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Inhibition of SRPK1, a key 
splicing regulator, exhibits antitumor 
and chemotherapeutic‑sensitizing effects 
on extranodal NK/T‑cell lymphoma cells
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Abstract 

Background:  Increasing evidence has convincingly shown that abnormal pre-mRNA splicing is implicated in the 
development of most human malignancies. Serine/arginine-rich protein kinase 1 (SRPK1), a key splicing regulator, is 
reported to be overexpressed in leukemia and other cancer types, which suggests the therapeutic potential of target‑
ing SRPK1.

Methods:  SRPK1 expression was measured in 41 ENKTL patients by immunohistochemistry and mRNA expression 
was analyzed by qRT‒PCR. We knocked down SRPK1 expression in the ENKTL cell line YT by siRNA transfection and 
inhibited SRPK1 using inhibitors (SPHINX31 and SRPIN340) in YT cells and peripheral blood lymphocytes (PBLs) 
isolated from ENKTL patients to investigate its role in cell proliferation and apoptosis. Then, RNA-seq analysis was per‑
formed to predict the potential signaling pathway by which SRPK1 inhibition induces cell death and further verified 
this prediction by Western blotting.

Results:  In the present study, we initially evaluated the clinical significance of SRPK1 in extranodal natural killer/T-cell 
lymphoma (ENKTL), a very aggressive subtype of non-Hodgkin lymphoma. The expression of SRPK1 in ENKLT patients 
was examined by immunohistochemistry and qRT‒PCR, which revealed SRPK1 overexpression in more than 60% 
of ENKTL specimens and its association with worse survival. Cellular experiments using the human ENKTL cell line 
YT and PBLs from ENKTL patients, demonstrated that inhibition of SRPK1 suppressed cell proliferation and induced 
apoptosis. Subsequently, we investigated the downstream targets of SRPK1 by RNA-seq analysis and found that SRPK1 
inhibition induced ATF4/CHOP pathway activation and AKT1 inhibition. Furthermore, ENKTL patients presenting high 
SRPK1 expression showed resistance to cisplatin-based chemotherapy. The association of SRPK1 expression with cispl‑
atin resistance was also confirmed in YT cells. SRPK1 overexpression via pLVX-SRPK1 plasmid  transfection dramatically 
decreased the sensitivity of YT cells to cisplatin, while siRNA-mediated SRPK1 knockdown or SRPK1 inhibitor treatment  
significantly increased cisplatin cytotoxicity.
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Introduction
Extranodal natural killer/T-cell lymphoma (ENKTL) 
is an aggressive type of peripheral T-cell lymphoma 
(PTCL) originating from normal natural killer (NK) cells 
or cytotoxic T cells. Although chemotherapy and radio-
therapy improve the clinical outcomes of patients with 
early-stage disease, the overall survival (OS) of patients 
with advanced ENKTL remains poor because of frequent 
relapse or resistance to treatment [1, 2]. Currently, no 
highly effective targeted therapies are available for this 
aggressive lymphoma.

The majority of human genes contain multiple pro-
tein-coding regions, known as exons, that are separated 
by noncoding intervening sequences known as introns. 
RNA alternative splicing refers to the process of excising 
noncoding introns and splicing exons to produce mature 
mRNA, which gives rise to numerous proteins from a rel-
atively limited numbers of genes. A growing number of 
studies have convincingly confirmed that aberrant RNA 
splicing is associated with cancer initiation [3–5]. RNA 
splicing occurs in the spliceosome and is tightly regu-
lated by a variety of splicing factors, including the serine/
arginine-rich (SR) protein family [6, 7]. SR proteins are 
extensively phosphorylated at their RS domains by multi-
ple kinases, and this process is mediated by the predomi-
nant enzymes SR-specific protein kinases (SPRKs) [8, 
9]. SRPKs, which commonly include SRPK1 and SRPK2, 
are typically localized in the cytoplasm and translocated 
to the nucleus when activated by upstream signals to 
regulate splicing [10]. SRPK1, the first cloned and char-
acterized SRPK, has been reported to be a major regula-
tor of alternative splicing. The critical role of SRPK1 in 
malignancies has been reported in several human can-
cers, including lung, breast, prostate, cervical, colorectal, 
stomach, and liver cancers [11–16].

Recent studies have revealed that SRPK1 promotes 
oncogenesis through overexpression and functional 
alterations, which indicates the therapeutic potential of 
targeting this protein [17]. For example, overexpression 
of the SRPK1 protein in cancer cells and its  autologous 
antibody in plasma was observed in patients with acute-
type of adult T-cell leukemia [18]. Tzelepis et al. dem-
onstrated that SRPK1 inhibition affects the transcript 
levels of many genes, and that SRPK1 may be a plausible 
therapeutic target in acute myeloid leukemia (AML) [19, 
20]. These studies suggest that SRPK1 may be important 
in hematologic malignancies and its potential use for 

developing therapeutic strategies. However, no stud-
ies have investigated the status of SRPK1 expression in 
ENKTL patients and the possibility of targeting SRPK1 as 
an ENKTL therapeutic strategy.

In this study, we reported for the first time that SRPK1 
was  expressed in more than 60% of ENKTL patients. 
Furthermore, we found that high expression of SRPK1 
was associated with poor outcomes and cisplatin resist-
ance. The association of SRPK1 expression with cisplatin 
resistance was also confirmed in the ENKTL cell line. 
In addition, we demonstrated that SRPK1 inhibitors or 
silencers suppressed the proliferation of ENKTL cells and 
induced apoptosis, which may potentially be achieved via 
the activation of the ATF4/CHOP pathway and inhibition 
of AKT1 expression. These data indicate that SRPK1 is 
a valuable prognostic biomarker and that  its pharmaco-
logical inhibition is an alternative therapeutic strategy for 
ENKTL.

Methods
Patient selection
Pathological archives were searched for patients diag-
nosed with ENKTL between 2015 and 2021 at the Fourth 
Hospital of Hebei Medical University. Forty-one patients 
were determined to have archival formalin-fixed paraffin-
embedded (FFPE) tissues obtained by diagnostic biopsies 
performed pretreatment that was available for immu-
nohistochemistry (IHC). The diagnosis of ENKTL was 
made according to the criterion outlined by the revised 
4th edition of the WHO Classification of Tumors of 
Hematopoietic and Lymphoid Tissue [21].

IHC for SRPK1
IHC was performed on FFPE tissue sections using a Leica 
RM2245 - Semi Motorized Rotary Microtome (Leica, 
Germany). The anti-SRPK1 antibody (dilution 1:100) 
was purchased from BD Biosciences (BD Biosciences, 
San Jose, CA, USA). The intensity (I) of IHC staining was 
defined as follows: 0 = no staining at all; 1 = weak stain-
ing; and 2 = strong staining. The percentage (%) of stain-
ing was defined as the percentage of positively stained 
cells as follows: 0 = no positive cells; 1 = 1–49%; and 2 
= 50–100%. The total IHC score was calculated by mul-
tiplying I and % (I x %) and ranged from 0 to 4. The total 
IHC score for each case was recorded blindly without 
any information, including treatment knowledge. A slide 

Conclusion:  In summary, these results support that SRPK1 might be a useful clinical prognostic indicator and thera‑
peutic target for ENKTL, especially for patients who relapse after cisplatin-based chemotherapies.
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was recorded as negative for SRPK1 expression when the 
total IHC score was  ≤ 1 and defined as positive when the 
total IHC score was  ≥ 2.

SRPK1 mRNA extraction and qRT‒PCR
Thirty-one out of 41 specimens with adequate tissue 
were used for mRNA extraction. The FFPE RAN Kit 
(OMEGA Biotek) was used for RNA extraction from the 
FFPE tissue sections. Then, cDNA was prepared from 
total RNA (1 μg) using the FastQuant RT Kit (Tiangen, 
China). qRT‒PCR was performed using the TaqMan® 
Gene Expression Master Mix (Thermo Fisher Scientific, 
USA). The Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as the mRNA input control, and rela-
tive mRNA expression levels were computed using the 
2-Δ(CT) method. The primer sequences are shown below:

SRPK1-F: 5′-GCA​ACA​GAA​TGG​CAG​CGA​TC-3′,
SRPK1-R: 5′-CTG​GCG​CTT​CTG​CTT​CTT​C-3′,
GAPDH-F: 5′-CCT​GCA​CCA​CCA​ACT​GCT​TA-3′,
GAPDH-R: 5′-ATG​GCA​TGG​ACT​GTG​GTC​ATG-3′.

Cell culture and chemicals
The human ENKTL cell line YT was kindly provided by 
Prof. Mingzhi Zhang, Zhengzhou University First Affili-
ated Hospital, Zhengzhou, China. YT cells were cul-
tured in Roswell Park Memorial Institute 1640 medium 
(RPMI1640, Gibco, USA) containing 10% fetal bovine 
serum in a humidified 5% CO2 incubator at 37 °C. The 
SRPK1 inhibitors SPHINX31 and SRPIN340 were pur-
chased from MedChemExpress USA (Monmouth Junc-
tion, NJ, USA).

Peripheralblood lymphocyte (PBL)isolation
PBLs wereisolated from ENKTL patients using Human 
Peripheral Blood Lymphocyte SeparationSolution 
(Tbdscience, China). All participants provided written 
informedconsent, and the procedure was performed in 
accordancewith the Ethics Committee of the ForthHospi-
tal of Hebei Medical University.

Cell viability assay
Cell viability, expressed as cell proliferation, was meas-
ured using a Cell Counting Kit-8 (CCK-8) assay. YT cells 
or PBLs were seeded in 96-well plates and cultured with 
or without SRPK1 inhibitors. CCK-8 solution was added 
after each culture period. After 2 hours of incubation, the 
optical density (OD) values at 450 nm were measured by 
a Multiskan Sky Microplate Spectrophotometer (Thermo 
Fisher Scientific, USA).

siRNA,plasmids, and transfection
Downregulation and upregulation of SRPK1 and ATF4 
was achieved by small interfering RNAs (siRNAs).  
si-SRPK1s and si-ATF4s were acquired from Sangon 
Biotech, China. The selected sequences of siRNAs are 
as follows:

si-SRPK1-1: 5′-GUG​GCA​AUG​AAA​GUA​GUU​AAATT-3′,
si-SRPK1-2: 5′-CAG​ACU​CUU​GUA​CAC​CUA​UAATT-3′,
si-SRPK1-3: 5′- GCA​GCU​GGC​UUC​ACA​GAU​UUCTT-3′,
si-ATF4-1: 5′-CCU​AGG​UCU​CUU​AGA​UGA​UUATT-3′,
si-ATF4-2: 5′-GUU​GGU​CAG​UCC​CUC​CAA​CAATT-3′,
si-ATF4-3: 5′-CCU​CAG​UGC​AUA​AAG​GAG​GAATT-3′.

The SRPK1 or AKT1 expression plasmid was gener-
ated from the full-length SRPK1  or AKT1 cDNA and 
cloned in-frame into a PLVX-Puro plasmid (pLVX-
SRPK1 or pLVX-AKT1). YT cells were transfected 
with the siRNA using Lipofectamine 3000 (Invitro-
gen, Carlsbad, CA, USA). SRPK1 or AKT1 expression 
plasmid was electrotransfected into YT cells, and cells 
harboring the pLVX-Puro were selected for puromycin 
resistance.

Flow cytometry assay
Annexin V (420404, Biolegend, USA) and 7-amino-
actinomycin D (7-AAD, 640920, Biolegend, USA) dou-
ble staining was performed to detect cell apoptosis. 
Cells were analyzed using the MACSQuant Analyzer 
10 (Miltenyi Biotec, Bergisch Gladbach, Germany), and 
the results were analyzed by FlowJo software.

Western blotting assay
YT cells were lysed with RIPA lysis buffer to prepare 
whole-cell extracts. Equal amounts of cell protein 
extracts (10 μg) were separated by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS‒PAGE), 
transferred to and immobilized on polyvinylidene 
fluoride (PVDF) membranes (Pall, Westborough, MA, 
USA), and then probed with the appropriate primary 
and secondary antibodies. Immunodetection was per-
formed using a Bio-Rad ChemiDoc XRS+ System  
(Hercules, CA, USA). The expression of the target protein 
was normalized to that of GAPDH. Antibodies against 
SRPK1 (611072, BD Biosciences), poly-ADP-ribose poly-
merase (PARP, 9542, Cell Signaling Technology), Caspase-3 
(9662, Cell Signaling Technology), ATF-4 (activating 
transcription factor 4, 11815, Cell Signaling Technology), 
CHOP (C/EBP homologous protein, 2895, Cell Signal-
ing Technology), phospho-AKT1 (ab81283, Abcam), AKT1  
(60203-20I, Proteintech Group), and GAPDH (60004-1-Ig,  
Proteintech Group) were used.
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RNA‑seq analysis
Total RNA was extracted from YT cells using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA). RNA-seq was 
performed using the 2×150 bp paired-end sequencing 
(PE150) on an Illumina NovaSeq™ 6000 platform (LC-
Bio Technology Co., Ltd., Hangzhou, China) according 
to the manufacturer’s instructions. The RNA-Seq results 
were reported as fragments per kilobase of exon model 
per million mapped reads (FPKM) values. The original 
data of RNA-seq data have been submitted to the NCBI 
SRA database (PRJNA774953).

Analysis of mRNA sequencing data
Cutadapt software was used to remove the reads that 
contained adaptor contamination. After removing the 
low-quality bases and undetermined bases, HISAT2 soft-
ware was used to map reads to the genome. The mapped 
reads of each sample were assembled using StringTie with 
default parameters (command line: ~stringtie -p 4 -Gge-
nome.gtf -o output.gtf -l sample input.bam). Then, all 
transcriptomes from all samples were merged to recon-
struct a comprehensive transcriptome using gffcompare 
software. After the final transcriptome was generated, 
StringTie and ballgown were used to estimate the expres-
sion levels of all transcripts and perform expression 
level for mRNAs by calculating FPKM. The differentially 
expressed mRNAs with fold change > 2 or fold change 
< 0.5 and p value< 0.05 were selected by the R package 
edgeR or DESeq2, and then GO enrichment were per-
formed on the differentially expressed mRNAs.

Statistical analysis
Survival analysis was conducted using the Kaplan–
Meier method, and the results were compared using the 
log-rank test. OS was calculated from the date of initial 
diagnosis to the date of death. Progression-free survival 
(PFS) was calculated from the date of initial diagnosis to 
disease progression or death from any cause. The associ-
ation between SRPK expression and the clinical parame-
ters was conducted by Fisher’s exact test. An independent 
samples t  test was used to evaluate the mRNA expres-
sion in the SRPK1-negative and SRPK1-positive groups. 
A two-sided P value <0.05 was considered to indicate a 
statistically significant difference. Statistical analyses 
were performed using SPSS 19.0 software (IBM Corp., 
Armonk, NY, USA).

Results
SRPK1 was expressed in more than half of ENKTL patients
We first examined the expression of SRPK1 in FFPE 
tissues from 41 ENKTL patients. As shown in Fig. 1A, 
SRPK1-positive cases showed diffuse or granular 

cytoplasmic and nuclear staining patterns with vari-
able degrees of intensity. According to the defined 
IHC scores mentioned above, positive SRPK1 expres-
sion was observed in 63.4% (26/41) of the patients 
(Fig. 1B). To further explore SRPK1 mRNA expression 
in ENKTL, qRT‒PCR analysis was performed for 31 
ENKTL cases. The SRPK1 mRNA levels in 35 SRPK1 
IHC-positive tissues were significantly higher than 
those in 10 SRPK1 IHC-negative samples (Fig.  1C). 
These results confirmed that SRPK1 was overexpressed 
in more than half of ENKTL patients.

Positive expression of SRPK1 was associated with shorter 
OS and PFS
To explore the potential effects and relationship 
between the status of SRPK1 expression and clinical 
outcomes, we performed Kaplan‒Meier analyses of 
OS and PFS according to SRPK1 status. Patients with 
positive SRPK1 expression had significantly shorter OS 
and PFS than those with negative SRPK1 expression 
(P<0.05, Fig.  1D and E). As shown in Table  1, among 
the laboratory and clinical parameters analyzed, the 
Ki-67 proliferation index (P = 0.018) and serum β2 
microglobulin (P = 0.017) were significantly higher in 
patients with positive SRPK1 expression, which may 
partially explain the poor prognosis. Although elevated 
serum lactate dehydrogenase (LDH) and bone marrow 
involvement were more common among SRPK1-posi-
tive patients than SRPK1-negative patients, the associa-
tions were not statistically significant.

SRPK1 inhibition suppressed cell proliferation
We next sought to determine whether SRPK1 inhibi-
tion could slow the growth of ENKTL cells. In  vitro, 
we successfully downregulated SRPK1 at the mRNA 
and protein levels in YT cells via si-SRPK1 transfection 
(Fig. 2A and B). Downregulation of SRPK1 significantly 
decreased cell viability after up to 72 hours in culture 
(Fig. 2C). Similarly, the viability of YT cells was signifi-
cantly reduced when cocultured with SRPK1 inhibitor 
SPHINX31 or SPRIN340 (Fig.  2D). Furthermore, the 
proliferation of PBLs from ENKTL patients was also 
suppressed by SRPK1 inhibitors (Fig.  2E). These results 
demonstrated that SRPK1 silence and inhibition resulted 
in the suppression of cell proliferation in ENKTL cells.

SRPK1 inhibition promoted the apoptosis of ENKTL cells
SRPK1 inhibition-induced apoptotic was then detected 
by Annexin V/7-AAD double staining in YT cells and 
PBLs from ENKTL patients. Both SRPK1 inhibitors 
(SPHINX31 and SRPIN340) and siRNA increased the 
number of Annexin V-positive cells (Fig.  3A). Moreo-
ver, SRPK1 inhibition-induced apoptosis was further 
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confirmed by elevated levels of cleaved PARP and cleaved 
caspase-3 (Fig.  3B). SRPK1 inhibitor stimulation 
increased the number of apoptotic cells among PBLs 
from ENKTL patients (Fig.  3C). The results show that 
SRPK1 inhibition could suppress cell proliferation and 
promote apoptosis in ENKTL cells, which indicates that 
SRPK1 might be a therapeutic target for ENKTL.

ATF4/CHOP pathway and AKT1 were downstream targets 
of SRPK1 inhibitors
To investigate downstream target genes most likely 
affected by SRPK1 inhibition, the differentially expressed 
genes in SRPK1 knockdown (siSRPK1) and inhibi-
tor (SPHINX31 and SRPIN340)-treated and untreated 
YT cells were subjected to transcriptome analysis using 

RNA-seq. First, as shown by Gene Ontology (GO) 
enrichment analyses, CHOP-C/EBP and CHOP-ATF4 
complexes, among others, were enriched (Fig.  4A). The 
increased expression of CHOP and ATF4 proteins was 
further confirmed by Western blotting (Fig.  4B). To 
confirm the involvement of the CHOP-ATF4 pathway 
in SRPK1 inhibition-induced apoptosis, we suppressed 
ATF4 expression with si-ATF4 (Fig. 4C). Downregulation 
of ATF4 expression rescued SPHINX31-induced apopto-
sis (Fig. 4D).

The hierarchical clustering of different transcripts 
showed that SRPK1 knockdown and inhibition resulted in 
similar gene expression patterns, and AKT1 (also known 
as protein kinase B, PKB) was downregulated (Fig.  5A). 
Decreases in both total and phosphorylated AKT1 levels 

Fig. 1  SRPK1 is expressed in more than half of ENKTL patients and is associated with adverse clinical outcomes. A Immunohistochemical expression 
of SRPK1 in NK/T-cell lymphomas. B Distribution of SRPK1 expression for different IHC scores. C Relative SRPK1 mRNA expression levels in ENKTL 
patients. D and E Kaplan‒Meier survival analysis revealed that SRPK1 expression was significantly associated with a shorter OS and PFS
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after SRPK1 inhibition was further confirmed by West-
ern blotting (Fig. 5B). To verify the involvement of AKT1 
in SRPK1 inhibition-induced apoptosis, we upregulated 
the expression of AKT1 with the pLVX-AKT1 expression 
plasmid (Fig. 5C). Upregulation of AKT1 expression res-
cued SPHINX31-induced apoptosis in YT cells (Fig. 5D).

These results indicated that SRPK1 inhibition induced 
cell death by activating the ATF4/CHOP pathway and 
AKT1 inhibition in ENKTL cells.

Positive SRPK1 expression in ENKTL patients conferred 
resistance to cisplatin
Studies on the role of SRPK1 in sensitivity or resistance 
to cisplatin have yielded conflicting results thus far. The 
earliest evidence showing that SRPK1 is a cisplatin sensi-
tivity gene came from studies of S. cerevisiae and human 
ovarian carcinoma cells (A2780) [22]. SRPK1 was later 
confirmed to be a cisplatin sensitivity gene in nonsemi-
nomatous germ cell tumors [23]. In contrast , studies 
using pancreatic, breast, colon, and glioma cell lines [24–
26] have shown that the downregulation of SRPK1 results 
in sensitivity to cisplatin-induced cell death, indicating 
that SRPK1 is a cisplatin resistance-related gene.

To investigate the effect of SRPK1 on cisplatin 
sensitivity or resistance in ENKTL, we first evalu-
ated the relationship between SRPK1 expression 
and sensitivity or resistance to cisplatin treatment. 
As shown in Table  1, 24 patients with ENKTL were 
treated with chemotherapy regimens including cis-
platin; six patients were SRPK1-negative and 5 of 
them achieved CR or PR. Another 18 patients were 
SRPK1-positive, and 12 developed relapsed/refrac-
tory disease after receiving cisplatin-containing 
chemotherapy. Positive expression of SRPK1 was sig-
nificantly associated with significant cisplatin resist-
ance in ENKTL patients (P = 0.033).

Inhibition of SRPK1 promotes ENKTL cell sensitization 
to cisplatin
To further investigate the effects of SRPK1 downregula-
tion and upregulation on cisplatin sensitivity or resist-
ance in ENKTL, SRPK1 was silenced with siRNA or 
overexpressed with the SRPK1 expression plasmid. We 
verified that we successfully decreased and increased the 
mRNA and protein levels of SRPK1 in YT cells (Fig. 6A 
and B). Compared to normal YT cells, cells with SRPK1 
knockdown (siSRPK1-1, gray bars) exhibited significantly 
increased cisplatin cytotoxicity, while forced SRPK1 
overexpression (pLVX-SRPK1, black bars) dramatically 
decreased the sensitivity of YT cells to cisplatin. In addi-
tion, SRPK1 inhibitors (SPHINX31 and SRPIN340) syn-
ergistically enhanced the cytotoxic effects of cisplatin on 
YT cells (Fig.  6C and D). These data demonstrated that 
SRPK1 is a cisplatin resistance-related protein and that 
inhibition of SRPK1 promotes ENKTL cells sensitization 
to cisplatin.

Discussion
An increasing number studies have shown that aberrant 
RNA splicing is a widespread phenomenon in cancer and 
a key event in cancer development [17]. SRPK1, the first 
and major kinase regulating the alternative splicing of 

Table 1  Comparison of clinical parameters between patients 
with positive or negative SRPK1 expression

B symptoms: unintentional weight loss of > 10% of normal body weight over a 
period of six months or less, fever > 38 °C for more than three days without any 
evident cause other than lymphoma, and human drenching night sweats

Sensitive to cisplatin: Patients achieved complete remission or partial response 
after cisplatin-containing chemotherapies, which include DDGP regimen 
chemotherapy (dexamethasone, cisplatin, gemcitabine, and pegaspargase) 
and IPGDP regimen chemotherapy (ifosfamide, pegaspargase, gemcitabine, 
cisplatin, and dexamethasone)

Clinical Parameters Overall SRPK1- SRPK1 +  P-value

N 41 15 26

Gender 0.381

  Male 28 12 16

  Female 13 3 10

Age 0.382

   ≥ 60 10 2 8

   < 60 31 13 18

Ann Arbor Stage 0.730

  I/II 26 9 17

  III/IV 15 6 9

Serum LDH (U/l) 0.678

  Normal 28 12 16

  Increased 13 3 10

IPI 0.730

  0 ~ 1 26 9 17

   ≥ 2 15 6 9

Ki-67 0.018

  < 60 15 9 6

  ≥ 60 26 6 20

Serum β2 microglobulin (μg/
ml)

0.017

 Normal 20 11 9

  Increased 21 4 17

B symptoms 0.607

  Absent 24 8 16

  Present 17 7 10

BM involvement 0.727

  Yes 8 2 6

  No 33 13 20

Sensitive to cisplatin 0.033

  Yes 11 5 6

  No 13 1 12
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SR splicing factors, can affect several processes in a wide 
spectrum of malignancies [11–16]. In contrast, studies 
of SRPK1 in hematopoietic and lymphoid malignancies 
are rare and mostly focused on leukemias, such as acute 
adult T-cell leukemia [18], chronic myeloid leukemia 
[27, 28], acute lymphoblastic leukemia [29], and acute 
myeloid leukemia [19, 20]. To the best of our knowledge, 
this is the first study on SRPK1 expression in patients 
with NK/T-cell lymphoma. In this study, IHC staining of 
41 samples and qPCR analyses of 31 samples were per-
formed to evaluate SRPK1 expression in ENKTL. The 
protein levels of SRPK1 were increased in more than 60% 
of patients with ENKTL. Additionally, we found that the 
expression status of SRPK1 was associated with the prog-
nosis; specifically, patients with positive SRPK1 expres-
sion experienced significantly shorter OS and PFS  than 
those with negative SRPK1 expression. Positive SRPK1 
expression was also shown to confer resistance to cis-
platin in ENKTL patients. The notion that SRPK1 is a 

cisplatin resistance-related protein was corroborated in 
YT cells, as SRPK1 overexpression by pLVX-SRPK1 plas-
mid transfection dramatically decreased the sensitivity of 
YT cells to cisplatin, while SRPK1 downregulation  signif-
icantly increased cisplatin cytotoxicity. We further dem-
onstrated that both SRPK1 inhibitors (SPHINX31 and 
SRPIN340) suppressed cell proliferation and promoted 
apoptosis in YT cells and PBLs from ENKTL patients. 
Furthermore, RNA-seq enrichment analysis and Western 
blotting showed that the ATF4/CHOP/AKT1 axis was a 
downstream target of SRPK1 inhibitors in YT cells.

The relationship between SRPK1 expression and sen-
sitivity or resistance to cisplatin-containing chemo-
therapy appeared to be tumor/cell specific. For example, 
although positive expression of SRPK1 was associated 
with resistance to cisplatin-containing chemotherapy 
in ENKTL patients, similar to the pancreatic carcinoma 
cell lines reported by Hayes GM et al. [24], the oppo-
site effect was observed by Schenk et al. in ovarian 

Fig. 2  SRPK1 inhibition suppressed the cell proliferation of ENKTL cells. SRPK1 mRNA (A) and protein (B) levels were downregulated by siSRPK1s in 
YT cells. C siSRPK1-1 decreased YT cell viability for up to 72 hours. D Decreased YT cell viability was associated with the SRPK1 inhibitors SPHINX31 
and SRPIN340 in a dose-dependent manner. E The SRPK1 inhibitors SPHINX31 and SRPIN340 decreased the relative cell activity in PBLs from ENKTL 
patients in a dose-dependent manner (mean activity ± SD from quadruplicate wells, *P < 0.05 versus the control group)
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carcinoma cell lines [22] and germ cell tumors [23]. The 
hypothesis that SRPK1 was experimentally proven to 
be a cisplatin resistance-related protein in the YT cell 
line based on the results of a cisplatin killing experi-
ment (Fig.  6); thus, we postulate that the discrepant 

results between these studies may be due to intrinsic 
differences between different types of tissue/cells and/
or differences in the expression of targeted genes regu-
lated by SRPK1 through RNA splicing in different types 
of cancer. It is of paramount importance to assess the 

Fig. 3  SRPK1 inhibition promoted apoptosis in ENKTL cells. A YT cells were transfected with SRPK1 siRNA or treated with SPHINX31 (12.5 μM) 
or SRPIN340 (12.5 μM) for 24 h. The cells were analyzed by flow cytometry after Annexin V/7-AAD double staining. The percentage of Annexin 
V-positive cells is presented as the mean ± SD from 3 independent experiments (*P < 0.05). B Western blotting of whole-cell extracts from YT cells 
showed increased levels of cleaved PARP and cleaved caspase-3. The Expression levels of cleaved PARP/GAPDH and cleaved caspase-3/GAPDH are 
presented as the means ± SDs from 3 independent experiments (*P < 0.05). C PBLs from ENKTL patients were treated with SPHINX31 (12.5 μM) or 
SRPIN340 (12.5 μM) for 24 h, and apoptotic cells were dtected by Annexin V/7-AAD double staining
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expression status of each tumor to accordingly select the 
most effective chemotherapy regimen. Although large-
scale prospective studies with more patients are needed, 
based on our limited and small cohort of ENKTL 
patients, an alternative chemotherapy regimen without 
cisplatin should be selected for the treatment of ENKTL 

when positive SRPK1 expression is detected. Interest-
ingly, the relationship between the expression status of 
SRPK1 and sensitivity to cisplatin is dynamic and not 
static, at least in cell lines, as revealed by Wang C et al., 
as cisplatin-resistant cells were resensitized by inhibit-
ing the kinase activity or enhancing the  acetylation of 

Fig. 4  The ATF4/CHOP pathway is a downstream target of SRPK1 inhibition. A YT cells were transfected with SRPK1 siRNA or treated with 
SPHINX31 (12.5 μM) or SRPIN340 (12.5 μM) for 24 h. Gene Ontology (GO) enrichment analysis showed that multiple pathways were affected 
by SRPK1 downregulation. (①: intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress; ②: negative regulation of 
oxidative stress-induced neuron death; ③: positive regulation of transcription from RNA polymerase II promoter in response to endoplasmic 
reticulum stress). B Western blotting showed that CHOP and AFT4 were upregulated by SRPK1 silencing and inhibition. C Silencing ATF4 by siRNA 
transfection decreased the expression of ATF4 in YT cells. D Annexin V/7-AAD double staining showed the effect of ATF4 knockdown by siRNA on 
SPHINX31-induced apoptosis in YT cells.
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SRPK1 [30]. In addition, aberrantly expressed SRPK1 
can regulate diverse oncogenic processes, including 
angiogenesis, cell proliferation, and apoptosis, through 
various mechanisms/pathways, and SRPK1 inhibition 
results in changes in the transcript levels of many genes, 

highlighting the potential possibility that SRPK1 itself 
can serve as a therapeutic target [11, 31].

While the mechanism(s) through which SRPK1 
can serve as a prospective treatment target remain 
unclear, the RNA-seq analysis in this study suggests 

Fig. 5  AKT1 is a downstream target of SRPK1 inhibitors in YT cells. A YT cells were transfected with SRPK1 siRNA or treated with SPHINX31 (12.5 μM) 
or SRPIN340 (12.5 μM) for 24 h. Heatmap showed that SRPK1 knockdown and inhibition resulted in similar gene expression patterns, among which 
AKT1 was downregulated by SRPK1 silencing and inhibition. B The levels of total and phosphorylated AKT1 were downregulated by SRPK1 silencing 
and inhibition. C Silencing ATF4 by siRNA transfection decreased the expression of ATF4 in YT cells. AKT1 protein levels in YT cells were upregulated 
by the overexpression plasmid pLVX-SAKT1. D Annexin V/7-AAD double staining showed the effect of AKT1 overexpression on SPHINX31-induced 
apoptosis in YT cells.
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at least a possible partial explanation. As shown in 
the heatmap and GO enrichment analysis data, inhi-
bition of SRPK1 in YT cells led to increased ATF4 
and CHOP expression and decreased AKT1 expres-
sion. The ATF4-CHOP signaling pathway may play 
an essential role in the increased apoptosis induced 
by SRPK1 inhibition. Studies have revealed the 
importance of the ATF4/CHOP pathway in the LW-
213-induced apoptosis of cutaneous T-cell lym-
phoma cells [32] and the aspirin-induced apoptosis 
in multiple myeloma cells [33]. ERS-mediated apop-
tosis was observed in gambogic acid-treated ENKTL 
cells, which was triggered by activation of the ATF4/
CHOP pathway and inhibition of the AKT [34]. Sim-
ilar to our results, ATF4/CHOP activation and AKT 
inhibition were observed in SRPK1 inhibitor-treated 
YT cells. Huang D et al. reported that the oncogenic 
phosphatidylinositol 3-kinase (PIK3)/AKT pathway 
was abnormally activated in patients with PTCL and 
ENKTL, and a PI3K inhibitor induced cell cycle arrest 
but not the apoptosis in PTCL and ENKTL cells [35]. 
In this study, the suppression of AKT1 induced by 

SRPK1 inhibition may have induced apoptosis or cell 
cycle arrest, resulting in the suppression of ENKTL 
cell proliferation. The AKT1 pathway was reported 
to be associated with chemoresistance in cancers [36, 
37], overexpression of phosphor-AKT1 and AKT1 was 
observed in cisplatin-resistant cancer cells [38, 39], 
and downregulation of AKT was shown to reverse cis-
platin resistance in osteosarcoma cells [40] and non-
small‐cell lung cancer cells [41, 42]. AKT1 suppression 
induced by SRPK1 inhibition may play an important 
role in restoring cisplatin sensitivity in ENKTL cells. 
Further experiments are required to explore the pre-
cise mechanism of SRPK1-mediated cisplatin resist-
ance in ENKTL.

In summary, we report that SRPK1 overexpression is 
associated with an adverse prognosis and cisplatin resist-
ance in ENKTL patients. SRPK1 inhibition or silencing 
suppresses cell proliferation and promotes apoptosis, 
most likely at least in part by activating the ATF4-CHOP 
pathway and suppressing AKT1 expression. Our studies 
may pave the way for future studies on SRPK1 as a poten-
tial therapeutic target for ENKTL.

Fig. 6  SRPK1 expression conferred resistance to cisplatin in YT cells. SRPK1 mRNA (A) and protein (B) levels in YT cells was down- and upregulated 
by siSRPK1-1 and the overexpression plasmid pLVX-SRPK1, respectively. C The sensitivity of YT cells to cisplatin was decreased and increased upon 
SRPK1 upregulation and downregulation, respectively (mean activity ± SD from quadruplicate wells, *P < 0.05 versus control group). D SPHINX31 
and SRPIN340 synergistically enhanced the cytotoxic effects of cisplatin in YT cells (mean activity ± SD from quadruplicate wells, *P < 0.05 
compared with the control group).
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