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Abstract

Background: Colorectal cancer is the third most common diagnosis. Oxaliplatin is used as first-line treatment of
colon cancer. However, oxaliplatin resistance greatly reduces its therapeutic effect. SRPK1 involves in pre-mRNA splic-
ing and tumorigenesis. How SRPK1 mediates drug resistance in colon cancer is unknown.

Methods: The expression of SRPK1 was analyzed in the TCGA and the CPTAC pan-cancer samples and detected in
colon cancer cell lines and tissues by IHC and western blot. The MTT and TUNEL assay were used to verify the anti-

apoptosis ability of colon cancer cell. The activation of NF-kB was determined by luciferase assay and gRT-PCR. AKT,
IKK, IkB and their phosphorylation level were verified by western blot.

Results: We found that SRPKT expression was the second highest in TCGA and the CPTAC pan-cancer samples. The
mMRNA and protein levels of SRPK1 were increased in tissues from patients with colon cancer. SRPK1 was associated
with clinical stage and TNM classifications in 148 cases of colon cancer patients. High SRPK1 levels correlated with
poor prognosis (p <0.001). SRPKT overexpression enhanced the anti-apoptosis ability of colon cancer cells, whereas
SRPKT silencing had the opposite effect under oxaliplatin treatment. Mechanistically, SRPK1 enhances IKK kinase and
IkB phosphorylation to promote NF-kB nuclear translocation to confer oxaliplatin resistance.

Conclusions: Our findings suggest that SRPK1 participates in colon cancer progression and enhances the anti-
apoptosis capacity to induce drug resistance in colon cancer cells via NF-kB pathway activation, and thus might be a
potential pharmaceutically target for colon cancer treatment.
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Background

Colon cancer is the third most common cancer type in
the world [1]. More than 1 million people are diagnosed
with colon cancer every year [2]. Until now, chemother-
apy has been the first option for most of patients with
colon cancer. Oxaliplatin and doxorubicin represent a
major class of chemotherapeutic drugs that can induce
DNA damage in cancer cells [3]; however, chemoresist-
ance is a major obstacle for anti-cancer treatment. There-
fore, identifying the resistance-associated protein kinase
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that participates in oxaliplatin treatment resistance in
colon cancer is urgent and important.

Serine-arginine protein kinase 1 (SRPK1) is a protein
kinase that can phosphorylate serine-arginine (SR) rich
splicing factors (SRSFs) reversibly [4]. Once SR domains
are phosphorylated by SRPK1, SRSFs can participate
in biological processes, including pre-mRNA splicing
[5], translation regulation [6, 7], and genomic stabil-
ity [8, 9]. In addition, SRPK1 is involved in the progres-
sion of many types of cancer, including breast cancer,
prostate cancer, lung cancer, and melanoma, and the
expression of its downstream targets are reported to be
increased significantly [10-14]. Gong et al. reported that
SRPK1 activates the Wnt/B-catenin pathway to promote
a stem cell-like phenotype in non-small cell lung cancer
(NSCLC) [14]. Wang et al. reported that SRPK1 inter-
feres with PH domain and leucine rich repeat protein
phosphatase 1 (PHLPP1)-mediated dephosphorylation of
protein kinase B (AKT). Low expression of SRPK1 is una-
ble to recruit PHLPP1, which is the phosphatase of AKT,
whereas PHLPP1 might be titrated away from AKT by
high expression of SRPK1 [13]. Controversially, SRPK1 is
related to both chemotherapy sensitivity and resistance
in many cancers, including lung, prostate, male germ
cell, retinoblastoma, pancreas, colon, and breast cancer
[15-19]. SRPK1 autophosphorylation enhances its kinase
activity and nuclear translocation [20]. The modification
of SRPK1 is involved in multiple drug-resistance signal-
ing cascades, including osmotic stress and the epidermal
growth factor (EGF)-EGF receptor (EGFR)-AKT pathway
[20-22]. Taken together, SRPK1 plays an important role
in tumor-associated pathway activation, which might
enhance drug-resistance.

Anti-apoptosis plays a key role in cancer cell escape
from treatment benefits. The nuclear factor kappa B
(NFxB) transcription factor can regulate immune sys-
tem components expression [23] and has been reported
to regulate proteins that inhibit apoptosis and promote
proliferation, which is associated with cancer [24]. The
NF-«xB family includes five members: RelA (p65), RelB,
c-Rel, p105/p50, and p100/p52. The transcription acti-
vation domains of NF-kB are only found in p65, RelB,
and c-Rel [25]. When the NF-«xB pathway is inactivated,
the inhibitor of kB protein (IkB) combines with p65/p50
heterodimers, thus keeping NF-kB in the cytosol with-
out nucleocytoplasmic shuttling. When the cell receives
a signal from the extracellular environment, IkBa will
be phosphorylated by the inhibitor of kB kinase (IKK),
followed by ubiquitination and degradation in proteas-
omes [26-28]. Cells resistant to doxorubicin have been
reported to induce the NF-«B signaling pathway, result-
ing in transactivation of potent anti-apoptosis genes [3].
Aberrant NF-kB activation has been observed in multiple
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cancer types [29], which provides a potential strategy
for reversing chemoresistance by targeting the NF-«xB
pathway.

In the present study, we found that SRPK1 is overex-
pressed in tissues from patients with colon cancer and
in colon cancer cells. SRPK1 overexpression was signifi-
cantly associated with clinical stage and the tumor-node-
metastasis (TNM) classification of paraffin embedded
sections from patients with colon cancer’. Upregulation
of SRPK1 expression increased the anti-apoptosis ability,
whereas downregulation of SRPK1 expression increased
the pro-apoptotic sensitivity of colon cancer cells. More-
over, we found that SRPK1 could enhance IKK and IxB
phosphorylation to promote NF-«B translocation from
the cytoplasm to the nucleus and activate the NF-«xB
pathway. Furthermore, AKT phosphorylation increased
in SRPK1 overexpression cell lines. Conversely, silenc-
ing SRPK1 decreased AKT phosphorylation. In addition,
the phosphorylation of IKK and IkB were inhibited by
an AKT inhibitor in SRPK1 overexpression colon cancer
cell lines. Taken together, these findings reveal that aber-
rant SRPK1 expression activates the NF-xB pathway via
AKT, which participates in the anti-apoptosis process of
colon cancer. Thus, our findings suggest that SRPK1 is
significantly associated with colon cancer and might be a
potential pharmaceutical target to treat colon cancer.

Methods

Cell culture

Colon cancer cell lines (SW620, LOVO, HCT-8, HT-29,
SW480 and HCT-116) and 293 T cell were purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and the human normal intestinal
epithelial cell line NCM-460 was obtained from Dr. Ying
Ying (Shenzhen University, Shenzhen, China). All cells
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Invitrogen, Carlsbad, CA, USA) with 10% fetal
bovine serum (FBS, Gibco, Waltham, MA, USA) and 1%
penicillin/streptomycin (15,140,122, Gibco) at 37 °C in a
5% CO, atmosphere. We used 0.25% trypsin (25,200,056,
Gibco) to passage the cell lines when they grew to 90%
confluence. All cell lines used in this study were authen-
ticated using the short tandem repeat (STR) method
(Additional file 1: Table S4) and verified as being free
of mycoplasma contamination using polymerase chain
reaction (PCR).

RNA extraction, reverse transcription, and gRT-PCR
analysis

Total RNA from colon cancer cells was extracted using
RNAiso Plus (9109, Takara, Shiga, Japan). Real-time
PCR was performed using a Real-Time system (CFX96,
Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
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expression data were normalized to the geometric mean
of the expression of the housekeeping gene GAPDH and
calculated using the 2 — AACt method [30]. The primer
sequences are listed in Additional file 1: Table Sé.

Patients, tissue specimens and immunohistochemistry
(IHC) staining

This study was conducted on a total of 148 paraffin-
embedded colon cancer specimens, which were acquired
from patients diagnosed from 2006 to 2010. Patient con-
sent and approval from the Institutional Research Ethics
Committee (No. 2018003) were obtained to use these
clinical materials for research purposes. The tumors were
staged according to the 7th edition of the Cancer Stage
Manual written by the American Joint Committee on
Cancer (AJCC) [31]. A section of the excised tumor was
analyzed by IHC and H&E staining as described previ-
ously [32].

Plasmids, retroviral infection, and transfection

The human SRPKI c¢DNA was amplified by PCR and
cloned into the pSin-EF2 lentiviral vector to construct
the plasmids SW480-pSin-Vector, HCT-116-pSin-Vec-
tor, SW480-SRPK1, and HCT-116-SRPK1. Short hair-
pin RNA (shRNA)-mediated interference was used to
knockdown SRPKI in SW480 and HCT-116 cells that
cells by transfection with lentiviral constructs express-
ing the SRPKI shRNAs or control shRNA. The con-
structs (pSin-EF2-puro-Vector, pSin-EF2-puro-SRPKI,
pLKO.1-puro-Vector, pLKO.1-puro-SRPK1-shl#, and
pLKO.1-puro-SRPK1-sh2#) were transfected (10 pg
of each plasmid) into 2x 10° 293 T cells to generate
retroviruses. The indicated stable cell lines were gen-
erated via retroviral infection and were selected for
10 days using 0.5 g/mL puromycin (S§7417, Selleck,
Houston, TX, USA), as described previously [33]. This
resulted in SW480-pLKO.1-Vector, HCT-116-pLKO.1-
Vector, SW480-SRPK1-sh1#, SW480-SRPK1-sh2#, HCT-
116-SRPK1-sh1# and HCT-116-SRPK1-sh2# stable cell
lines. The primer sequences can be found in Additional
file 1: Table S5.

Western blotting

Western blotting was performed as described previously
[33]. Briefly, 50 mg of protein was subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA, USA).
The membranes were blocked with 5% nonfat milk and
anti-SRPK1 (611,072, BD Biosciences, San Jose, CA,
USA), anti-Bcl-xL (BCL2 Like 1 long isoform) (ab32370,
Abcam, Cambridge, UK), anti-Bcl-xS (BCL2 Like 1
short isoform) (124,266, Genetex, Waltham, MA, USA),
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anti-pro-PARP1 ( (ab32138, Abcam, Cambridge, UK),
anti-cleaved PARP1 (poly(ADP-ribose) polymerase 1)
(ab32064, Abcam), anti-p65 (8242, Cell Signaling Tech-
nology, Danvers, MA, USA), anti-IKKp (A301-827A,
Bethyl Laboratories, Montgomery, TX, USA), anti-IKKp
pY199 (ab59195, Abcam), anti-IkBa (ab32518, Abcam),
anti-IkBa pS36 (ab133462, Abcam), anti-AKT (4694, Cell
Signaling Technology), anti-AKT pS473 (4060, Cell Sign-
aling Technology), anti- Histone H3 (4499, Cell Signaling
Technology), anti-p-tubulin (ab210797, Abcam) and anti-
GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
(A300-639A, Bethyl Laboratories) overnight at 4 °C. The
membranes were then incubated with goat anti-rabbit
(ab97051, Abcam) and anti-mouse (ab6789, Abcam) sec-
ondary antibodies for 1 h at room temperature, and then
visualized and analyzed using the Amersham Imager 600
(Cytiva, Marlborough, MA, USA) software. The quan-
tification of western blotting was performed by Image
J (Versionl.8.0, NIH, USA, https://imagej.nih.gov/ij/
index.html) as pervious described [34]. Primary antibod-
ies against f-tubulin and GAPDH were used as protein
loading controls. The AKT inhibitor (S1078, Selleck) was
used to verify the phosphorylation of IKK and IkB.

Dual-luciferase reporter assay

Stable cell lines infected with retroviruses were seeded
in DMEM supplemented with 10% FBS in triplicate in
24-well plates (5x 10* cells per well) and cultured for
12 h. The NF-kB luciferase reporter gene (pGL4.32 [luc2
NE-kB-RE Hyrgo], Promega, Madison, WI, USA) and
pRL-TK Renilla plasmid were co-transfected into cells
using Lipofectamine 3000 reagent (Invitrogen). At 48 h
after transfection, dual luciferase reporter gene detection
was performed using a Dual Luciferase Reporter Assay
Kit (Promega) according to the manufacturer’s protocol
[33].

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay

Cells were seeded in DMEM supplemented with 10%
FBS in triplicate in 96-well plates (5 x 10% cells per well)
and cultured for 12 h. The medium was replaced with
medium containing different concentrations of oxalipl-
atin and incubated for 24 h. According to CellTiter96®
AQueous One Solution Cell Proliferation Assay Kit (Pro-
mega) instruction, the reagents were added to the culture
medium, incubated for 1-4 h, and the absorbance value
at 490 nm was read using a microplate reader. IC;, val-
ues were calculated using GraphPad Prism software (ver-
sion 7, GraphPad Software, Inc., San Diego, CA, USA) via
nonlinear regression (curve fit) using the oxaliplatin con-
centration vs. the normalized response (variable slope)
method.
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Fig. 1 SRPK1 is overexpressed and associated with clinical stage, TNM classification, and prognosis of survival in patients with colon cancer. a SRPK1
mRNA expression analysis in TCGA pan-cancer samples. b SRPKT mRNA expression analysis in TCGA colon cancer samples and normal tissues. ¢
SRPK1 protein level analysis in CPTAC pan-cancer samples. d SRPK1 protein level analysis in CPTAC colon cancer samples and normal tissues. e

The level of SRPK1 in colon cancer cell lines. f The level of SRPK1 in colon cancer patients'tissues and normal tissues. g IHC analysis of SRPK1 in

the tissues of patients with colon cancer. h A statistical analysis of the average MOD of SRPK1 staining (n=10). i SRPK1 high (n=97)/low (h=51)
expression is significantly associated with clinical stage and TNM classification of paraffin embedded sections from patients with colon cancer. j The
correlation of SRPK1 levels and overall survival. **p <0.01. SRPKT Serine-arginine protein kinase 1, TCGA The Cancer Genome Atlas, CPTAC Clinical
Proteomic Tumor Analysis Consortium, IHC immunohistochemistry, MOD mean of optical density, TNM tumor-mode-metastasis
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Table 1 Clinicopathological characteristics of patients and

expression of SRPK1 in colon cancer samples

Clinicopathological No. (%)
Sex

Male 83 (56.1)

Female 65 (43.9)
Age (years)

<60 47 (31.8)

>60 101 (68.2)
Stage (AJCQ)

| 40 (27.0)

Il 20(13.5)

M1l 54 (36.5)

v 34 (23.0)
T classification

T, 25(16.9)

T, 22 (149)

T, 24(1622)

T, 77 (520)
N classification

N, 72 (486)

N, 53(35.8)

N, 18(12.2)

N, 5(34)
M classification

Mo 114 (77.0)

M, 34(23.0)
Survival (n=75)

Alive 51(68.0)

Dead 24 (32.0)
Survival time of patients with low SRPK1 expression

Mean 45.03

Median 47.00
Survival time of patients with high SRPK1 expression

Mean 3882

Median 46.00
Expression of SRPK1

Low expression 51(34.5)

High expression 97(65.5)
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Immunofluorescence assay

The immunofluorescence assay was performed as
described previously [32]. Briefly, the cells were incu-
bated with a primary monoclonal anti-p65 (1:100)
antibody overnight at 4 °C and then incubated with a flu-
orescein-conjugated goat anti-rabbit secondary antibody
(ab150077, Abcam) for 1 h at room temperature. The
cells were visualized under a Dragonfly laser scanning
confocal microscopy system (Andor, Belfast, UK).

Terminal deoxynulceotidyl transferase nick-end-labeling
(TUNEL) assay

Cells (5% 10% were seeded on coverslips and cultured
for 24 h. Briefly, the cells were treated with the indicated
concentrations of oxaliplatin for 24 h, fixed for 25 min in
4% paraformaldehyde, and washed twice with phosphate-
buffered saline (PBS). The cells were then incubated with
blocking solution for 10 min at room temperature. Fol-
lowing further washes with PBS, the cells were incubated
on ice with 0.1% Triton X-100 (T8200, Solarbio, Beijing,
China) in 0.1% sodium citrate (Tianjin Zhiyuan Chemi-
cal Reagent Co., Ltd., Tianjin, China) for 2 min. Subse-
quently, the cells were washed with PBS and incubated
with 50 uL TUNEL reaction mixture containing the rTdT
enzyme for 1 h at 37 °C. The TUNEL assay was performed
according to the manufacturer’s instructions (G3250,
Promega). After washing with PBS three times, the cells
were incubated with 200 pL 4/,6-diamidino-2-phenylin-
dole (DAPI) for 15 min in the dark, washed, and analyzed
under an inverted light microscope (CKX53, Olympus,
Tokyo, Japan).

Nuclear extract preparation

The indicated cells were washed with 5 mL PBS con-
taining a protease inhibitor cocktail (B14011, Bimake,
Houston, TX, USA) and a phosphatase inhibitor cock-
tail (B15001, Bimake) before adding 3 mL ice-cold PBS
containing the same protease and phosphatase inhibi-
tor cocktails. The cells were transferred to a pre-chilled
15-mL conical tube and centrifuged for 5 min at 200xg
at 4 °C. A Nuclear Extract kit (40,010, Active Motif, Rix-
ensart, Belgium) was then used to isolate the nuclear
extracts from the cell pellets, according to the manufac-
turer’s instructions.

(See figure on next page.)

Fig. 2 SRPK1 is associated with the prognosis of colon cancer clinical stage and TNM classification. a SRPKT1 is associated with the prognosis of
colon cancer clinical stage I-Il. b SRPK1 is associated with the prognosis of colon cancer clinical stage IlI-IV. ¢ SRPK1 is associated with the prognosis
of colon cancer T1-T2 classification. d SRPK1 is associated with the prognosis of colon cancer T3-T4 classification. e SRPK1 is associated with

the prognosis of lymph node negative colon cancer. f SRPK1 is associated with the prognosis of lymph node positive colon cancer. g SRPK1 is
associated with the prognosis of MO classification colon cancer. h SRPK1 is associated with the prognosis of M1 classification colon cancer. SRPK1
Serine-arginine protein kinase 1, TNM tumor-mode-metastasis
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Statistical analysis

All statistical analyses were carried out using SPSS ver-
sion 22.0 statistical software (IBM Corp., Armonk, NY,
USA). Comparisons between groups were performed
using the two-tailed Mann—Whitney U-test. The rela-
tionship between SRPK1 expression and clinicopatho-
logical characteristics was assessed using Spearman’s
correlation test. Survival curves were plotted using the
Kaplan—Meier method and compared using the log-rank
test. Survival data were evaluated using uni- and multi-
variate Cox regression analyses. Bivariate correlations
between variables were calculated using Spearman’s rank
correlation coefficients. A p-value of less than 0.05 was
considered statistically significant in all cases.

Results
SRPK1 is overexpressed and associated with clinical stage,
TNM classification, and prognosis of survival in patients
with colon cancer
By analyzing the expression of SRPK1 in the Cancer
Genome Atlas (TCGA) database, we found that the
SRPK1 mRNA expression was the second highest in
colon cancer, which was only lower than that in rectum
adenocarcinoma (READ) among 33 types of cancer,
and the SRPK1 mRNA expression was increased in the
TCGA colon cancer tissues (n=286) compared with that
in normal tissues (n=41) (p<0.001) (Fig. 1a, b). In addi-
tion, the protein levels of SRPK1 in colon cancer were
the second highest in the Clinical Proteomic Tumor
Analysis Consortium (CPTAC) database, which was only
lower than that in Ovarian serous cystadenocarcinoma
(OV),and compared with that in normal tissues (n=100),
SRPK1 was also upregulated in CPTAC colon cancer tis-
sues (n=97) (p<0.001) (Fig. 1c, d). Taken together, in
colon cancer, SRPK1 was increased at both the mRNA
and protein levels, and SRPK1 was highly expressed over
other different cancer types. These findings suggested
that SRPK1 might be a key oncoprotein in colon cancer.
Next, we confirmed the findings from the public
databases in six colon cancer cell lines (Fig. le, Addi-
tional file 2: Fig. S1a ), five colon cancer tissues (Fig. 1f,
Additional file 2: Fig. S1b) and 148 paraffin-embedded,
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archived colon cancer tissues (Fig. 1g). Statistical analy-
ses of IHC-stained sections showed that SRPK1 was
overexpressed with increasing clinical stage of colon can-
cer (Fig. 1h). These samples included 40 cases of stage
I (27%), 20 cases of stage II (13.5%), 54 cases of stage
IIT (36.5%), 34 cases of stage IV (23%), 25 cases of T1
(16.9%), 22 cases of T2 (14.8%), 24 cases of T3 (16.2%),
77 cases of T4 (52.1%), 72 cases of NO (48.6%), 53 cases of
N1 (35.8%), 18 cases of N2 (12.2%), 5 cases of N3 (3.4%),
114 cases of MO (77%), and 34 cases of M1 (23%) (Fig. 1i
and Table 1). SRPK1 protein expression was strongly
associated with the clinical stage (p <0.001), as well as the
T (p<0.001), N (p=0.005), and M (p=0.006) classifica-
tions (Fig. 1i and Additional file 1: Table S1). Spearman
correlation analysis and univariate and multivariate anal-
ysis showed that SRPK1 protein expression correlated
significantly with clinicopathological factors, including
clinical stage and TNM classification (Additional file 1:
Table S2 and S3).

Moreover, Kaplan—Meier analyses and log-rank tests
demonstrated that the overall survival time of patients
with high SRPK1 levels was significantly shorter than
that of patients with low SRPK1 levels (p<0.001;
Fig. 1j). SRPK1 protein expression was associated nega-
tively with survival time of stage I-1I (p =0.028; Fig. 2a),
stage III-IV (p=0.026; Fig. 2b), T1-T2 classification
(p=0.041; Fig. 2c), T3-T4 classification (p=0.008;
Fig. 2d), lymph node negative status (p =0.011; Fig. 2e),
lymph node positive status (p =0.007; Fig. 2f), MO clas-
sification (p=0.001; Fig. 2g), and M1 classification
(p=0.049; Fig. 2h). In conclusion, our findings sug-
gested that SRPK1 might be a prognostic factor for sur-
vival, which is closely connect to treatment of patients
with colon cancer.

Upregulated SRPK1 promotes the anti-apoptosis ability

of colon cancer cell lines

To determine the role of SRPK1 in colon cancer, we
stably overexpressed or inhibited SRPK1 in SW480
and HCT-116 cells (Fig. 3a, Additional file 3: Fig.
S2a). MTT assay was performed to evaluate the IC50
of oxaliplatin. SRPK1 overexpression increased the

(See figure on next page.)

PARP1 poly(ADP-ribose) polymerase 1

Fig. 3 Upregulated SRPK1 promotes the ability of anti-apoptosis in colon cancer cell lines. a SRPK1 overexpression and downregulation in SW480
and HCT-116 cells were confirmed using western blotting. b MTT assay was examined and the ICy, was calculated in SW480 and HCT-116 cells
overexpressing, or silenced for, SRPKT and vector only with increasing oxaliplatin exposure (n=6). ¢ Representative TUNEL staining images of the
indicated cells treated with increasing oxaliplatin concentrations, quantification of TUNEL™ cells in SW480 and HCT-116 cells overexpressing, or
silenced for, SRPK1, and vector only with oxaliplatin treatment (n=3). d Levels of Bcl-xL, Bcl-xS, and cleaved PARP1 in SW480 and HCT-116 cells
overexpressing, or silenced for, SRPK1, and vector. 3-tubulin was used as a loading control. *p <0.05, **p < 0.01, ***p <0.001. SRPKT Serine-arginine
protein kinase 1, TUNEL terminal deoxynucleotidyl transferase nick-end-labeling, Bcl-xL BCL2 Like 1 long isoform, Bcl-xS BCL2 Like 1 short isoform,
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oxaliplatin IC,, value (Fig. 3b), whereas SRPK1 down-
regulation decreased the ICy, value (Fig. 3b). TUNEL
assays also revealed that the percentage of TUNEL"
cell among SW480 and HCT-116 SRPK1 overexpress-
ing cells decreased compared with that in vector-trans-
duced cells at each concentration, whereas the opposite
effect was obtained in SRPK1 knock-down SW480
and HCT-116 cells (Fig. 3c). These data indicated that
SRPK1 overexpression in these cells exhibited an obvi-
ous anti-apoptosis effect (Fig. 3c). Consistently, SRPK1-
knockdown led to apoptosis (Fig. 3c). Furthermore, we
observed that and Bcl-xL levels increased, whereas Bcl-
xS and cleaved PARP1 levels decreased, in SRPK1-over-
expressing colon cancer cells (Fig. 3d, Additional file 3:
Fig. S2b, c), and the opposite effect was observed in
SRPK1 knockdown cell lines (Fig. 3d, Additional file 3:
Fig. S2b, c). These results showed that elevated SRPK1
expression could enhance the anti-apoptosis capacity of
colon cancer cells, whereas silencing SRPK1 expression
enhanced apoptosis. Taken together, we demonstrated
that SRPK1 increased anti-apoptosis capacity in colon
cancer cell lines.

SRPK1 increased the phosphorylation of AKT to activate
the NF-kB pathway

Both the in vitro and in vivo data presented above sug-
gested that elevated levels of SRPK1 might enhance
anti-apoptosis in colon cancer cells. Thus, we sought
to determine the mechanisms underlying the anti-
apoptosis effect. Fu et al. reported that SRPK1 could
interact with AKT to promote its phosphorylation [35].
Thus, we speculated SRPK1 could be involved in colon
cancer pathway activation by enhancing AKT phos-
phorylation. Indeed, the level of phosphorylated AKT
was upregulated in SRPK1 overexpressing SW480 and
HCT-116 cells, while SRPK1 silencing decreased the
level of phosphorylated AKT (Fig. 4a, Additional file 4:
Fig. S3a). The NF-«xB pathway, which is directly down-
stream of AKT, had been reported to regulate proteins
that inhibit apoptosis, which is associated markedly
with cancer [24]. Here, we performed a luciferase
reporter assay and found that SRPK1 overexpression
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increased the transcriptional activity of the NF-xB
pathway in SW480 and HCT-116 cells, whereas, the
opposite results were obtained in SRPKI1-silenced
SW480 and HCT-116 cells (Fig. 4b). Analysis by qPCR
also revealed that the levels of NF-kB pathway down-
stream target genes were markedly increased in SW480
and HCT-116 SRPK1-overexpressing cells and reduced
in SW480 and HCT-116 SRPK1-silenced cells (Fig. 4c),
suggesting that SRPK1 increases AKT phosphorylation
to promote NF-kB pathway activation.

Mechanistically, we further observed that SRPK1
overexpression promoted p65 nuclear translocation
in SW480 and HCT-116 cells, whereas SRPK1 knock-
down inhibited p65 nuclear translocation in SW480
and HCT-116 cells, compared with that in control cells
(Fig. 4d, e, Additional file 4: Fig. S3b). In addition, we
observed that oxaliplatin could decrease the level of
phosphorylated AKT and the nuclear location of p65
(Additional file 5: Fig. S4). However, when the SRPK1
was overexpressed, oxaliplatin failed to regulate the
level of phosphorylated AKT and p65 (Additional file 2:
Fig. S1). These results indicated that SRPK1 could pro-
mote p65 translocation to activate the NF-«xB pathway
against oxaliplatin treatment.

SRPK1 induces IkB phosphorylation dependent on AKT
activation

Among on NF-«B pathway, IKK is a downstream target of
AKT, and when IKK and IkB are phosphorylated, NF-xB
would be released, which activates the NF-kB pathway
[26-28]. Thus, we detected the phosphorylation of IKKf
and IkBa. Immunoblotting analyses showed increased
levels of phosphorylated IKKB and IkBa in SRPK1 over-
expressing SW480 and HCT-116 cells, whereas SRPK1
silencing decreased the levels of phosphorylated IKKp
and IkBa (Fig. 5a, Additional file 6: Fig. S5a, b). We then
assessed whether SRPK1-mediated activation of the
NF-«B pathway was AKT dependent. We demonstrated
decreased levels of phosphorylated IkBa under AKT
inhibitor treatment (Fig. 5b, Additional file 6: Fig. S5c, d)
in cells overexpressing SRPK1 or control group, suggest-
ing that SRPK1 activates the NF-kB pathway dependent
on AKT. Collectively, these results indicated that elevated

(See figure on next page.)

Fig. 4 SRPK1 increased the phosphorylation of AKT to activate the NF-kB pathway. a Western blotting analysis the phosphorylation of AKT in
SW480 and HCT-116 cells overexpressing SRPK1 or vector only, and downregulated for SRPK1, or vector only. b Luciferase assay to determine

the transcriptional activity of NF-kB in SW480 and HCT-116 cells overexpressing, or silenced for, SRPK1, and vector only. € gPCR analysis of genes
downstream of the NF-kB pathway in SW480 and HCT-116 cells overexpressing SRPK1 or vector only, and downregulated for SRPK1, or vector only.
The bars indicate the means & SD (n = 3). d Western blot analysis of the NF-kB p65 subunit in the nuclear and cytoplasmic fractions of SW480 and
HCT-116 cells overexpressing SRPK1, or vector only, and downregulated for SRPK1, or vector only. e, Immunofluorescence analysis of p65 in SW480
and HCT-116 cells overexpressing SRPK1, or vector only, and downregulated for SRPK1, or vector only. SRPKT Serine-arginine protein kinase 1, AKT
protein kinase B, NF-kB nuclear factor kappa B, gPCR quantitative real-time polymerase chain reaction
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SRPK1 expression conferred an anti-apoptosis ability by
activating the NF-kB pathway by increasing the phospho-
rylation of AKT in colon cancer (Fig. 5c).

Discussion

In the present study, the expression of SRPK1 in paraffin-
embedded tissues from 148 patients with colon cancer
was greatly associated with clinical pathology stage and
patient survival prognosis, which suggested that SRPK1
could be a potential biomarker and therapeutic target for
colon cancer diagnosis, prognosis, and therapy.

SRPK1 is maintained in the cytoplasm with chaperone
HSP70/HSP90 and translocates to the nucleus to perform
alternative splicing [36]. Bcl-X is a well-known apoptosis
regulator modulated by alternative splicing. Anti-apop-
tosis protein Bcl-xL and pro-apoptosis protein Bcl-xS
are the two inverse function isoforms formed from the
BCL2L1 (Bcl-X) gene alternative splicing process [37].
However, whether SRPK1 could work as an oncopro-
tein to induce apoptosis via activation of key pathways
is unclear. In the present study, Bcl-xL translation levels
increased consequent to SRPK1 expression levels, which
suggest that SRPK1 might be involve in the apoptosis
process by participating in upstream pathway activation,
besides its role as an SR splicing factor of Bcl-X splicing.

Oxaliplatin represent a major class of chemotherapeu-
tic drugs in cancer cells [2]. It has been reported that
NF-«kB pathway may play an important role in tumo-
rigenesis and the level of activation of NF-kB pathway
is associated with chemotherapy effect [38], suggest-
ing that combined NF-«B inhibitor with chemotherapy
drugs might further suppress colon cancer prolifera-
tion. In addition, SRPK1 promotes cancer by regulating
AKT phosphatase to induce AKT dephosphorylation by
interacting with PHLPP1, which could dephosphorylate
p-AKT, lead to AKT constitutive activation suggesting
that SRPK1 plays a key role in signaling transduction [35].
Taken together, we assumed that SRPK1 overexpression
might increase AKT phosphorylation to induce NF-xB
pathway activation to enhance the ability of anti-apopto-
sis in colon cancer cells against oxaliplatin treatment.

Our data showed that after oxaliplatin treatment, the
phosphorylation of AKT and the accumulation of NF-kB
were both decreased in SW480 cell, this phenomenon
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was not observed in SRPK1 overexpression stable cell
lines, suggesting that SRPK1 could maintain the AKT
phosphorylation and the accumulation of NF-kB under
oxaliplatin treatment (Additional file 2: Fig. S1). Fur-
thermore, the data presented here show that SRPK1
participates in the activation of the NF-kB pathway by
increasing IKK phosphorylation. IKK is a downstream
target of AKT, which consists of the kinase subunits IKKa
and IKKB. Only when IKK phosphorylates IkB, could
NE-«B be release from IxB’s binding to accumulate in the
nucleus and execute its biological function of increasing
the transcription of its downstream target genes, includ-
ing anti-apoptosis genes [26—28]. We found that the lev-
els of phosphorylated AKT, IKK, and IkB increased in
SRPK1 overexpressing colon cancer cell lines, which con-
tribute to the activation of the downstream NF-kB path-
way. These findings showed that SRPK1 could transduce
anti-apoptosis signals directly as a downstream target of
AKT to activate the NF-«kB pathway, which suggested that
SRPK1 participates in the anti-apoptosis process via the
NEF-kB pathway by activating AKT. Therefore, identifying
new molecules that target in NF-kB pathway might con-
tribute to overcoming chemoresistance, which is an on-
going project in our laboratory. Furthermore, targeting
SRPK1’s kinase activity would not suppress tumorigen-
esis completely; therefore, SRPK1’s non-splicing-kinase
activity should be considered in clinical treatment, which
will help to better understanding chemoresistance.

Conclusions

Our finding suggested that SRPK1 enhances the anti-
apoptosis ability of colon cancer via the NF-«kB path-
way by activating AKT. In addition, specific inhibition
of SRPK1 might represent a potential anti-drug resist-
ance therapy, and SRPK1 might also be a prognostic
biomarker for oxaliplatin resistance in colon cancer. Tar-
geting SRPK1 might enhance the sensitivity of patients to
oxaliplatin.

Abbreviations

AJCC: American Joint Committee on Cancer; AKT: AKT serine/threonine
kinase 1; ATCC: American Type Culture Collection; Bcl-2: B cell leukemia/
lymphoma 2; Bcl-xL: BCL2 like 1 long isoform; Bcl-xS: BCL2 like 1 short isoform;
c¢DNA: Complimentary Deoxyribonucleic acid; CFLAR: CASP8 and FADD like
apoptosis regulator; CPTAC: Clinical Proteomic Tumor Analysis Consortium;

(See figure on next page.)

Fig. 5 SRPK1 induced IkB phosphorylation dependent on AKT activation. a Western blotting analysis of the phosphorylation of IKK@ and IkBa
of SW480 and HCT-116 cells overexpressing SRPK1 or vector only, and downregulated for SRPK1, or vector only. b Western blotting analysis the
phosphorylation of AKT and IkBa of SW480 and HCT-116 cells overexpressing SRPK1, or vector only, under AKT inhibitor treatment. ¢ A model of
how SRPK1 enhances the anti-apoptosis ability of colon cancer via the NF-kB pathway by activating AKT. *p <0.05, **p <0.01, ***p <0.001. SRPK1
Serine-arginine protein kinase 1, AKT protein kinase B, /kB inhibitor of nuclear factor kappa B, IKKB IkB kinase beta subunit, /kBa IkB alpha subunit,

NF-kB nuclear factor kappa B
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Ct: Cycle threshold; DAPI: 4,6-Diamidino-2-phenylindole; DMEM: Dulbecco's
Modified Eagle Medium; DMSO: Dimethy! sulfoxide; EGFR: Epidermal Growth
Factor Receptor; FBS: Fetal Bovine Serum; GAPDH: Glyceraldehyde-3-phos-
phate dehydrogenase; H3: Histone H3; IC50: Half inhibitory concentration;
IHC: Immunohistochemistry; IKKB: Inhibitor of nuclear factor kappa B kinase
subunit beta; IKKa: Component of inhibitor of nuclear factor kappa B kinase
complex; [kBa: NF-kB inhibitor alpha; pg: Microgram; mg: Milligrams; mL: Mil-
liliter; mRNA: Messenger Ribonucleic Acid; MTT: 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide; NF-kB: Nuclear factor kappa B; OV: Ovar-
ian serous cystadenocarcinoma; p65: RELA proto-oncogene, NF-kB subunit;
PARP1: Poly(ADP-ribose) polymerase 1; PBS: Phosphate Buffer Saline;; PCR:
Polymerase chain reaction; PHLPP: Pleckstrin homology (PH) domain leucine-
rich repeat protein phosphatase; Pl: Propidium lodide; Puro: Puromycin; RNA:
Ribonucleic acid; shRNA: Short hairpin Ribonucleic acid; SRSF: Serine-arginine
(SR) rich splicing factors; TCGA: Cancer Genome Atlas.
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