, which phosphorylates SRSF1 in vitro (Blaustein

et al. 2005), and SRPK1, which binds SRSF1 with high affinity
and progressively phosphorylates 10–12 serines in the N-ter-
minal region of the RS domain (RS1). This modification is
required for nuclear import of SRSF1 and its typical localiza-
tion in speckles (Ngo et al. 2005; Ghosh and Adams 2011). In
one particular example, the IGF receptor activates SRPK1 to
switch between two VEGF splicing isoforms with opposite
angiogenic properties (Nowak et al. 2010; Amin et al. 2011).
Here, we searched for protein kinases involved in alterna-

tive splicing of Rac1b and identified a crucial role for SRPK1-
mediated nuclear import of SRSF1 in colorectal cells.

RESULTS

Identification of regulatory protein kinases involved
in the skipping of RAC1 exon 3b

Previously, we described that the splicing factors SRSF1 and
SRSF3 (former designated as ASF/SF2 and SRp20, respective-
ly) regulate alternative splicing of Rac1b in colorectal cancer
cells in an antagonistic manner (Gonçalves et al. 2009). In
HT29 cells, for instance, high levels of SRSF1 promoted the
inclusion of alternative exon 3b, whereas in SW480 cells,
high levels of SRSF3 favored exon 3b skipping.
To screen for signaling proteins that influence the levels

and activity of these splicing factors, leading to Rac1b over-
expression, we chose, however, to use the nontransformed
NCM460 colonocytes (Moyer et al. 1996). In contrast to
the cancer cells lines used in our previous studies (Gonçalves
et al. 2009), NCM460 cells do not carry BRAF (HT29) nor
K-Ras (SW480, DLD-1) mutations, thus avoiding potential
confounding effects from these oncogenic mutations on pu-
tative upstream regulators of Rac1b alternative splicing. To
ascertain that NCM460 cells maintained the antagonistic
regulation of Rac1 splicing via SRSF1 and SRSF3, they were
first tested by cotransfection of a splicing-reporter RAC1
minigene and either SRSF1 or SRSF3, as previously described
(Gonçalves et al. 2009). As shown in Figure 1A, expression
of SRSF1 also increased inclusion of alternative exon 3b in
NCM460 cells, whereas that of SRSF3 promoted exon skip-
ping. We then tested regulation of the endogenous Rac1b
levels in NCM460 cells using depletion of either SRSF1 or
SRSF3 by RNA interference and also observed the described
antagonistic regulation (Fig. 1B).
Once validated as a working model, these cells were trans-

fected with a selection of shRNA plasmids from a previously
described library (Moura-Alves et al. 2011; Moita et al. 2012),
directly targeting a set of 20 kinases and phosphatases (see
Table 1) earlier implicated in the regulation of other alterna-
tive splicing events (Blaustein et al. 2005; Ngo et al. 2005;
Heyd and Lynch 2010; Liu et al. 2011; Qian et al. 2011).
As a crude primary screening method, protein extracts

from these cells were analyzed by Western blot for changes
in endogenous Rac1b levels. Results indicated that in the
NCM460 colonocytes, none of the shRNAs produced an
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obvious increase in isoform Rac1b; however, the targeting of
AKT1, AKT2, and AKT3, as well as of GSK3β and SRPK1, led
to a clear decrease in Rac1b protein (Fig. 2).

The role of these five positive kinases in regulating Rac1b
levels was then confirmed and explored in more detail by
using commercially available, validated siRNA oligonucleo-
tides. The successful knockdown of all the targeted kinases
was confirmed by Western blot analysis, which also included
the other candidate protein kinases to exclude possible indi-
rect effects on Rac1b due to cross-talk between the kinases’
expression levels. All siRNAs robustly reproduced the effects
of their respective shRNA on Rac1b protein levels, with the
exception of siAKT1 (Fig. 3A). Although siAKT was isoform
specific, we found that the AKT1 shRNA depleted all AKT
isoforms (data not shown), explaining the observed discrep-

ancy. Remarkably, when Rac1b transcript levels were assessed
following normalization to total Rac1 transcript levels, only
the depletion of GSK3β and SRPK1 decreased endogenous
Rac1b expression (Fig. 3B). This indicated that only these
two kinases were actually regulating the alternative splicing
event that generates the Rac1b mRNA; AKT2 and AKT3 de-
pletion appeared to act post-splicing in these cells, affecting
both Rac1 and Rac1b protein levels.

Inhibition of GSK3β decreases Rac1b alternative
splicing through SRSF1

GSK3β is a component of the APC-axin complex (Ikeda et al.
1998) regulating the phosphorylation and subsequent pro-
teolytic degradation of β-catenin (Aberle et al. 1997). Interest-
ingly, we previously described that in HT29 colorectal cancer
cells, the β-catenin-activated transcription factor TCF4 pro-
moted expression of the SRSF3 gene (Gonçalves et al. 2008)
and reported later that SRSF3 acts as an inhibitor of Rac1b
splicing (Gonçalves et al. 2009). We therefore used HT29 as a
Rac1b overexpressing cell line to further investigate the role
of GSK3β and SRPK1 in sustaining increased Rac1b splicing.
We then determined whether siRNA-mediated GSK3β

knockdown would lead to nuclear accumulation of β-catenin
and a subsequent increase in SRSF3 expression in these
cells. As shown in Figure 4A, a cell fractionation protocol pre-
viously described for the analysis of nuclear factors (Barros
et al. 2009) revealed no considerable increment in nuclear
β-catenin under GSK3β knockdown conditions. Similarly,
siGSK3β-treated cells showed no increase in SRSF3 expres-
sion (Fig. 4B). This indicated that another mechanism was
decreasing Rac1b levels following GSK3β depletion.

FIGURE 1. Effect of SRSF1 and SRSF3 on alternative splicing of Rac1b
in NCM460 cells. (A) The normal colonocyte cell line NCM460 was
cotransfected with a RAC1 minigene and the indicated T7-tagged splic-
ing factors. The Western blot detection of T7-SRSF1 and T7-SRSF3 is
shown 24 h after transfection in NCM460 with endogenous α-tubulin
as loading control. qPCR quantification of the corresponding mini-
gene-derived transcripts is shown in the lower panel. (B) NCM460 cells
were transfected with the indicated siRNAs and analyzed after 48 h. A
Western blot detection of endogenous levels of Rac1b is shown, together
with those of SRSF1 and SRSF3, to document successful knockdown
and of α-tubulin as loading control. The lower panel shows quantifica-
tion of the corresponding splicing changes in endogenous Rac1 and
Rac1b transcript levels by qPCR.

TABLE 1. List of kinases and phosphatases targeted by RNA
interference in this study

Symbol Kinase group

CLK1 CMGC
CLK2 CMGC
CLK3 CMGC
CLK4 CMGC
DYRK1a CMGC
DYRK1b CMGC
DYRK2 CMGC
DYRK3 CMGC
DYRK4 CMGC
SRPK1 CMGC
SRPK2 CMGC
MSSK1 CMGC
GSK3α CMGC
GSK3β CMGC
AKT1 AGC
AKT2 AGC
AKT3 AGC
PP1α Serine/threonine phosphatases
PP1β Serine/threonine phosphatases
PP1γ Serine/threonine phosphatases
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Previous reports have shown that GSK3β can modulate
alternative splicing events by directly interfering with SR
proteins, namely SRSF1 (Hernández et al. 2004; Zhou et al.
2012), which is a positive modulator of Rac1b splicing
(Gonçalves et al. 2009). We therefore analyzed the effects
of GSK3β depletion on endogenous SRSF1 and observed a
clear decrease of the SR protein levels (Fig. 4B). Cotransfec-
tion of ectopic, T7-tagged SRSF1 with siGSK3β clearly coun-
tered the effect of GSK3β knockdown on Rac1b levels,
confirming that GSK3β affects Rac1b splicing via SRSF1
(Fig. 4B). Interestingly, we also observed that GSK3β deple-
tion led to a reduction in SRPK1 protein levels (Fig. 4B),
whereas SRPK1 transcript levels did not suffer a correspond-
ing decrease (data not shown). The effect of GSK3β depletion
was specific as the reciprocal depletion of SRPK1 did not
affect GSK3β or AKT protein levels (data not shown). To-
gether, these data indicate that GSK3β can act upstream of
SRPK1 in the regulation of Rac1b alternative splicing.

Inhibition of SRPK1 decreases SRSF1-dependent
alternative splicing of Rac1b

The N-terminal region of the RS domain in SRSF1 is a sub-
strate of SRPK1, and its phosphorylation was reported to be
involved in the assembly of SRSF1 into nuclear speckles (Ngo
et al. 2005). However, it remained to be determined whether
SRPK1 depletion affected SRSF1 expression levels in colo-
rectal cells. We found that in HT29 cells the knockdown of
SRPK1 or GSK3β by siRNA notably decreased the levels of
SRSF1 protein (Fig. 4B or 5A, respectively) but not of the
SRSF1 transcript (Fig. 5B). This indicated that SRPK1 was
acting post-transcriptionally on the SRSF1, possibly through
phosphorylation of its RS domain. Indeed, the probing of
these lysates with an anti-phospho-SR protein antibody
confirmed a stronger decrease in phopho-SRSF1 levels up-

on SRPK1 knockdown in HT29 colorectal cells (Fig. 5A).
Consistently, when we treated these cells with 25 μM (24 h)
of the SRPK-selective kinase inhibitor SRPIN340 (Fukuhara
et al. 2006), we saw a clear decrease in SRSF1 phosphoryla-
tion and total protein levels with a comparable decrease in
Rac1b expression (Fig. 5C). An identical treatment with the
control compound SRPIN349 (that has no inhibitory effect
on SRPKs) showed no effect in either SRSF1 or Rac1b levels.
Thus, we concluded that interfering with SRPK1, either by

knockdown or by inhibiting its activity, leads to an SRSF1-
dependent decrease in alternative splicing of Rac1b. To inves-
tigate whether this effect would entail changes in SRSF1 sub-
cellular localization, a T7-tagged SRSF1 was transfected into
HT29 cells prior to SRPK1 knockdown and cells analyzed
by confocal fluorescence microscopy. A T7-tagged factor
was used because the SRSF1 antibody employed in Western
blots failed to recognize the protein in its native conforma-
tion. Figure 6A shows that T7-SRSF1 was exclusively detected
in the nucleus of control HT29 cells, whereas depletion of

FIGURE 2. Effect of shRNA-mediated depletion of selected protein ki-
nases on endogenous Rac1b protein levels. NCM460 cells were tran-
siently transfected with shRNAs against the indicated kinases, lysed
after 48 h, and analyzed by Western blot for endogenous Rac1b protein
and α-tubulin as loading control. Band intensities from the primary
screen blot were determined by densitometry and plotted in the graph
below to display fold changes in Rac1b protein expression compared
to control cells and identify candidate kinases for subsequent analysis.

FIGURE 3. siRNA-mediated depletion of selected candidate protein ki-
nases to validate their effect on endogenous Rac1b levels. NCM460 cells
were transfected with the indicated siRNA oligonucleotide and analyzed
48 h after. (A) Western blots showing the degree of depletion of the tar-
geted kinases and the corresponding effect on endogenous Rac1b pro-
tein (α-tubulin as loading control). Also shown are the protein levels
of the remaining identified candidate protein kinases. (B) Quantitative
PCR analysis of endogenous Rac1b transcript levels. The ratio of
Rac1b over total Rac1 transcripts was calculated and fold changes in rel-
ative Rac1b expression were graphically displayed. Note that only deple-
tion of GSK3β and SRPK1 led to decreased Rac1b transcript levels.
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SRPK1 led to a clear shift of the factor’s localization to the
cytoplasm.

We then asked whether this cytosol-localized SRSF1 had
an accelerated rate of turnover, which would explain the ob-
served decrease in SRSF1 steady-state levels following SRPK1
depletion and its inability to re-enter the nucleus. To test this,
we inhibited de novo protein synthesis with cycloheximide
(CHX) for several hours and analyzed endogenous SRSF1
protein decay in the presence of control or SRPK1-specific
siRNAs. Cyclin E was chosen as control because it was found
in pilot experiments to have a decay rate similar to that of
SRSF1. Figure 6B shows that, in contrast to Cyclin E, endog-
enous SRSF1 protein levels decreased faster after SRPK1 de-
pletion, indicating an acceleration of SRSF1 decay rate when
it localizes to the cytosol.

DISCUSSION

The splicing factor SRSF1 has been previously identified to
promote inclusion of exon 3b into the RAC1 pre-mRNA
in colorectal cells, increasing the expression of alternative

spliced Rac1b (Gonçalves et al. 2009). In this paper, we report
that the two protein kinases SRPK1 and GSK3β act upstream
of SRSF1 and are required to sustain Rac1b levels in colorec-
tal cells.
SRPK1 is a known activator of SRSF1. It phosphorylates

a stretch of serine residues in the RS1 domain, which is re-
quired for proper nuclear localization of SRSF1 (Ngo et al.
2005; Ghosh and Adams 2011). We confirmed in colorectal
cells that depletion of SRPK1 by RNAi also led to decreased
nuclear localization of SRSF1 (Fig. 6A), thus explaining the
concomitant reduction in Rac1b levels. A similar role of
SRPK1 has been observed in other alternative splicing events,
for example, in regulating the balance of pro- and anti-angio-
genic VEGF isoforms (Nowak et al. 2010; Amin et al. 2011),
or E1A minigene-derived alternative transcripts (Zhong et al.
2009; Zhou et al. 2012).
Besides validating the role of SRPK1 in colorectal cells, our

data revealed a further interesting regulatory property, name-
ly, that in SRPK1-depleted cells, the expression levels of the
SRSF1 protein but not of the corresponding mRNA de-
creased (Fig. 5A,B). Using cycloheximide to transiently block
de novo protein synthesis, we could indeed demonstrate
that SRSF1 suffered from an increased decay rate, presumably
due to proteolytic degradation when accumulating in the
cytoplasm (Fig. 6B). This effect could also be observed
when the catalytic activity of SRPK1 was repressed by incu-
bating cells with the inhibitor SRPIN340 (Fig. 5C). Indeed,
we observed that SRSF1 protein levels can be regulated by
proteasomal degradation because they remained stable in
SRPK1-depleted or SRPIN340-treated cells when incubated
with proteasome inhibitors MG132 or Lactacystin (data
not shown). Whether these inhibitors reversed the effects
of depletion or inhibition of SRPK1 on Rac1b levels could,
however, not be determined because they also stabilized
β-catenin and this led, as we previously reported (Gonçalves
et al. 2008), to increased transcriptional activation of SRSF3,
a negative regulator of RAC1 exon 3b inclusion and thus of
Rac1b levels (Gonçalves et al. 2009).
Overexpression of SRPK1 has been described in several

types of solid tumors, such as colon and breast carcinomas
(Plasencia et al. 2006; Hayes et al. 2007), and may further
increase nuclear activity of SRSF1 and promote target alter-
native splicing events. It will be interesting to determine
whether the overexpression of Rac1b observed in colon,
breast, thyroid, and lung tumors correlates with increased
SRPK1 expression.
A second kinase identified in our screen and required to

sustain Rac1b levels was GSK3β. Apparently, this kinase did
not act through its well-known role in the Wnt pathway
because in the cell lines used, we did not detect the expected
nuclear accumulation of β-catenin and consequently no
changes in the expression levels of SRSF3, which is a tran-
scriptional target of the β-catenin/TCF4 complex (Gonçalves
et al. 2008). Although previous data have reported that
GSK3β can regulate splicing through direct phosphorylation

FIGURE 4. Analysis of the mechanism mediating the effect of GSK3β
on Rac1b. (A) HT29 colorectal cells were transfected with the indicated
siRNA oligonucleotide and nuclear chromatin-associated β-catenin was
detected 48 h after transfection by Western blot. A detergent-based cell
fractionation methodology separated β-catenin into a soluble (S) and a
nonsoluble, chromatin-bound (NS) pool. Histone2B and α-tubulin
protein levels were probed as controls for NS and S fractions, respective-
ly. (B) Effect of GSK3β depletion on endogenous SRSF3, SRSF1, Rac1b,
and SRPK1 protein levels in HT29 cells. Note that the depletion led to
decreased levels of SRPK1, SRSF1, and Rac1b but had no effect on
SRSF3. The third lane corresponds to cotransfection with a T7-SRSF1
expression vector 24 h after GSK3β depletion. Detection of GSK3β
and α-tubulin served as controls.
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of SR proteins such as SRSF2 (former SC35) (Hernández
et al. 2004), we observed in colorectal cells that its effect on
Rac1b was dependent on SRSF1 (Fig. 4B). Because GSK3β
depletion led to a reduction in both SRSF1 and SRPK1 pro-
tein levels, we suggest an indirect effect of GSK3β on SRSF1
and Rac1b via SRPK1. The mechanism by which depletion
of GSK3β leads to the observed decrease in SRPK1 levels still
remains to be determined, i.e., whether GSK3β acts directly
on SRPK1 through phosphorylation or whether additional
downstream effector proteins or protein complex formation
are involved. For example, a genome-wide kinome screen re-
vealed previously unpredicted networks regulated by GSK3β
(Lu et al. 2011).
Taken together, our data reinforce previous results indi-

cating a crucial role for SRSF1 in the regulation of Rac1b
splicing in colorectal cells. Various other tumor-related splic-
ing events were identified as targets for SRSF1 and its over-
expression has oncogenic effect on cells (Karni et al. 2007).
Interestingly, in mouse mammary epithelial cells, Rac1b ex-
pression was reported to be primarily regulated through
repression by hnRNP A1 (Pelisch et al. 2012), which appar-
ently fails to modulate Rac1b splicing in colorectal cells
(Gonçalves et al. 2009). It remains to be determined whether
these differences reflect tissue-specific regulation patterns or
differences in the nucleotide sequences between both species.
Nonetheless, other SR proteins besides SRSF1 can be expect-
ed to participate in the regulation of Rac1b splicing.
Another protein kinase reported to act as a regulator of

SR proteins in alternative splicing events is AKT. Although
AKT2 was reported to phosphorylate SRSF5 (SRp40) in myo-
blasts (Patel et al. 2005), AKT1 phosphorylated SRSF1 and
SRSF7 (9G8) proteins directly in HeLa cells (Blaustein et al.
2005). A further study in EGF-stimulated HeLa cells identi-
fied that AKT1 promoted SRPK1 and SRPK2 autophosphor-

ylation and translocation to the nucleus,
with corresponding changes in alterna-
tive splicing of an E1A minigene (Zhou
et al. 2012), raising the possibility that
the described abilities of immunopuri-
fied AKT to phosphorylate SR proteins
may be caused by associated SRPKs.

We thus expected to observe a role
for AKT1, AKT2, or AKT3 in SRPK- or
SRSF1-mediated changes in Rac1b alter-
native splicing. Surprisingly, our data in
colorectal cells revealed that AKT2 and
AKT3 did not affect Rac1b at the tran-
script but rather at the protein level
(Fig. 3A,B). It remains to be investigated
whether this effect is due to changes in
translation efficiency or proteolytic deg-
radation of Rac1b, in which case con-
flicting results on Rac1b ubiquitylation
were reported (Esufali et al. 2007;
Visvikis et al. 2008). Although AKT can

phosphorylate and inhibit GSK3β, this mechanism is ap-
parently not used for regulating Rac1b in colorectal cells
because only GSK3β but not AKT depletion affected Rac1b
transcript levels.

FIGURE 6. Effect of SRPK1 depletion on SRSF1 subcellular localiza-
tion and proteolytic degradation. (A) HT29 cells were transfected with
the indicated siRNAs, cotransfected with T7-tagged SRSF1 24 h later,
and analyzed by confocal immunofluorescence microscopy 20 h later.
Shown are overlay images from cell staining for SRSF1 (green), actin
(red), and DAPI (blue). Note the increased cytoplasmic staining of
SRSF1 after depletion of SRPK1. (B) HT29 cells were transfected with
the indicated siRNAs for 48 h and then treated with 500 μg/mL cyclo-
heximide for the indicated periods. A graphical display of endogenous
SRSF1 and CyclinE protein levels obtained by densitometry of
Western blots bands is shown. Note the faster decay in SRSF1 protein
levels in SRPK1-depleted (solid black line) compared to control cells
(solid gray line), whereas Cyclin E levels (dashed lines) did not differ un-
der the same conditions.

FIGURE 5. Effect of SRPK1 depletion or inhibition of its kinase activity on endogenous Rac1b
and SRSF1 levels. (A) Western blot analysis of SRPK1, Rac1b, and SRSF1 protein levels in HT29
cells following transfection with SRPK1-specific siRNAs for 48 h. Levels of phosphorylated SRSF1
were also detected. (B) Quantitative PCR analysis of endogenous Rac1b and SRSF1 transcript lev-
els in HT29 cells following transfection with either SRPK1-specific or, for comparison, GSK3β-
specific siRNAs. (C) Inhibition of SRPK1 activity in HT29 cells by incubation with 25 μM
SRPIN340 or control components during 24 h. Shown is a Western blot analysis of the endoge-
nous levels of Rac1b and SRSF1 protein as well as of SRSF1 phosphorylation.
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Altogether, our data identify regulatory protein kinases
involved in the regulation of alternative splicing of tumor-re-
lated Rac1b in colorectal cells. Although the effect of SRPK1
fits well with published data, the role observed experimental-
ly for GSK3β or AKT in these cells differs in part from results
reported for the same kinases in other cellular systems or
splicing events. This underlines that basic principles can be
learned from the study of individual splicing variants; how-
ever, generally applicable rules to the regulation of alternative
splicing are not easily derived. This is due to tissue-specific
signaling networks that direct protein kinase activity toward
selected target proteins. Nonetheless, if individual cancer-
driving splicing events can be linked to specific signaling
cascades, the growing list of small molecule protein kinase
inhibitors may represent a therapeutic resource to correct ab-
errant splicing events.

MATERIALS AND METHODS

Cell culture and transfection

HT29 cells were maintained in RPMI, whereas NCM460 colon cells
were grown inM3:Base (INCELL), all supplemented with 10% (v/v)
fetal bovine serum (FBS) (Invitrogen). Cell lines were regularly
checked for absence of mycoplasm infection. Cells were grown in
24-well plates or 35-mmdishes to 60%–80% confluence, transfected
using LipofectAMINE 2000 (Invitrogen), according to the manufac-
turer’s instructions, and analyzed 20–24 h later (48 h for the shRNAs
and siRNAs). Total amounts of transfected DNA were 0.75 μg per
well of 24-well plates, or 4 μg DNA for 35-mm dishes. If required,
the amount of DNAwas adjusted with empty vector. Plasmid trans-
fection efficiencies were judged microscopically by expression of
GFP and reached 40%–60% in NCM460 and HT29 cells. For RNA
interference experiments, NCM460 and HT29 cells at 30%–40%
confluence were transfected in 24-well plates or 35-mm dishes
with 75 pmol or 400 pmol, respectively, of the indicated siRNAs us-
ing LipofectAMINE2000 and analyzed after 48 h. Some siRNAoligos
were ordered fromMWGBiotech with the following sequence: con-
trol siLuc: 5′-CGUACGCGGAAUACUUCGATT; siSRPK1: 5′-
UUAUUCAGCAAGUGUUACATT; siSRp20: 5′-GAGCUAGAU
GGAAGAACAC; siSF2: 5′-AGAAGAUAUGACCUAUGCA. The
other siRNA oligos were ordered from Santa Cruz Biotechnology
with the following catalog numbers: siAKT1: sc-29195; siAKT2: sc-
29197; siAKT3: sc-38912; and siGSK3β: sc-35527. To inhibit de
novo protein synthesis, HT29 cells were treated with 500 μg/mL cy-
cloheximide for the indicated periods 40 h after siRNA transfec-
tion. For SRPK inhibition, HT29 cells at 60%–80% confluence
were treated with 25 μM SRPIN340 during 24 h, using 25 μM
of SRPIN349 (has no inhibitory effect on SRPKs) andDMSO as con-
trols. Both SRPIN340 and 349 were kindly provided by Dr. Masa-
toshi Hagiwara. For proteasomal inhibition, cells were treated for 8
h with either 10 μMMG132 or 20 μMLactacystin (MerckMillipore).

DNA plasmids

The following previously published constructs were used: T7-tagged
constructs of SRSF1 and SRSF3 (Cáceres et al. 1997); splicing re-

porter minigene RAC1 (Gonçalves et al. 2009). Previously validated
shRNA encoding plasmids targeting protein kinase transcripts were
part of the LKO.1 shRNA constructs obtained from the RNAi
Consortium (TRC). All constructs were confirmed by automated
DNA sequencing.

Analysis of transcript expression

Total RNA was extracted from cell lysates with the RNAeasy kit
(Qiagen) and 1 μg reverse transcribed using random primers
(Invitrogen) and Ready-to-Go You-Prime Beads (GE Healthcare).
Relative changes in Rac1b expression were calculated from quanti-
tative PCR reactions (qPCR) as the ratio between the specific ampli-
cons for Rac1b (78 bp) and for total Rac1 (75 bp) transcripts (i.e.,
Rac1 + Rac1b) as previously described (Gonçalves et al. 2009).
Transcript expression was analyzed with each amplification per-
formed in duplicate reactions and repeated in at least three indepen-
dent experiments. No amplification was obtained when RNA was
mock reverse transcribed without adding reverse transcriptase.

SDS-PAGE and Western blotting

Samples were prepared and detected as described (Matos and Jordan
2006). The antibodies used for Western blots were: mouse anti-
α-tubulin (clone B-5-1-2) from Sigma; T7-Tag Antibody from
Novagen/VWR; rabbit anti-Rac1b from Millipore; mouse anti-SR
proteins (clone 1H4), mouse anti-ASF/SF2 (SRSF1) and mouse
anti-SRp20 (SRSF3) from Invitrogen; mouse anti-SRPK1 and
mouse anti-β-catenin from BD Transduction Laboratories; rabbit
anti-AKT and rabbit anti-GSK3β (27C10) from Cell Signalling;
mouse anti-cyclin E (ab3927) from Abcam; and anti-Histone H2b
(sc-10808) from Santa Cruz Biotechnology. Shown are Western
blot images that are representative of at least three independent
experiments.

Cell fractionation

Nuclear proteins were separated into a soluble pool not retained in
the nucleus and into a chromatin-bound insoluble pool as previous-
ly described (Barros et al. 2009). Briefly, cells were scraped and lysed
on ice for 10 min in 200 μL fractionation buffer [50 mM Tris at pH
7.9, 0.1% (v/v) NP40; 1.5 mM MgCl2, 10 mM KCl and a protease
inhibitor cocktail (Sigma)]. The soluble fraction was collected by
centrifuging the lysate and adding the supernatant to 50 μL 5×
Laemmli SDS sample buffer. The pellet containing the insoluble nu-
clear fraction was washed once in fractionation buffer and then re-
suspended in 250 μL 1× Laemmli sample buffer. Equal volumes of
both fractions were analyzed side by side on Western Blots. Results
were confirmed in at least three independent experiments.

Confocal immunofluorescence microscopy

Cells were grown on 10 × 10-mm glass coverslips, transfected, and
incubated as indicated above, then washed twice in PBS, immediate-
ly fixed with 4% (v/v) formaldehyde in PBS for 60 min at room tem-
perature, and subsequently permeabilized with 0.5% (v/v) Triton
X-100 in PBS for 30 min at room temperature. Cells were then
labeled for 60 min with a 1:200 dilution of T7-Tag antibody
(Novagen), washed 3× in PBS for 5 min with gentle shaking,
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followed by 30 min incubation with a 1:250 dilution of Alexa Fluor
488 (Invitrogen) and phalloidin-TRITC (Sigma). Coverslips were
washed 3× in PBS, briefly stained with 0.5 ng/mL DAPI (Sigma),
washed again, and then mounted in VectaShield (Vector Laborato-
ries) and sealed with nail polish. Images were recorded with the 405
nm, 488 nm, and 532 nm laser lines of a Leica TCS-SPE confocal
microscope and processed with Adobe Photoshop software.
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