
The N-terminal Fragment from Caspase-cleaved
Serine/Arginine Protein-specific Kinase2 (SRPK2)
Translocates into the Nucleus and Promotes Apoptosis*

Received for publication, October 11, 2010, and in revised form, November 3, 2010 Published, JBC Papers in Press, November 5, 2010, DOI 10.1074/jbc.M110.193441

Yi Hong, Sung-Wuk Jang, and Keqiang Ye1

From the Department of Pathology and Laboratory Medicine, Emory University School of Medicine, Atlanta, Georgia 30322

SRPK2 belongs to a family of serine/arginine (SR) protein-
specific kinases (SRPKs), which phosphorylate SR domain-
containing proteins in the nuclear speckles and mediate the
pre-mRNA splicing. Previous studies have shown that SRPK2
plays a pivotal role in cell proliferation and apoptosis. How-
ever, how SRPK2 is regulated during the apoptosis is unclear.
Here, we show that SRPK2 is cleaved by caspases at Asp-139
and -403 residues. Its N terminus cleaved product translocates
into the nucleus and promotes VP16-induced apoptosis. Akt
phosphorylation of SRPK2 prevents its apoptotic cleavage by
caspases. 14-3-3�, the binding partner of Akt-phosphorylated
SRPK2, further protects it from degradation. Hence, our re-
sults suggest that the N-terminal domain of SRPK2 cleaved by
caspases translocates into the nucleus, where it promotes
chromatin condensation and apoptotic cell death.

Serine/arginine (SR)2 proteins are a family of RNA-binding
proteins that contain a marker SR domain enriched with ser-
ine/arginine repeats. Several prototypical SR proteins are es-
sential splicing factors, but the majority of SR domain-con-
taining factors are implicated in altering splice site selection
in vitro or in transfected cells. SR proteins and the related
proteins are generally believed to modulate splice site selec-
tion via RNA recognition motif (RRM)-mediated binding to
exonic splicing enhancers and SR domain-mediated protein-
protein and protein-RNA interactions during spliceosome
assembly (1). RNA-binding SR proteins play critical roles in
multiple steps in gene expression, from transcriptional elon-
gation, mRNA splicing, RNA export to translation. The inte-
gration of these activities by single SR proteins may constitute
the requirement of SR proteins for cell viability and prolifera-
tion. Recent findings also suggest some unexpected roles of
SR proteins in organizing gene networks in the nucleus, main-
taining genome stability, and facilitating cell-cycle progres-
sion (2). Presumably, all SR domain-containing proteins are
post-translationally modified by phosphorylation, and reversi-
ble phosphorylation has been shown to play an important role
in splicing.

Two families of kinases, SR protein-specific kinase (SRPK),
and Clk/Sty, have been identified to phosphorylate SR do-
main-containing splicing factors. SRPKs, a family of cell cycle-
regulated protein kinases, phosphorylate SR domain-contain-
ing proteins in the nuclear speckles and mediate the
pre-mRNA splicing. SRPK1 and SRPK2 are highly specific
kinases for the SR family of splicing factors. SRPK1 is pre-
dominantly expressed in pancreas, whereas SRPK2 is highly
expressed in brain, although both are coexpressed in other
human tissues and in many experimental cell lines (3). The
SRPK family of kinases, containing bipartite kinase domains
separated by a unique spacer, is mainly localized in the cyto-
plasm, which is critical for nuclear import of SR proteins in a
phosphorylation-dependent manner. Removal of the spacer in
SRPK1 has little effect on the kinase activity, but triggers the
nuclear translocation of kinases and consequently induces
aggregation of splicing factors in the nucleus (4). Fu et al. (5)
identify and clone human SRPK1 in the pursuit of an activity
that mediates splicing factor redistribution in the cell cycle.
SRPK2 that is discovered based on its sequence similarity
to SRPK1. A series of biochemical experiments demonstrate
that SRPK1 and -2 are very similar with respect to their enzy-
matic activity and substrate specificity. Both kinases promote
specific protein-protein interactions between SR domain-
containing splicing factors and their overexpression induced
the redistribution of splicing factors from the nuclear speckles
to the nucleoplasm, indicating that both kinases may be in-
volved in the regulation of spliceosome assembly in vivo (6).
In addition to phosphorylating SR proteins and regulating

pre-mRNA splicing, SRPKs also play an important role in cell
proliferation and apoptosis. For instance, SRPK1 overexpres-
sion is associated with tumorigenic imbalance in mitogen-
activated protein kinase pathways in breast, colonic, and pan-
creatic carcinomas (7). Kamachi et al., report that SRPK1 is
associated with the U1-snRNP autoantigen complex in
healthy and apoptotic cells. SRPK1 is activated early during
apoptosis, followed by caspase-mediated proteolytic inactiva-
tion at later time points. SRPKs are cleaved in Jurkat cells af-
ter multiple apoptotic stimuli, and the cleavage can be inhib-
ited by overexpression of bcl-2 and bcl-x(L), and by exposure
to soluble peptide caspase inhibitors. Incubation of recombi-
nant caspases with in vitro-translated SRPKs demonstrates
that they are in vitro substrates for caspases-8 and -9 (8). Re-
cently, we have shown that SRPK2 triggers cell cycle progres-
sion in post-mitotic neurons and induces apoptosis through
up-regulation of nuclear cyclin D1 (9). Ablation of SRPK2
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abrogates cyclin A1 expression in leukemia cells and arrest
cells at G1 phase. Knocking down of SRPK2 induces caspase-3
activation in cortical neurons (9). SRPK2 overexpression in-
creases leukemia cell proliferation and elicits primary cortical
neuronal cell death (9, 10), indicating that SRPK2 is a critical
player in regulating cell survival. Too much or too little may
tilt the balance, leading to programmed cell death.
The 14-3-3 proteins are a family of phosphoserine/phos-

phothreonine-binding molecules that control the functions of
a wide array of cellular proteins and promote cell survival.
14-3-3 binds the client proteins through an amphipathic
binding cleft that preferentially recognizes the phosphory-
lated motifs: RSXpSXP or RXXXpSXP (11), which share a
common region in the consensus Akt phosphorylation ele-
ments preserved in numerous Akt substrates. Our previous
study has shown that Akt phosphorylates SRPK2 on Thr-492
and promotes its nuclear translocation leading to cyclin D1
up-regulation, cell cycle re-entry and neuronal apoptosis.
However, overexpression of 14-3-3� prevents this event and
promotes neuronal survival (9).
Caspases (cysteine proteases with aspartate specificity) are

a family of proteases specifically recognizes an Asp residue at
the substrate P1 site (12). Based on their substrate prefer-
ences, three caspases subgroups were identified. The first sub-
group (caspases-1, -4, and -5) prefers bulky hydrophobic resi-
dues in the P4 site and has the optimal substrate cleavage
sequence WEXD. The second subgroup (caspases-2, -3, -7,
and CED-3) favors an Asp in P4 and preferentially cleaves
targets C-terminal to a DEXDmotif. The third subgroup
(caspases-6, -8, and -9) are less discriminating in their P4
preferences; their optimal substrate cleavage sequence is
(L/V)EXD (12). In this report, we show that SRPK2 is cleaved
in vitro by recombinant caspase-3. Asp-139 and Asp-403 resi-
dues are two major cutting sites. Apoptotically cleaved SRPK2
promotes VP16-induced apoptosis. Caspase cleavage of
SRPK2 releases its N-terminal fragment that translocates to
the nucleus and further promotes apoptotic cell death.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—HEK293 cells were maintained in
DMEM supplemented with 10% fetal bovine serum (FBS), 2
mg/ml glutamine, and 100 units of penicillin-streptomycin at
37 °C in a humidified incubator containing 5% CO2. Anti-
Myc, anti-caspase-3, anti-PARP, and anti-p473AKT antibod-
ies were purchased from Cell Signaling. Anti-tubulin anti-
body, 4,6-diamidino-2-phenylindole (DAPI), and Etoposide
(VP16) were from Sigma. Anti-acinus and anti-SRPK2 anti-
bodies were from BD Bioscience. Glutathione-Sepharose 4B
was supplied by Pharmacia Biotech. The purified active
caspase-3 and Akt proteins were purchased from Strategene.
Plasmids—Full-length, truncated, and site-mutated SRPK2

were inserted into pEGFP-C2 between BglII and SalI cutting
sites, or into pEGX-4T-2 between SalI and NotI cutting sites.
14-3-3�-wt and K50E were inserted into pEGFP-C2 between
BglII and EcoR I cutting sites. The site mutations were con-
structed using overlap elongation PCR.

Preparation of Cytosolic Fraction (S-100) from HEK293
Cells—The procedures were performed as described previ-
ously (13). Briefly, the pellets of 293 cells were washed once
with ice-cold PBS and resuspended in 5 volumes of buffer C
(20 mM HEPES-KOH, pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1
mM sodium EDTA, 1 mM sodium EGTA, 1 mM dithiothreitol
(DTT), and 0.1 mM PMSF, supplemented with protease inhib-
itors mixture). After sitting on ice for 15 min, the cells were
broken by passing 15 times through a G22 needle. After cen-
trifugation 1000 � g for 10 min at 4 °C., the supernatants were
further centrifuged at 105 � g for 30 min in an ultracentrifuge
(Beckman). The resulting supernatants were used for in vitro
apoptotic assay. Cytochrome c and dATP were added into
S-100 extract to initiate caspase cascade.
TNT Quick-coupled Transcription/Translation Reaction

and Cell-free Apoptotic Cleavage Assay of SRPK2—SRPK2 was
subcloned into TNT vector (Promega, Madison, WI), and in
vitro transcripted and translated in rabbit reticulocyte lysate
in the presence of [35S]methionine. The reaction components
T7 Quick Master Mix (16 ml), [35S]methionine (1 �l), PCR
enhancer (1 �l), and plasmid DNA template (1 �g) were as-
sembled in a 1.5-ml microcentrifuge tube with a total volume
of 20 �l. The reaction mixture was incubated at 25 °C for 90
min. To conduct in vitro apoptotic cleavage, 2 �l of transla-
tion product was incubated with 200 �g (60 �l in volume)
inactive or active S-100 at 37 °C for 3 h. The reaction mixture
was then analyzed by SDS-PAGE, and then the gel was dried
and exposed to the film.
In Vitro Kinase Assay—GST- or GFP-tagged SRPK2 and its

mutants were immunoprecipitated with glutathione beads or
anti-GFP antibody. After extensive washing, the precipitants
were employed in the kinase assay. The precipitated SRPK2
were incubated with 2 �g of acinus in 20 �l of kinase reaction
buffer (20 mM Tris, pH 7.5 with 10 mM MgCl2) containing 20
�M ATP and 1 �Ci of [�-32P]ATP for 30 min at 30 °C. Reac-
tions were terminated by adding 5 �l of 5� sample buffer and
boiling for 5 min. The sample was separated on a SDS-PAGE
gel and autoradiographed.
Apoptotic Analysis of GFP-positive Cells—24 h after trans-

fection, the cells were treated VP16 for another 16 h. Mor-
phological changes in the nuclear chromatin of cells undergo-
ing apoptosis were detected by staining with DAPI. Normal
nuclei and apoptotic nuclei (condensed new moon-type or
fragmented chromatin) were easily distinguished. A minimum
of 300 cells from 3–5 different microscopic fields were
counted to obtain reliable estimates of cell apoptosis. GFP-
positive cells were counted, and the percentage of apoptosis
was quantified.
TUNEL Assay—TUNEL staining was performed with an in

situ cell death detection kit (Roche Diagnostics). Briefly,
HEK293 cells were transfected with various SRPK2 mutants
for 24 h and then treated with 50�M VP16 for another 16 h.
Then, the adherent and non-adherent cells were collected,
mounted onto the slides, and stained with the TUNEL re-
agents according to the manufacturer’s instruction. The cells
were also counterstained with DAPI, and the ratio of TUNEL/
DAPI was calculated as apoptotic rate (%). A minimum of 300
cells from 3–5 different microscopic fields was counted.
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Statistical Analysis—The data were analyzed with one-way
ANOVA. p � 0.05 was considered as statistically significant.

RESULTS

SRPK2 Is a Substrate of Caspases—In our previous study,
we show that SRPK2 promotes cell cycle progression and cell
death in neurons (9). Moreover, SRPKs have been implicated
in apoptosis (8). To determine whether SRPK2 is cleaved dur-
ing apoptotic cells death and to study the molecular mecha-
nism of its proteolytic cleavage, we performed a cell-free apo-
ptotic assay. [35S]methionine-labeled SRPK2 was incubated
with the activated cell-free apoptotic solution (S-100), pre-
pared from cytosolic fraction of HEK293 cells, in the presence
or absence of caspase-3/7 inhibitor. As shown in Fig. 1A,
SRPK2 was cleaved in the activated S-100, which was mostly
abolished in the presence of caspase-3/7 inhibitor AC-DEVD-
CHO. To further study the cleavage of SRPK2 in the intact
cells, HEK293 cells were transfected with the Myc-tagged
SRPK2, and treated with VP16 (50 �M) in the presence or ab-
sence of caspase-3/7 or pan-caspase inhibitor. Immunoblot-
ting with anti-Myc antibody demonstrated that VP16 treat-
ment induced the cleavage of SRPK2 in intact cells. The two
major fragmented bands were �60 and 30 kDa in size and
were partially blocked by pan-caspase inhibitor z-VAD-FMK
and caspase-3/7 inhibitor AC-DEVD-CHO (Fig. 1B), fitting
with the observation in Fig. 1A. These data indicate that
caspase 3 and 7 might be the major enzymes that contribute
to its degradation. These results suggest that SRPK2 can be
cleaved during apoptotic cell death in caspase-dependent
manner, and SRPK2 may be the substrate of caspases. The
slightly different cleavage patterns between in vitro cleavage
assay and VP16-induced apoptosis might be due to different
detection approaches. In the in vitro cleavage assay, SRPK2

was labeled with 35S, while in the apoptotic cells treated with
VP16, SRPK2 was detected with the Myc antibody that recog-
nizes the N-terminal fragment of SRPK2.
Identification of Asp-139 and Asp-403 Residues as the

Cleavage Sites in SRPK2—To locate the caspase cleavage sites
in SRPK2, we examined the amino acid sequence of SRPK2,
and identified six putative caspase cleavage sites (DXXD, Fig.
2A). According to the distribution of these potential cutting
sites, various SRPK2 fragments were constructed into
pGEX4T2 vector. GST-SRPK2 recombinant proteins were
expressed and purified from bacteria and analyzed in the cell-
free apoptotic cleavage assay (Fig. 2B). The wild-type SRPK2
full-length, and fragments SRPK2 (amino acids 83–383) and
SRPK2 (amino acids 383–438) were cleaved in the active
S-100, whereas the fragment SRPK2-(1–83) was not (Fig. 2C).
Based on the molecular weight of the fragments and the puta-
tive caspase cleavage sites, we prepared numerous single point
mutants. GST-tagged SRPK2 fragments with D62A, D139A,
D403A, or D407A mutants were expressed in HEK293 cells,
and the cell lysates were incubated with or without active
caspase-3 at 37 °C for 2 h. While the mutants of 1–307-D62A
and 1–307-D407A were markedly cleaved by caspase-3, the
mutants 1–307-D139A and 384–688-D403A were not (Fig.
2D). These results indicate that Asp-139 and Asp-403 resi-
dues might be the major caspase cleavage sites in SRPK2.
Therefore, we constructed D139A, D403A, and D139/403A
mutants in the full-length of SRPK2. Upon VP16 treatment,
wide-type SRPK2 showed two distinct bands with a molecular
mass of about 60�70 and 37 kDa, with the latter much stron-
ger than the former, suggesting that the latter might be the
predominant cutting product. However, mutants D139A and
D403A only gave one band at 60�70 and 37 kDa, respectively,
indicating that Asp-139 might be the major cutting site. The
apoptotic cleavage of SRPK2 was predominantly abolished in
double mutant D139A/D403A (Fig. 2E). Therefore, Asp-139
and Asp-403 residues are the main cutting sites by the
caspases, with Asp-139 residue the most principal cleavage
position.
Phosphorylation of SRPK2 by Akt Prevents Its Proteolytic

Cleavage—Our previous study showed that Akt phosphor-
ylates SRPK2 at Thr-492 (9). To explore whether Akt phos-
phorylation can protect SRPK2 from proteolytic cleavage, we
labeled SRPK2 with [35S]methionine, followed by incubation
with active Akt prior to the in vitro caspase cleavage assay.
We observed that SRPK2 incubation with active Akt de-
creased its degradation (Fig. 3A), suggesting that Akt phos-
phorylation may protect SRPK2 from caspase cleavage. To
further explore the notion that Akt phosphorylation of SRPK2
might prevent it from apoptotic cleavage, we transfected
Myc-SRPK2 into HEK293 cells, which were transfected with
Myr-Akt, a plasma membrane resident constitutively active
Akt, and siRNA of Akt, respectively. The transfected cells
were treated with vehicle control or VP16 (50 mM) overnight.
In the vehicle control-treated cells, knocking down of Akt
elicited spontaneous SRPK2 apoptotic degradation, which was
not detected in control or active Akt-transfected cells. On the
other hand, VP16 treatment triggered SRPK2 apoptotic cleav-
age in both control and si-RNA Akt-treated cells, which was

FIGURE 1. SRPK2 is a substrate of caspases. A, SRPK2 is cleaved in the cell-
free apoptotic solution in caspase-3/7-dependent manner. The active or
inactive cell-free apoptotic S-100 was preincubated with or without 10 �M

AC-DEVD-CHO for 30 min, followed by addition of [35S]methionine-labeled
SRPK2. The reaction mixture was incubated at 37 °C for another 2 h, re-
solved in SDS-PAGE, and visualized by autography. B, VP16 treatment in-
duces apoptotic SRPK2 cleavage in cells. HEK293 cells were transfected with
Myc-tagged SRPK2, pretreated with 30 �M AC-DEVD-CHO or z-VAD-FMK for
0.5 h, and then treated with or without 50 �M VP16 for another 16 h. The
cell lysates were analyzed by Western blot with the anti-Myc antibody.
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evidently inhibited in active Akt-expressed cells. Hence,
down-regulation of Akt with it si-RNA promoted SRPK2
cleavage even in the absence of VP16, whereas the constitu-
tively active Akt (myr-Akt) inhibited SRPK2 cleavage upon
VP16 treatment (Fig. 3B). To further confirm the effect of Akt
phosphorylation on SRPK2 cleavage, we employed two mu-
tants, T492D and T492A, which mimic the constitutively

phosphorylated state and non-phosphorylated state of SRPK2
by Akt, respectively. The transfected cells were subjected to
VP16 treatment overnight. As shown in Fig. 3C, spontaneous
degradation occurred in wild-type SRPK2 even in the absence
of VP16 stimulation. The fragmentation of wild-type SRPK2
was further enhanced by VP16. By contrast, T492D robustly
prevented SRPK2 from cleavage. SRPK2 T492A exhibited evi-

FIGURE 2. Identification of Asp-139 and Asp-403 residues as the cleavage sites in SRPK2. A, schematic representation of potential caspase cleavage
sites (DXXD) within SRPK2. B and C, various bGST-tagged SRPK2 fragments harboring the potential cleavage sites were constructed, and the recombinant
proteins were bacterially expressed and analyzed in the in vitro cleavage assay. D, aspartate 139 and 403 residues are the caspase cleavage sites in SRPK2.
GST-tagged SRPK2 fragments with D62A, D139A, D403A, or D407A mutation was expressed and incubated with or without active caspase-3 at 37 °C for 2 h.
Mutants mGST-SRPK2/1–307-D139A and mGST-SRPK2/384 – 688-D403A were not cleaved by caspase-3. E, double mutant D139/403A totally abolished the
apoptotic cleavage of SRPK2 in cells. HEK293 cells were transfected with wild-type and point mutant SRPK2 plasmids, followed by DMSO or VP16 treatment.
The cell lysates were analyzed by immunoblotting with anti-Myc and caspase-3 antibodies. Mutation of Asp-139 or Asp-403 into A blocked its apoptotic
cleavage (upper panel). Caspase-3 was selectively activated in VP16-treated cells (lower panel).
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dent fragmentation regardless of VP16 treatment. These re-
sults indicate that Akt phosphorylation plays a protective role
in SRPK2 cleavage.
14-3-3� Binding Prevent Apoptotic SRPK2 Cleavage—Accu-

mulative evidence demonstrates that 14-3-3 proteins bind to
numerous Akt substrates and prevent their apoptotic cleav-
age. Our previous study showed that Akt phosphorylation of
SRPK2 facilitates its binding to 14-3-3� (9). We wonder
whether 14-3-3� binding to SRPK2 would affect its proteo-
lytic cleavage. To test this possibility, we cotransfected
HEK293 cells with Myc-tagged SRPK2WT, T492A, or T492D
in a combination with empty vector, 14-3-3�-WT or 14-3-3�-
K50E for 24 h, and then the cell lysates were incubated in
vitro with active caspase-3 at 37 °C for 2 h. Immunoblotting
analysis revealed that wild-type SRPK2 was cleaved by
caspase-3, and the apoptotic cleavage was substantially ele-
vated in SRPK2 T492A; in contrast, no fragmentation oc-
curred in SRPK2 T492D (Fig. 4A). As expected, wild-type 14-
3-3�, which strongly binds wild type and T492D SRPK2,
inhibited SRPK2 cleavage; however, T492A mutant was mark-
edly cut, fitting with its incapability of interacting with 14-3-3
(9). Nonetheless, 14-3-3�-K50E, which weakly binds SRPK2,
was unable to protect wild-type SRPK2 from cleavage in vitro
(Fig. 4B). To examine whether these observations also occur
in the intact cells, we cotransfected SRPK2 and 14-3-3� wild-
type or K50E into HEK293 cells and treated the transfected
cells with VP16. In consistent with the in vitro experiment,
14-3-3�-WT but not K50E inhibited the fragmentation of
SRPK-WT, and T492D did not show apparent cleavage bands
under any circumstances. On the contrary, T492A was signifi-
cantly cleaved in 14-3-3�-WT or K50E-transfected cells (Fig.
4C). Because D139A and D403A mutants prevented SRPK2
cleavage during apoptosis, we wondered whether they would
affect its interaction with 14-3-3. The binding assay showed
that the single point mutation decreased the interaction be-
tween 14-3-3� and SRPK2. Interestingly, the double mutant
(D139A, D403A) possessed partial binding affinity to 14-3-3.
The remnant binding activity might result from the confor-
mational change by the double mutation. Nonetheless, the

FIGURE 4. 14-3-3� binding prevents apoptotic SRPK2 cleavage. A, SRPK2
mutant apoptotic cleavage assay. HEK293 cells were transfected with Myc-
tagged SRPK2WT, T492A, or T492D for 24 h, and then the cell lysates were
incubated with active caspase-3 at 37 °C for 2 h. B, 14-3-3� wild-type but
not K50E mutant protects SRPK2 from apoptotic cleavage. HEK293 cells
were transfected with Myc-tagged SRPK2WT, T492A, or T492D and 14-3-
3WT or 14-3-3K50E for 24 h, and then the cell lysates were incubated with
active caspase-3 at 37 °C for 2 h. C, 14-3-3� protects SRPK2 from VP16-trig-
gered apoptotic cleavage. HEK293 cells were transfected with Myc-tagged
SRPK2WT, T492A, or T492D and 14-3-3WT or 14-3-3�-K50E for 24 h, and
then treated with DMSO or VP16 for another 16 h. The cell lysates were ana-
lyzed by immunoblotting. D, D139A mutation affects SRPK2 binding to 14-
3-3�. HEK293 cells were co-transfected with Myc-tagged SRPK2WT, T492A,
or T492D and GFP-14-3-3�-WT for 48 h, and then the cell lysates were sub-
jected to immunoprecipitation with anti-14-3-3� antibody. The coprecipi-
tated proteins were analyzed by immunoblotting with Myc antibody.

FIGURE 3. Activation and phosphorylation of SRPK2 by Akt prevent its cleavage. A, active AKT alleviates SRPK2 cleavage in S-100. [35S]methionine-la-
beled SRPK2 was phosphorylated by active Akt prior to the in vitro caspase cleavage assay. After being incubated with or without S-100 at 37 °C for another
2 h, the reaction mixtures were resolved in SDS-PAGE and visualized by autography. B, Akt plays an essential role in preventing SRPK2 apoptotic cleavage.
HEK293 cells were transfected with Myc-tagged SRPK2 and myr-Akt or Si-Akt for 24 h, and treated with DMSO or VP16 for 16 h. The cell lysates were sub-
jected to Western blotting analysis with anti-Myc and anti-Akt antibodies. Active Akt protected SRPK2 from degradation, whereas depletion of endogenous
Akt enhanced SRPK2 cleavage (upper panel). Verification of Akt expression by immunoblotting (lower panel). C, Akt phosphorylation mimetic mutant pre-
vents SRPK from apoptotic degradation. HEK293 cells were transfected with Myc-tagged SRPK2WT, T492A, or T492D. At 24 h after transfection, the cells
were treated with vehicle or VP16 for another 16 h, and the cell lysates were subjected to Western blot analysis with anti-Myc antibody.
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mutation did not substantially alter SRPK2 phosphorylation
by the endogenous Akt (Fig. 4D).
VP16 Treatment Down-regulates SRPK2 Kinase Activity—

Previous study shows that apoptotic cleavage of SRPK1 and
SRPK2 abrogates their in vitro kinase activity on ASF/SF2 in
Fas-treated Jurkat cells (8). Recently, we have shown that
SRPK2 phosphorylates acinus on Ser-422 and triggers its re-
distribution from the nuclear speckles to the nucleoplasm
(10). Next, we sought to determine whether SRPK2 kinase
activity was affected during apoptotic cell death by VP16. We
transfected HEK293 cells with GST-tagged SRPK2-WT or

SRPK2-KD, a kinase-dead mutant with K110A, and then
treated the cells with DMSO or VP16 for another 16 h. The
cell lysates were subjected to GST pull-down. After extensive
wash of the precipitates, in vitro kinase assay was conducted
using bacterial expressed acinus as a substrate in the presence
of [�-32P]ATP. In DMSO-treated cells, wild-type SRPK2 ro-
bustly phosphorylated acinus, and SRPK2-KD weakly phos-
phorylated acinus. VP16 treatment evidently triggered the
proteolytic cleavage of SRPK2 wild-type and KD (Fig. 5A,
lower panel), and down-regulated SRPK2 kinase activity on
acinus (Fig. 5A, upper panel).

FIGURE 5. VP16 treatment down-regulates SRPK2 kinase activity. A, VP16 treatment down-regulates SRPK2 kinase activity on acinus. HEK293 cells were
transfected with GST-tagged SRPK2WT or SRPK2KD for 24 h, and then treated with DMSO or VP16 for another 16 h. The cell lysates were subjected to GST
pull-down with GSH beads. The precipitated proteins were analyzed in the in vitro kinase assay using bacterial expressed acinus as the substrate. B, wild-
type but not KD SRPK2 escalates VP16-provoked apoptosis. The cell lysates from above cells were subjected to Western blot analysis with indicated anti-
bodies. VP16 treatment provoked PARP cleavage, and SRPK2-WT overexpression increased in VP16-induced PRAP cleavage (top and 2nd panel). Acinus Ser-
422 phosphorylation was decreased in VP16-treated cells (3rd panel). C, in vitro kinase assay with acinus. GFP-tagged SRPK2-WT, KD, D139A, D403A, and
D139/403A were transfected into the HEK293 cells, and then the cell lysates were subjected to immunoprecipitation with anti-GFP antibody. The precipi-
tated kinase was incubated with purified acinus in the kinase reaction buffer in the presence of [�-32P]ATP.
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To ensure that SRPK2 kinase activity was indeed reduced in
the apoptotic cells, we monitored acinus S422 phosphoryla-
tion in the cells. Immunoblotting analysis showed that acinus
phosphorylation was substantially diminished upon VP16
treatment. The p-acinus in SRPK2-KD-transfected cells was
decreased more than SRPK2 wild-type-transfected cells (Fig.
5B, 3rd panel). In VP16-treated cells, acinus was cleaved with
slightly more apoptotic degradation occurred in the cells
transfected with SRPK2 KD than SRPK2 wild-type (Fig. 5B,
4th panel). VP16 treatment elevated PARP fragmentation in
all cells, but SRPK2 wild-type transfected cells revealed stron-
ger PARP cleavage (Fig. 5B, 1st and 2nd panel). This finding
fits with our previous report that overexpression of SRPK2
wild-type but not KD triggers spontaneous neuronal apopto-
sis in primary cortical neurons (9). To study whether the
point mutation of D139A and D403A would influence the
kinase activity of SRPK2, we conducted an in vitro kinase as-
say with acinus and found that the mutation did not affect the
kinase activity of SRPK2 (Fig. 5C).
N Terminus of SRPK2 Localizes to the Nucleus and Pro-

motes Apoptotic Cell Death—Caspases-mediated proteolytic
cleavage may exert different impacts on different proteins.
Some proteins, such as PARP, are inactivated after cleavage;
however, others, like pro-caspases, are activated and further
magnify the apoptotic signal. To clarify the consequence of
SRPK2 cleavage, we constructed five SRPK2 truncations that
reflect the cleaved products (Fig. 6A). While the fragment
SRPK2-(1–139) showed a prominent nuclear localization,
other fragments acted like the full-length SRPK2 by residing
in the cytoplasm (Fig. 6B). The cytoplasmic residency of GFP-
SRPK2-(139–688) indicates that this fragment might bind to
other cellular partners that tether SRPK2 in the cytoplasm. To
investigate each fragments role in provoking apoptosis, we
transfected HEK293 cells with different GFP-tagged SRPK2
fragments. In the vehicle control treated cells, no any signifi-
cant apoptosis was triggered by any of the fragments. VP16
induced marked apoptosis in GFP-transfected control cells,
and overexpression of SRPK2 full-length and a few of the
fragments further elevated the programmed cell death. The
most prominent apoptosis occurred in the N-terminal frag-
ment SRPK2-(1–139)-transfected cells. By contrast, the C-
terminal fragment GFP-SRPK2-(403–688) or the N-terminal
1–139-deleted fragment (GFP-SRPK2-(139–688)) did not
escalate apoptotic cell death as compared with GFP control
(Fig. 6C). This finding suggests that the N-terminal 1–139
fragment is indispensable for SRPK2 to increase apoptosis. To
study whether the 1–139 fragment possesses any kinase activ-
ity that contributes to the pro-apoptotic effect, we con-
structed SRPK2-(1–139)K110A. However, neither SRPK2-(1–
139) nor SRPK2-(1–139)KD showed any substantial kinase
activity, and they both display similar pro-apoptotic effects in
VP16-treated cells (Fig. 6, D and E).
D139A Mutation Inhibits the Pro-apoptotic Effect of

SRPK2—Because D139A/D403A double mutation reduces
the proteolytic cleavage of SRPK2, we wondered whether this
mutation could inhibit the pro-apoptotic effect of SRPK2. To
test this possibility, we transfected HEK293 cells with various
GFP-tagged SRPK2 constructs and examined their subcellular

localization and apoptosis upon VP16 treatment. The cells
were stained with anti-SRPK2 to show the C terminus of
SRPK2. GFP-tagged SRPK2-WT, -KD, D139A, D403A, and
D139A/D403A all distributed in the cytoplasm before stimu-
lation. Except for D139A and D139A/D403A double mutant,
other constructs displayed nuclear residency upon VP16
treatment as visualized by GFP fluorescent. However, anti-
SRPK2 staining revealed the cytoplasmic localization for these
constructs, indicating that VP16 treatment provoked the
cleavage of SRPK2 in the N terminus and elicited the nuclear
translocation of GFP-tagged N-terminal fragment (Fig. 7A).
These results demonstrate that inhibition of Asp-139 cleavage
prevents SRPK2 nuclear translocation. Presumably, the nu-

FIGURE 6. N terminus of SRPK2 localizes to the nucleus and promotes
apoptotic cell death. A, schematic representation of various SRPK2 frag-
ments that mimic the cleaved products by caspase-3. B, subcellular localiza-
tion of SRPK2 fragments. HEK293 cells were transfected with GFP-tagged
SRPK2 fragments for 24 h. The cell nuclei were stained with DAPI and visual-
ized under a fluorescent microscope. C, apoptosis quantification. HEK293
cells were transfected with GFP-tagged SRPK2 fragments for 24 h, and then
treated with DMSO or VP 16 for another 16 h. The cells were stained with
DAPI- and GFP-positive cells were counted for chromosome condensation.
*, p � 0.05. A minimum of 300 cells were counted from 3 different fields.
D, SRPK2-(1–139) and SRPK2-(1–139)KD possess no kinase activity. GFP,
GFP-SRPK2-(1–139) or GFP-SRPK2-(1–139)KD was transfected into HEK293
cells and then pulled-down with anti-GFP antibody. The precipitated pro-
teins were incubated with purified Acinus as a substrate and analyzed by in
vitro kinase assay. E, quantification of apoptosis. HEK293 cells were trans-
fected with GFP, GFP-SRPK2-(1–139) or GFP-SRPK2-(1–139)KD for 24 h and
then treated with VP16 for another 16 h. The adherent and non-adherent
cells were collected, mounted on the slides, and stained with DAPI. The per-
centages of cells with chromosome condensation were counted. *, p �
0.05. A minimum of 300 cells were counted from 3–5 different fields.
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clear translocation observed in GFP-SRPK2WT, KD, and
D403A cells reflects the cleaved N-terminal GFP-SRPK2-(1–
139) fragment. Apoptotic analysis with TUNEL staining
showed that both SRPK2WT and T492D enhanced VP16-
triggered programmed cell death, while D139A and D139A/
D403A significantly blocked VP16 provoked apoptosis, un-
derscoring that apoptotic cleavage of SRPK2 might be
required for its pro-apoptotic actions (Fig. 7B). Hence, pre-
vention of D139 cleavage decreases the pro-apoptotic effect of
SRPK2.

DISCUSSION

In the present study, we show that SRPK2 is cleaved both in
vitro and in vivo in a caspase-dependent manner. The pan-

caspase inhibitor z-VAD-FMK and the caspase-3/7 inhibitor
AC-DEVD-CHO both partially inhibit SRPK2 cleavage in
apoptotic cells. Presumably, higher concentration of pan-
caspase inhibitor is needed to completely block the apoptotic
cleavage of SRPK2. We also show the direct evidence that
SRPK2 is cleaved in vitro by recombinant caspase-3. These
results imply that SRPK2 is the substrate of caspase-3, and
other caspases may also be involved in the apoptotic cleavage
of SRPK2. Consistent with our finding, Kamachi et al. (8) sug-
gests that SRPK1 and SRPK2 are cleaved during apoptotic cell
death and are in vitro substrates for caspase-8 and -9, respec-
tively. Further, in the present study, we identified the caspase-
cleavage sites within SRPK2 as Asp-139 and -403 residues.
Double mutant of D139A/D403A evidently abolished SRPK2
cleavage in vivo. In alignment with the observation that
SRPK2 is a substrate of caspases, we found that Akt phosphor-
ylation of SRPK2 strongly protects it from apoptotic cleavage.
Binding to 14-3-3 proteins by SRPK2 further protects it
from proteolytic cleavage by the active caspases. Recently, we
show that SRPK2 wild-type but not KD elicits spontaneous
apoptosis in the primary neurons, indicating that the kinase
catalytic activity is implicated in this event. This finding is
further supported by the observation that SRPK2 T492D, a
kinase hyperactive SRPK2 mutant, substantially elevates
VP16-provoked apoptosis (Fig. 7). Although Akt phosphory-
lates SRPK2 and escalates its kinase activity, 14-3-3 proteins
associate with the phosphorylated SRPK2 and anchor it from
translocation into the nucleus. Because SRPK2 triggers apo-
ptosis dependent on its catalytic activity, indicating some of
its kinase substrates can provoke apoptosis in the nucleus.
Among the numerous SRPK2 substrates, one of the major SR
proteins that implicate in apoptosis is acinus. Acinus, pre-
dominantly located in the nucleus, induces apoptotic chroma-
tin condensation after cleavage by caspases (14). Acinus re-
sides in the nuclear speckles and is cleaved by caspases on
both its N and C termini, producing a p17 active form (amino
acids 987–1093), which triggers chromatin condensation in
the absence of caspase-3. Acinus contains a region similar to
the RNA recognition motif (RRM) of Drosophila splicing reg-
ulator Sxl, suggesting that it is implicated in RNA metabolism.
Indeed, acinus is a component of functional splicesomes (15,
16). It consists of three SR dipeptide repeat domains in the C
terminus. Moreover, different acinus isoforms are found in
the apoptosis-associated and splicing-associated protein
(ASAP) complex (17). Conceivably, nuclear translocated
SRPK2 phosphorylates acinus, and promotes its degradation,
leading to generation of an active form p17 and elevation of
chromatin condensation and apoptosis.
One of the major functions proposed for SRPKs is to phos-

phorylate SR proteins, which in turn regulates alternative
splice site selection of a subset of mRNA molecules, including
the apoptosis regulatory protein Ich-1 (18–20). Over 30 dif-
ferent mRNAs have been identified that exist as two or more
different splice variants, each with opposing apoptotic func-
tions (20). SR proteins such as ASF/SF2 alter splice site selec-
tion of several RNAs, including Ich-1, and this correlates with
resetting of the apoptotic threshold of transfected cells (19).
Therefore, it is possible that alternative splicing may play a

FIGURE 7. D139A mutation inhibits the pro-apoptotic effect of SRPK2.
A, subcellular localization of GFP-SRPK2 and its mutants upon VP16 treat-
ment. HEK293 cells were transfected with GFP, GFP-tagged SRPK2WT, KD,
T492A, T492D, D139A, D403A, or D139/403A for 24 h, and then treated with
DMSO or VP16 for another 24 h. The cells were stained with DAPI and visu-
alized under the fluorescent microscope. B, quantification of apoptosis.
HEK293 cells were transfected with empty vector, Myc-tagged SRPK2WT,
KD, T492A, T492D, D139A, D403A, or D139/403A for 24 h, and then treated
with DMSO or VP16 for another 16 h. Then, the adherent and non-adherent
cells were collected, mounted on the slides and stained with the TUNEL
reagents and DAPI. The percentages of TUNEL-positive cells were counted.
*, vector versus T492D; **, SRPK2 versus D139A; ***, SRPK2 versus D139/
403A, p � 0.05. A minimum of 300 cells were counted from three different
fields.
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critical role in the sensing phase of cellular stress including
VP16. Thus, mRNA splicing may represent an unrecognized
and unexplored post-transcriptional modification that deter-
mines cell fate in response to extracellular stimuli. Conceiv-
ably, SRPKs such as SRPK2 are activated at the initial stage of
cell stress, resulting in alternative splicing of mRNAs such
that anti-apoptotic isoforms such as bcl-xL and Ich1-�.
Caspase-mediated cleavage of SRPKs at the later stage of cell
stress would diminish their kinase activity, and ensure that
the apoptotic program is faithfully executed in condemned
cells (8).
Protein kinases are critical regulators for most of the cellu-

lar processes in a kinase-dependent manner. For example,
inhibition of Akt kinase activity with a small molecule inhibi-
tor results in suppression of cell growth and induction of apo-
ptosis in human cancer cells that harbor constitutively acti-
vated Akt due to overexpression of Akt or other genetic
alterations such as PTEN mutation (21). Previously, we found
that SRPK2 provoked neuronal apoptosis through up-regulat-
ing cyclin D1/Cdk4, which was abolished in SRPK2-KD-trans-
duced neuronal cells (9). Here, we show that abrogation of
SRPK2 kinase activity inhibited its pro-apoptotic effect in
HEK293 cells. These results indicate that SRPK2 kinase activ-
ity is responsible for the pro-apoptotic effect of SRPK2. How-
ever, the underlying mechanism how SRPK2 kinase activity
regulates the programmed cell death needs further
investigation.
Regulating the balance between survival and apoptotic sig-

naling is a key aspect of cell fate decisions and 14-3-3 proteins
contribute to this process in multiple ways. The binding of
14-3-3 has often been found to enhance the activity of pro-
teins with proliferative or survival functions, while antagonize
the activity of proteins that promote cell death and senes-
cence (22). Our previous study demonstrates that Akt phos-
phorylation of SRPK2 facilitates its binding with 14-3-3,
which in turn prevents the pro-apoptotic effect of SRPK2 in
primary neurons (9). Our previous study shows that 14-3-
3�-WT binds to SRPK2, while the mutant K50E impairs its
binding ability. Also, SRPK2T492D strongly binds to 14-3-3�,
where T492A inhibits the interaction between SRPK2 and
14-3-3�. The present study shows that T492A is robustly
cleaved despite the presence of 14-3-3�, whereas T492D is
not cut under any circumstances. The fragmentation of
SRPK2-WT is inhibited when 14-3-3�-WT is overexpressed,
and the cleavage is up-regulated in the presence of K50E. Col-
lectively, we provide further evidence that 14-3-3 interaction
with SRPK2 suppresses its cleavage by caspases, and inhibits
the release of the N-terminal pro-apoptotic fragment of
SRPK2 (Fig. 4). Therefore, these findings suggest a new cue
that how 14-3-3 proteins regulate cell death and survival.
Some of the SR proteins can shuttle between the nucleus

and the cytoplasm. They are the substrates of SRPKs. Once
exported to the cytoplasm, SR proteins are reimported to the
nucleus by interacting with the import receptor hMtr10/
Transportin-SR in a phosphorylation-dependent manner (23–
27). It has been proposed that phosphorylation of shuttling SR
proteins in the cytoplasm may act as a switch between mRNA
unloading and SR protein reimport (28). SRPK family mem-

bers share highly conserved kinase domains, which are sepa-
rated by a unique spacer sequence in individual family mem-
bers, indicating that specific SRPKs may be uniquely regulated
by the spacer sequence. Previous studies show that the spacer
in SRPK1 is able to modulate the interaction of the kinase
with SR protein substrates. The spacer sequence may also
interact with specific cellular proteins to anchor the kinase to
the cytoplasm. Interestingly, we found that caspase-mediated
proteolytic cleavage of SRPK2 released its N-terminal frag-
ment that translocated into the nucleus and further potenti-
ated the apoptosis. We showed the nuclear localization of
N-terminal fragment SRPK2-(1–139) and the translocation of
SRPK2 upon VP16 treatment, which implies that the N-ter-
minal fragment of SRPK2 may be cleaved and translocate into
the nucleus to promote VP16-induced apoptosis. However,
SRPK2 D139A mutant still remained in the cytoplasm and
exhibited anti-apoptotic effect, suggesting that the nuclear
translocation of SRPK2 N-terminal fragment plays an essen-
tial role in promoting VP16-induced apoptosis. Though
D139A or D403A mutation did not markedly alter SRPK2
Thr-492 phosphorylation capability by Akt, the mutation af-
fected SRPK2 binding affinity to 14-3-3 (Fig. 4), indicating
that these two residues might be critical for the conformation
of SRPK2. Therefore, these data indicate that the site Asp-139
plays an important role in SRPK2 function during VP16-in-
duced apoptosis. This result may unravel the molecular
mechanism how SRPK2 regulates apoptotic cell death. It re-
mains unknown how the N-terminal 139 residues escalate
VP16-provoked apoptosis. Its binding partners in the nucleus
are elusive. Nonetheless, the findings described in this report
pave the way for the further investigation in this interesting
event. Taken together, our studies show that SRPK2 is cleaved
by caspase at both Asp-139 and Asp-403 residues during apo-
ptotic cell death. Caspase cleavage of SRPK2 produces a small
N-terminal fragment that translocates into nucleus and pro-
motes VP16-induced apoptosis. This study suggests two path-
ways are involved in SRPK2 associated apoptotic cell death:
first, the active SRPK2 can trigger apoptosis which depends
on its kinase activity; second, SRPK2 is also a substrate of
caspases whose action releases an N-terminal fragment from
the kinase. This released fragment can also enhance apoptotic
signals. 14-3-3� regulates both of these two pathways.
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