Mol Cell Biochem (2013) 379:191-199
DOI 10.1007/s11010-013-1641-7

SRPK1 contributes to malignancy of hepatocellular carcinoma
through a possible mechanism involving PI3K/Akt
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Abstract Protein kinases are important regulators in
biologic processes. Aberrant expression of protein kinases
often causes diseases including cancer. In the present
study, we found that the serine-arginine protein kinase 1
(SRPK1) might be involved in hepatocellular carcinoma
(HCC) proliferation from a kinome screen using a loss-of-
function approach. In clinical samples, SRPK1 was fre-
quently up-regulated in HCCs as compared with adjacent
non-tumor tissues at both mRNA and protein levels.
Functional studies indicated that overexpression of wild-
type SRPK1 promoted HCC cell proliferation, while forced
expression of the kinase-dead mutant of SRPK1 or RNA
interference against SRPK1 suppressed cell growth and
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malignancy as measured in soft agar assay. The kinase-
dead mutant of SRPK1 also inhibited subcutaneous xeno-
grafts’ growth of HCC cells in nude mice. Furthermore,
western bolt analysis showed overexpression of wild-type
SRPKI1 enhanced Akt phosphorylation and knockdown of
SRPK1 by RNA interference attenuated Akt phosphoryla-
tion induced by epidermal growth factor. Meanwhile,
overexpression of wild-type SRPK1 also induced a con-
current increase in the total tyrosine phosphorylation of
phosphotidylinositol-3 kinase pl110a subunit, indicating a
functional link between SRPK1 and PI3K/Akt signaling.
Our findings suggest that SRPK1 plays an oncogenic role
and could be a potential therapeutic target in HCC.

Keywords Hepatocellular carcinoma - SRPK1 -
PI3K/Akt
Introduction

At molecular or cellular levels, factors that cause cancer
include gene mutations [1, 2], genomic instability [3, 4],
and deregulation in mechanisms that maintain a balance
between cellular growth, proliferation, differentiation, and
apoptosis [5]. Research into these molecular and cellular
mechanisms could deepen our understanding of cancer and
at the same time provide valuable insights into designing
therapeutic interventions.

Phosphorylation is a well-known mechanism mediating
protein functions and signaling transduction; it is estimated
that over one third of total proteins inside cells are phos-
phorylated and thus regulated by protein kinases [6]. In the
meantime, protein kinase itself is under strict regulation.
Mutation and alterations in expression are both possible
causes that disturb the fine-tuned networking of protein
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kinases, which often have pathological consequences
including cancer. Such examples include, among numerous
others, CDCs and CDKs, the kinases that are involved in
cell cycle control and chromosome duplication, and also
DAPKSs and MAPKSs, the kinases that actively participate in
proliferation, differentiation, and apoptosis [3, 7-9]. It is
safe to say that virtually most cases of protein kinase
deregulations in normal cell functions can find their rep-
resentation in tumor transformation or metastasis.

Serine-arginine protein kinase 1 (SRPKI1) is a highly
conserved protein in eukaryotic organisms; it contains a
Pkc superfamily kinase domain and a spacer region that
divides the kinase domain by half. SRPK1 mainly phos-
phorylates specific amino acids of proteins rich in serine/
arginine repeats known as RS-domain proteins. RS-domain
proteins are proteins that participate in precursor mRNA
translation, processing and splicing, chromatin recon-
struction, cell cycle progression, and remodeling of cellular
structures. Deletion of the spacer region alters SRPKI1
cellular residence from primarily localized in cytoplasm to
almost exclusively in nuclei [10].

It seems that roles of SRPK1 in different types of can-
cers are conflicted. Reports identified that elevation of
SRPK1 expression level correlated with risks of breast,
colon, and pancreatic cancers [11, 12]. In a different study
in retinoblastoma (RB), SRPKI1 expression level was
down-regulated, and RB patients with low level of SRPK1
had poor response toward cis-platin treatment, suggesting
that the endogenous level of SRPK1 functions to suppress
tumor transformation and progression [13]. The precise
roles and mechanisms of SRPKI in cancer development
remain to be elucidated. It might be expected that SRPK1
plays diverse roles in cancer progression. Mutations in
WT1, the Wilms’ tumor suppressor gene, cause abnormal
gonadogenesis, renal failure, and Wilms’ tumors [14]. In
WT1 mutant cells, SRPK1-mediated hyperphosphorylation
of the oncogenic RNA-binding protein SRSF1 regulated
splicing of VEGF and rendered WT1 mutant cells proan-
giogenic, thus promoting tumor progression [14].

Studies to date have provided a characterization on
molecular and cellular traits of SRPK1, the roles of which
in hepatocellular carcinoma (HCC) are anticipated. HCC,
the major histologic subtype of liver cancer, is one of the
most frequent malignancies in the world and the third
leading cause of cancer-related death [15]. According to
one study, in the process of infection, SRPK1 mediated the
phosphorylation of HBV core protein, which had been
shown to be a prerequisite for pregenomic RNA encapsi-
dation in viral capsid [16]. Since chronic HBV infection is
an important risk factor in liver cancer, studying SRPK1
will not only help understand the carcinogenesis of HCC
but also provide valuable insights into HCCs associated
with chronic HBV infection.
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In the present study, we found that SRPK1 mRNA and
protein expressions were significantly elevated in HCCs
compared to the adjacent non-cancerous tissues in patients
of liver cancer. Further investigation identified SRPK1 as a
potential oncoprotein that affected various aspects of HCC,
including proliferation, malignancy, and tumor growth of
in vitro HCC xenograft. In addition, we also found a
functional link between SRPK1 and PI3K/Akt signaling.

Materials and methods
Tissue specimens and cell lines

All specimens were harvested from 27 HCC patients, with
their informed consent, who underwent resection of the
primary tumor at the department of Wuxi People’s Hos-
pital. The paired adjacent non-tumor liver samples were
from the same patients and 2 cm away from the edge of
tumor regions. The histopathologic diagnosis was based on
the criteria of the World Health Organization, and over
50 % of tumor cells in HCC tumoral samples were
observed in the morphology. Thirteen liver tumor-derived
cell lines and the fetal liver-derived cell line LO2 were used
in this study. All cell lines were cultured in Dulbecco’s
Modified Eagle’s Medium (Fisher Scientific) supplemented
with 1 % penicillin/streptomycin and 10 % fetal bovine
serum (Life Technologies) in a 5 % CO,-humidified
chamber. Protocols involving animals and human samples
had been approved by the ethics committee of the Chinese
National Human Genome Center at Shanghai and Wuxi
People’s Hospital, as was previously described [17].

Quantitative real-time polymerase chain reaction

Total RNA was extracted from the tissue samples using
TRIZOL reagent (invitrogen) and was reverse transcribed
into cDNA using the M-MLV reverse transcriptase kit
(Promega). The following primers were used to amplify
human SRPK1: forward, CACGGCATGCATGGCCTTTGA,;
reverse, CGGCGGCAGTGGCTCTCTTC. Quantitative real-
time PCR was performed with the Takara PCR thermal
cycler dice detection system and SYBR green dye (Takara)
in paired HCC specimens. The mean Ct value for the
f-actin gene was subtracted from the mean Ct value
for SRPKI for each sample, using the following for-
mula: SRPKIACt = (mean SRPKICt — mean actinCt),
SRPKIAACt = (SRPKIACt_ HCC —  SRPKIACt_non-
HCC). The fold change (Z_SRPKIAAQ) of the SRPK1I expres-
sion level relative to the f-actin expression level was
calculated for each HCC sample. Statistical significance was
defined as p < 0.05 in paired, two-tailed student’s ¢ test.
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Fig. 1 SRPKI1 expression is elevated in HCC specimens and cell
lines. a Transcript level of SRPK1 was measured in HCC specimens
and corresponding adjacent non-cancerous liver tissues by quantita-
tive RT-PCR. f-actin was used as an internal loading control. Each
plotting dot represents the expression level of a given HCC specimen
or adjacent liver tissue. Lines represent the median with interquartile
range of —ACt value. N non-HCC tissues, C HCC tissues. p value was
calculated by student’s ¢ test. b Relative expression fold of SRPK1

Transfection of plasmids and siRNAs against SRPK1

Plasmids or siRNAs were transfected into cells using
lipofectamine 2,000 (invitrogen) according to the manu-
facturer’s instructions. Two sequences of siRNAs against
SRPK1 were synthesized from Shanghai GenePharma Co.
Sense sequences for the two siRNAs against SRPK1 are as
follows: #1: GUGCAGCAGAAAUUAAUU; #2: GAU-
CAUCAAAUCCAAUU. Efficacies of the siRNAs were
verified by western blotting detection of cellular SRPKI.

Cell proliferation and soft agar colony formation assays

Cell proliferation was measured using the cell counting kit-8
(Dojindo Laboratories) according to the manufacturer’s
instructions. For soft agar assay, 1.5 ml of culture medium
containing 1 % agarose was added into each well of six-well
plates; the plates were set aside for 15 min to allow the
agarose to solidify. Forty-eight h after transfection, cells
were trypsinized; around 10,000 cells were resuspended into
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mRNA for 27 paired HCC samples used in (a), each pair consisted of
HCC tissue (C) and non-HCC tissue (N) from the same patient.
¢ Protein expression level of SRPK1 was measured in HCC
specimens and corresponding adjacent non-cancerous liver tissues
by western blotting. d Protein expression profile of SRPK1 in HCC
cells lines was assessed by western blotting as described in the
Materials and methods section

1.5 ml of culture medium containing 0.5 % agarose and the
mixtures were added on top of the 1 % agarose base layer.
After solidification of the top layer, cells were fed 1-2 times
per week with 1.5 ml culture medium. Plates were incubated
at 37° in a humidified incubator for 3 weeks and stained with
0.5 ml of 0.005 % crystal violet for >1 h.

Plasmid constructs and adenoviruses generation

The full length wild-type SRPK1 (SRPK1-WT) cDNA was
amplified from mRNA of LO02 cells by RT-PCR. The
kinase-dead mutant of SRPK1 (SRPK1-KD) was generated
by mutating the critical catalytic lysine of amino acid 109
into alanine. SRPK1-WT and SRPK1-KD were inserted
into pcDNA3.1(-)A-myc/his expression vector (invitro-
gen). Adenovirus expressing SRPK1-WT or SRPKI1-KD
was generated using the AdEasy™ XL adenoviral vector
system (stratagene) according to the manufacturer’s
instructions. All constructs were verified for sequence
correctness by direct sequencing.
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Fig. 2 Wild-type SRPK1 promotes, while kinase-dead SRPK1 or
silencing SRPK1 inhibits cellular proliferation. a Wild-type or kinase-
dead SRPK1 was transfected into L02 or WRL-68 cells; after
transfection, cells were seeded into 96-well plate with each well
containing 3,000 cells; for the following 72 h, cell density was
monitored once every 24 h by staining cells with CCK-8 and then

Immunoprecipitation and western blotting

Immunoprecipitation and western blotting were performed
as previously described [18]. Cell lysis buffer was sup-
plemented with 1 mM NazVO, and proteinase inhibitors
cocktail (Sigma). Mouse anti-SRPK1 antibody was from
BD Biosciences; mouse anti-myc antibody was from Santa
Cruz; Rabbit anti-phospho-tyrosine antibody (PY100),
rabbit anti-PI3K p110a, rabbit anti-Akt, and rabbit anti-
phospho-Akt (473) antibodies were all from cell signaling
technology.

Subcutaneous xenograft of HCC cells

SK-Hepl or WRL-68 cells were infected with adenoviruses
expressing control vector or SRPKI-KD. A total of
2 x 10° infected cells were subcutaneously injected into
each flank of the nude mice. Procedures were done as
previously described [19]. Growth curves were plotted
based on mean tumor volume within each experimental
group at the indicated time point. Tumor dimensions were
measured twice every week using a digital caliper. Tumor
volume was calculated by the formula V = 0.5 x (larger
diameter) x (smaller diameter)>. Tumor growth was
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measuring the absorbance rate at a wavelength of 450 nm. The
ectopic expression of wild-type SRPK1 and kinase-dead SRPK1 was
confirmed by western blotting in LO2 and WRL-68 cells. b Silencing
SRPK1 by siRNA against SRPK1 inhibits cellular proliferation in
YY-8103 and WRL-68 cells using a similar method as described in
a. Western blot images showed the silencing effect of SRPK1 RNAi

observed for at least 3 weeks. The nude mice were sacri-
ficed at the end of experiment, and tumors were excised
and weighed. Statistical significance was defined as
p < 0.05 in paired, two-tailed student’s ¢ test.

Results

SRPK1 expression level was frequently elevated
in HCC

To identify kinases involved in HCC proliferation, we
performed a screen using a loss-of-function approach of
depleting 636 kinases individually in four HCC cell lines
(Huh-7, Hep3B, MHCC-H, and MHCC-L). Those kinases
with inhibition of cell anchorage-dependant growth were
identified (unpublished data). Among them, we focused on
the SRPK1, of which the function in HCC remains unclear.

We first tested the relative expression of SRPK1 in HCC
specimens through real-time polymerase chain reaction. As
shown in Fig. la, SRPK1 mRNA levels were aberrantly
elevated in tumors compared to their paired adjacent non-
malignant liver tissues. Among the samples, 17 of 27
(63.0 %) displayed at least a 1.5-fold increase in HCC
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Fig. 3 SRPKI siRNA or
ectopic expression of SRPK1-
KD suppresses anchorage-
independent growth of HCC
cells in soft agar. a Ectopic
expression of SRPK1-KD
suppressed anchorage-
independent growth of HCC
cells in soft agar. SK-Hepl was
stably transfected with SRPK1-
KD. YY-8103 or WRL-68 cells
were transiently transfected
with SRPK1-KD. b SRPK1
siRNA suppressed anchorage-
independent growth of HCC
cells in soft agar. WRL-68 or
YY-8103 cells were transfected
with SRPK1 siRNA. ¢ SRPK1
overexpression has no obvious
effect on anchorage-
independent growth of SK-Hep-
1 and WRL-68 cells. SK-Hep-1
was stably transfected with
SRPK1-WT (wild-type), and
WRL-68 cells were transiently
transfected with SRPK1-WT

tissues compared to non-HCC tissues (Fig. 1b). Mean-
while, SRPK1 expression was also analyzed by western
blotting. Consistent with the mRNA level, the protein
expression of SRPK1 was significantly up-regulated in
58.3 % (7/12) of HCCs (Fig. 1c). In addition, we also
explored the expression profile of SRPK1 in various liver
cancer cell lines. As shown in Fig. 1d, all liver cancer cell
lines indicated abundant expression of SRPK1, indicating
its involvement in HCC carcinogenesis. These data suggest
that SRPK1 is frequently elevated in HCC and may act as a
positive factor toward HCC.

SRPK1 affects cellular proliferation

SRPKI1 plays its role mainly by phosphorylating specific
amino acids of proteins rich in serine/arginine repeats
known as RS-domain proteins. To produce an effect that
mimics a pharmaceutical inhibitor, we generated a kinase-
dead mutant of SRPK1 by mutating the critical catalytic
lysine to alanine (K109A); this mutant was then designated

JTOLETY

@A-IMdHS

ON-YIs
101997\

@
o
%)
ps]
o
=
—_—

LM-INdYS

as SRPK1-KD [20, 21]. Next, we investigated the effects of
wild-type SRPK1 and kinase-dead SRPK1 on cellular
proliferation in LO2 and WRL-68 cells. The results dem-
onstrated that wild-type SRPK1 enhanced, while kinase-
dead SRPKI1 inhibited the cellular proliferation in these
two HCC cell lines (Fig. 2a). On the other hand, we also
explored the effect of SRPK1 silencing by RNAi on cel-
lular proliferation in YY-8103 and WRL-68 cells. Silenc-
ing of SRPKI1 had a markedly inhibitory effect on cellular
proliferation as shown in Fig. 2b. These collective data
suggest that SRPK1 is involved in the regulation of HCC
cell proliferation.

Kinase-dead SRPK1 or siRNA-mediated knockdown
of SRPK1 suppresses HCC malignancy

Maintaining malignant growth is a critical step of carci-
nogenesis, and anchorage-independent growth in soft agar
is an important characteristic of tumor malignancy [22]. To
examine the effect of SRPK1 on malignancy of HCC cells,
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Fig. 4 Ectopic SRPK1-WT expression induced Akt phosphorylation,
and SRPK1 may be functionally linked with PI3K. a Ectopic SRPK1-
WT expression induced phosphorylation of Akt. b siRNA knockdown
of SRPK1 suppressed epidermal growth factor-induced Akt phos-
phorylation. YY-8103 cells were transfected with wild-type SRPK1
or siRNAs against SRPK1(#/ and #2 represent two different siRNA
sequences); 48 h after transfection, cells were serum starved for 3 h
and treated with EGF (10 ng/ml) for 15 min as indicated. Cells were

we performed soft agar colony formation assays in three
HCC cell lines SK-Hepl, YY-8103, and WRL-68, which
have the ability to grow in soft agar. The cells transfected
with SRPK1-KD or siRNAs against SRPK1 decreased their
ability to form colonies in soft agar compared to those
transfected with vector control or siR-NC (Fig. 3a, b).
These results indicated that SRPKI inactivation or
knockdown suppressed the malignant growth of HCC cells.
However, we did not observe any effect of wild-type
SRPK1 overexpression in this growth manner (Fig. 3c).
One possible reason is that the cell lines we used already
have relatively high level expression of SRPK1. The effi-
cacies of SRPK1 overexpression and siRNA transfection
were confirmed by western blotting (Supplementary
Fig. 1). These observations suggest that SRPK1 is critical
for maintaining the malignant growth of HCC cells and
also implies that inhibiting SRPK1 kinase activity might be
an effective route to suppressing malignancy of HCC
tumors.

SRPKI1 is functionally linked with PI3K/Akt signaling

To explore the potential mechanism through which SRPK1
contributes to HCC, we tested the effect of overexpression
of SRPK1 on a number of factors and signaling molecules
that had been known to play important roles in cellular
proliferation. These molecules included MAPKs, Src,
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then lysed and phospho-Akt level was measured by western blotting.
¢, d Ectopic expression of SRPK1-WT, but not of SRPK-KD induced
an increase in the level of tyrosine phosphorylation of PI3K p110a
subunit. Huh-7 or YY-8103 Cells were transfected with SRPK1-WT
or SRPK1-KD; 48 h after transfection, cells were lysed and immu-
noprecipitation was performed with anti-phospho-tyrosine antibody
(pY-100). The presence of pl10a in the immunoprecipitates was
detected by western blotting with antibody to p110a

PI3K, and Akt. In our case, as shown in Fig. 4a, overex-
pression of SRPK1 induced an increase in the phosphory-
lated level of Akt, indicating SRPKI overexpression
increased the activity of Akt, but without much alteration
in total Akt level. On the contrary, knockdown of SRPK1
attenuated EGF-induced phosphorylation of Akt (Fig. 4b).
To explore the mechanism by which overexpression of
SRPK1 activates Akt, we tested whether SRPK1 has an
effect on PI3K, the upstream of Akt signaling. Total
tyrosine phosphorylation of pl110 subunits was immuno-
precipitated from Huh-7 or YY-8103 cells transfected with
SRPK1-WT or SRPKI1-KD by a pan-phospho-tyrosine
antibody. The results showed that the tyrosine phosphory-
lation level of p110a subunit was increased when wild-type
SRPK1 was overexpressed (Fig. 4c, d), implying that PI3K
signaling is probably affected by SRPKI.

Kinase-dead SRPK1 inhibits tumor growth
of subcutaneous xenograft of HCC cells in nude mice

In the previous experiments, we have demonstrated that the
kinase-dead mutant of SRPK1 inhibited cellular prolifera-
tion and anchorage-independent growth of HCC cells. To
further characterize the effect of inhibition of SRPKI1
kinase activity on HCC, we generated an adenovirus that
expresses the kinase-dead mutant of SRPKI1. After infec-
tion with this adenovirus, the HCC cells were
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Fig. 5 SRPKI1-KD suppresses
tumor growth of subcutaneous
xenograft of HCC cells in nude
mice. SK-Hepl or WRL-68
cells were infected with
adenoviruses expressing control
vector or SRPK1-KD. A total of
2 x 10° infected cells were
subcutaneously injected into
each flank of nude mice. Tumor
dimensions were measured
twice every week using a digital
caliper. Tumor growth was
observed for at least 3 weeks.
Nude mice were sacrificed at the
end of experiment, and tumors
were excised and weighed.
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Fig. 6 A schematic diagram of the contribution of SRPK1 to HCC
via activation of Akt. The process in which SRPK1 mediates EGF
signaling transduction to Akt is unknown. A feedback loop may exist
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HCC cells with adenoviruses expressing kinase-dead
SRPKI significantly suppressed the growth potential of the
subcutaneous xenograft of HCC cells. The expression of
SRPK1-KD was confirmed by western blotting (Fig. 5c¢).
We also tested the effect of wild-type SRPK1 on the
growth potential of subcutaneous xenograft of HCC cells;
no significant difference was observed between vector
control and wild-type SRPKI1 groups (Supplementary
Fig. 2).

Discussion

SRPKI1 has been reported in a number of human cancers,
though its roles in different cancers are debated. However,
there is no report on the role of SRPK1 in HCC to date. In
the present study, we identified SRPK1 as an oncoprotein
in HCC for the first time. Our clinical data showed that
SRPK1 mRNA and protein levels are frequently higher in
HCCs compared to the adjacent non-cancerous tissues, in
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agreement with those expression patterns of breast, colon,
and pancreatic cancers. Thus, SRPK1 may play similar
roles in these cancer developments. Previous structural
studies have shown that SRPK1 is resilient to inactivation
by mutation in its activation loop and remains active
despite extensive mutation to the activation segment [23],
suggesting that changes in its expression level are major
aspects in SRPKI-related pathogenesis under in vivo
circumstances.

We further showed that inhibition of endogenous SRPK1
either by siRNA or kinase-dead mutant suppressed many
aspects of HCC malignancies including proliferation,
anchorage-independent growth, and growth potential of
in vitro HCC xenografts in nude mice. Surprisingly, how-
ever, in our soft agar assays and subcutaneous xenograft
experiments, we did not observe an increase in growth
potential of HCC cells overexpressing wild-type SRPK1,
possibly due to the fact that HCC cell lines in our study
already had elevated expression of SRPK1. Our data suggest
that endogenous SRPK1 kinase activity might be crucial in
maintaining the malignancies of HCCs rather than promot-
ing transformation of normal liver cells into HCCs.

Aberrant upregulation of epidermal growth factor (EGF)
signaling has been shown to participate in a number of
tumors, in which PI3K/Akt plays a major part [24, 25]. To
explore potential molecular mechanisms by which SRPK1
functions in promoting cellular proliferation, the effect of
overexpression of SRPK1 on PI3K/Akt signaling was
studied by western blotting. Our data demonstrated that
upon EGF stimulation, overexpression of SRPK1 induced
Akt phosphorylation, but without much alteration in total
Akt level, while knockdown of SRPKI1 did the opposite,
indicating that SRPK1 is required for EGF-mediated AKT
activation. Usually, stimulation-induced phosphorylation
of p85 releases p110 from association with and inhibition
by p85 subunit, and the released pl10 then mediates
phosphorylation and activation of Akt or other downstream
targets [26]. In the present study, pl10a subunit was found
to be present in the anti-phospho-tyrosine antibody
immunoprecipitates, indicating a concurrent increase in the
tyrosine phosphoryaltion of p110a. Our data suggested that
SRPKI is functionally linked with PI3K/Akt signaling and
may act as upstream of Akt. Of note, a recent report
demonstrated that EGF can activate an AKT-SRPK axis to
control alternative splicing [27]. In this setting, activated
Akt induces SRPK1 autophosphorylation and this leads to
enhanced SRPK1 nuclear translocation and downstream
splicing factors phosphorylation, suggesting that SRPK1
may be located downstream of Akt. A possible feedback
loop between Akt and SRPKI1 is depicted in Fig. 6. The
detailed mechanism by which SRPK1 induces Akt activa-
tion and whether autophosphorylated SRPK1 could medi-
ate this process deserve to be further investigated.

@ Springer

Our results demonstrated that aberrant elevation in
SRPKI1 expression contributed to malignancy of HCC
through a possible mechanism involving PI3K/Akt sig-
naling. Since chronic HBV infection is also an important
risk factor in liver cancer and HBV replication involves
SRPKI1 kinase activity of its host hepatocytes in the pro-
cess of infection, SRPK1 might be a promising target of
pharmaceutical intervention, especially for HCCs with
chronic HBV infection.
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