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Abstract
Purpose  Paclitaxel (PTX) is widely used in the chemotherapy of many cancers, including breast cancer and oral squamous 
cell carcinoma (OSCC). However, many patients respond poorly to PTX treatment. The SRSF3 oncogene and several splic-
ing factors play important roles in OSCC tumorigenesis. This study aimed to understand the function of splicing factors in 
PTX treatment and improve the therapeutic effects of PTX treatment.
Methods  Splicing factors regulated by PTX treatment were screened in CAL 27 cell by reverse transcription polymerase 
chain reaction. The function of SRSF3 in PTX treatment was analyzed by gain-of-function or loss-of-function assay in OSCC 
cell lines CAL 27 and SCC-9 and breast cancer cell line MCF-7. Alternative splicing of SRSF3 exon 4 in cancer tissues or 
cells was analyzed by RT-PCR and online program TSVdb. SRSF3-specific antisense oligonucleotide (ASO) SR-3 was used 
to downregulate SRSF3 expression and enhance the effect of PTX treatment.
Results  PTX treatment decreased SRSF3 expression, and SRSF3 overexpression rescued the growth inhibition caused by 
PTX in both OSCC and breast cancer cells. Moreover, we found that PTX treatment could repress SRSF3 exon 4 (contain-
ing an in-frame stop codon) exclusion and then decrease the SRSF3 protein expression. Increased exclusion of SRSF3 exon 
4 is correlated with poor survival in OSCC and breast cancer patients. SR-3 downregulated SRSF3 protein expression and 
significantly increased the sensitivity of cancer cells to PTX treatment.
Conclusions  SRSF3 downregulation by ASO sensitizes cancer cells to PTX treatment.

Keywords  SRSF3 · Paclitaxel · Cancer

Introduction

Paclitaxel (PTX) is widely used in the chemotherapy of 
many cancers such as breast cancer [1], non-small cell lung 
cancer, and oral squamous cell carcinoma (OSCC) [2]. PTX 
inhibits cancer cell mitosis through polymerizing tubulin 
and disrupting normal microtubule dynamics, thus leading 
to cell death eventually [3]. In spite of its effectiveness in 
clinical applications [4], the rate of pathological complete 
response to PTX treatment is merely 30% [5]. In recur-
rent or metastatic head and neck squamous cell carcinoma 
(HNSCC), the response rate was estimated at 40% when 
paclitaxel was applied alone [6]. Therefore, increasing the 
sensitivity of cancers to PTX is urgently required for improv-
ing cancer treatment. The PTX resistance of OSCC has been 
reported to be associated with the cleavage of HuR, an RNA-
binding protein [7]. Cancer stem cells of OSCC cell lines 
show reduced sensitivity to PTX treatment [8]. However, the 
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molecular mechanisms of PTX resistance in OSCC remain 
largely unknown.

Alternative splicing of pre-mRNA dramatically increased 
the proteomic diversity of the human genome and is increas-
ingly associated with cancer and drug resistance [9]. Two 
families of splicing factors play important roles in regulating 
alternative splicing, namely serine/arginine (SR) proteins 
and heterogeneous ribonuclear proteins (hnRNPs). They are 
involved in cancer progression by regulating the alternative 
splicing of cancer-associated genes [10]. In our previous 
studies, splicing factor SRSF3 [11], hnRNP A1 [12], hnRNP 
L [13], and SRSF5 [14] have been found to be involved in 
OSCC tumorigenesis. To date, the function and expression 
of splicing factors in PTX treatment remain unclear.

SRSF3 (aliased SRp20, SFRS3) is a member of the SR 
protein family and participates in various biological pro-
cesses including alternative splicing [15], alternative RNA 
polyadenylation [16], termination of transcription [17], RNA 
export [18], transcriptome integrity [19], microRNA bio-
genesis [20], and protein translation [21]. SRSF3 has been 
demonstrated as a proto-oncogene [22] and reported to be 
expressed aberrantly in many malignancies, including OSCC 
[11, 13], colon cancer [23], colorectal cancer [24], gastric 
cancer [20], and breast cancer [25]. SRSF3 regulates the 
alternative splicing of its own exon 4. Exon 4 contains an in-
frame stop codon [11]. The exon 4-skipped isoform encodes 
full-length functional SRSF3 protein. Meanwhile, the exon 
4-included isoform can be degraded by nonsense-mediated 
mRNA decay (NMD) or encode a truncated SRSF3 protein 
[26, 27]. To date, the function and expression of SRSF3 in 
PTX treatment is unknown.

This study aimed to understand the function of splicing 
factors in PTX treatment and improve the therapeutic effects 
of PTX treatment. This study analyzed the mRNA expres-
sion levels of splicing factors in the presence of PTX treat-
ment, the function of SRSF3 in PTX treatment, alternative 
splicing of SRSF3 exon 4 in cancer tissues or cells, and the 
function of an anti-SRSF3 antisense oligonucleotide (ASO) 
SR-3 in the effect of PTX treatment.

Materials and methods

Cell cultures and reagents

CAL 27 (an OSCC cell line) cells were cultured in Dul-
becco’s modified Eagle medium (DMEM; HyClone, USA) 
supplemented with 10% fetal bovine serum (FBS; HyClone, 
USA) and 1% antibiotic–antimycotic (Gibco, USA). OSCC 
cell line SCC-9 was cultured in DMEM:F12 (HyClone, 
USA) supplemented with 10% FBS, 1‰ hydrocortisone and 
1% antibiotic–antimycotic. Breast cancer cell line MCF-7 
was maintained in Minimum Essential Medium with Earle’s 

Balanced Salts (HyClone, USA) supplemented with 10% 
FBS and 1% antibiotic–antimycotic. All cells were incubated 
at 37 °C in 5% CO2 humidified air. PTX was purchased from 
MedChem Express (USA) and dissolved in dimethyl sulfox-
ide (DMSO).

Tissue samples

Human breast carcinoma tissue and adjacent normal breast 
tissue were obtained from Hubei Cancer Hospital. Five 
patients diagnosed with breast carcinoma were involved in 
this study. All histologic diagnoses were performed by the 
Pathology Department of Hubei Cancer Hospital. Informed 
consents were obtained from all participants. All experi-
mental protocols were approved by the Ethics Committee at 
Hubei Cancer Hospital.

Data analysis of TCGA datasets

We selected TCGA datasets of head and neck squamous 
cell carcinoma (44 normal and 520 primary cancer cases) 
and breast invasive carcinoma (112 normal and 1093 pri-
mary cancer cases). The expression of genes in patients was 
measured by mRNA sequencing. The normalized expression 
levels of SRSF3 exon 4 exclusion or inclusion isoform in 
TCGA breast or head and neck cancer patients were col-
lected from the online program TSVdb (http://www.tsvdb​
.com). The ratios of SRSF3 exon 4 exclusion isoform vs 
inclusion isoform were compared between normal and can-
cer tissues. Low or high level of the ratio of SRSF3 exon 
4 exclusion vs inclusion was determined by the number of 
standard deviations from the mean. To analyze the correla-
tion of SRSF3 exon 4 inclusion and the survival of patients, 
the overall survival data were downloaded and analyzed with 
GraphPad Prism software.

Antisense oligonucleotides and transfection

An anti-SRSF3 ASO modified by 2′-O-methoxyethyl-phos-
phorothioate (called SR-3, [28]) and a non-specific (NS) 
ASO were synthesized by Sangon Biotech (China). SR-3 or 
NS ASOs were transfected into cells using Lipofectamine 
3000 reagent (Invitrogen, USA) in accordance with the man-
ufacturer’s protocol.

RNA extraction, reverse transcription polymerase 
chain reaction (RT‑PCR), and quantitative RT‑PCR 
(qRT‑PCR)

Total RNA was extracted using the Total RNA Miniprep 
Kit (Axygen, USA). Then reverse transcription was per-
formed using the Maxima H Minus cDNA Synthesis Mas-
ter Mix (Thermo Scientific, USA) in accordance with the 

http://www.tsvdb.com
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manufacturer’s protocol. PCR was performed using Green 
Taq Mix (Vazyme Biotech, China). qRT-PCR was performed 
in accordance with the protocol of Genecopoeia All-in-One 
qPCR Mix (Genecopoeia, USA). Primers involved in this 
experiment are listed in Table S1.

PCR conditions for SRSF3 were set as follows: 95 °C 
for 5 min (pre-denaturation), 26 cycles (long isoform) or 
22 cycles (short isoforms) of denaturation at 95 °C for 15 s, 
annealing at 60 °C for 30 s, and extension at 72 °C for 20 s. 
A final extension at 72 °C for 7 min was also applied. For 
the detection of both long and short isoforms, PCR condition 
was modified as follows: 25 cycles, annealing at 58 °C for 
2 min and 30 s, extension for 40 s. qRT-PCR was performed 
as follows: 95 °C for 10 min (pre-denaturation), 40 cycles of 
denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s, 
and extension at 72 °C for 15 s.

Western blot

Total cellular proteins were separated in 10% NuPAGE 
Bis–Tris gel (Invitrogen, USA), and transferred to nitrocel-
lulose membrane (Pall Corporation, USA). The membrane 
was blocked by 5% milk for 1 h, and incubated with the 
primary antibody at 4 °C overnight. SRSF3 protein was 
detected using mouse monoclonal anti-SRSF3 antibody 
(3G271, sc-73059, Santa Cruz, USA and 7B4, 33-4200, 
Thermo Fisher, USA) or mouse anti-GAPDH (M20006, 
Abmart, China), followed by mouse IgG kappa-binding 
protein (m-IgGκ BP) conjugated to horseradish peroxidase 
(sc-516102, Santa Cruz, USA) at room temperature for 1 h. 
β-Actin protein was detected using a horseradish peroxidase-
labeled mouse anti-β-actin antibody (A3854, Sigma-Aldrich, 
USA).

Apoptosis assay

Cell apoptosis was measured using the Annexin V-FITC/
PI apoptosis assay kit (KGA108, Keygentec, China). Forty-
eight hours after PTX or DMSO treatment, the cells were 
collected in 200 μL of binding buffer and incubated for 
20 min with 2 μL of PI and 2 μL of Annexin V-FITC in dark 
conditions. Apoptosis was evaluated using flow cytometry.

Statistical analysis

The difference of SRSF3 isoform expression between the 
tumor and normal groups was compared using a nonpara-
metric Mann–Whitney test. For cell growth assay, two-group 
statistical comparisons of means were calculated with Stu-
dent’s t test. Survival analysis of cancer patients was per-
formed with a log-rank test. Survival curves were produced 
using the Kaplan and Meier method.

Results

PTX inhibits SRSF3 expression in cancer cells

To understand the association between splicing factors and 
PTX treatment, CAL 27 cells (an OSCC cell line) were treated 
with 7.8 or 15.6 nM PTX, and the mRNA expression levels of 
10 members of SR protein family (Fig. 1a) and 16 members of 
hnRNP family (Figure S1) were analyzed. Among these splic-
ing factors, the mRNA level of SRSF3 was the one that was 
the most significantly changed after PTX treatment (Fig. 1b, 
P < 0.001). Cells treated with 15.6 nM PTX showed signifi-
cantly downregulated SRSF3 protein level compared with 
control (fold change > 1.5, P < 0.01) (Fig. 1d). SRSF3 down-
regulation by PTX treatment was confirmed in another OSCC 
cell line, SCC-9 (Figure S3A-B). Moreover, PTX treatment 
also significantly decreased SRSF3 mRNA and protein levels 
in MCF-7 cell, a breast cancer cell line, in a dose-dependent 
manner (Fig. 1c, d). These results suggested that PTX may 
inhibit cancers by downregulating SRSF3.

SRSF3 is overexpressed in breast cancer tissues

Previously, we have demonstrated that the expression levels 
of SRSF3 in OSCC tissues are significantly higher than those 
in normal oral mucosal tissues [29]. Given that PTX inhib-
its SRSF3 expression in breast cancer cells, we next aimed 
to determine whether SRSF3 is also overexpressed in breast 
cancer tissues. In line with OSCC, the transcription levels of 
SRSF3 in breast cancer tissues were higher than their adja-
cent normal tissues (Fig. 2a). By analyzing the expression 
of SRSF3 in a TCGA breast cancer database, we found that 
SRSF3 is significantly overexpressed in breast cancer tis-
sue compared with normal controls (Fig. 2b). This phenom-
enon indicates SRSF3 may be associated with breast cancer 
carcinogenesis.

SRSF3 overexpression reduces the sensitivity to PTX 
in cancer cells

To explore the function of SRSF3 in PTX treatment, CAL 
27 and MCF-7 cells with stably overexpressed SRSF3 were 
established. SRSF3 overexpression can partially rescue can-
cer cell proliferation inhibited by PTX in both CAL 27 and 
MCF-7 (P < 0.001, Fig. 2c, d) cells. These findings indicated 
that SRSF3 can reduce the sensitivity of cancer cells to PTX 
treatment.

PTX represses the exclusion of SRSF3 exon 4

SRSF3 is a splicing factor and also regulates the alternative 
splicing of its own exon 4. Exon 4 contains an in-frame stop 
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codon [11]. The short isoform without exon 4 encodes full-
length SRSF3 protein. The long isoform with exon 4 can 
encode a truncated SRSF3 protein that lacks the vital RS 
functional domain, but it is also a target of nonsense-medi-
ated mRNA decay (NMD) and is mainly degraded (Fig. 3a). 
Consequently, the mRNA expression level of long isoform 
is much lower than that of short isoform. To understand 
how PTX regulates the expression of SRSF3, we analyzed 
the effect of PTX treatment on the alternative splicing of 
SRSF3 exon 4 using a pair of primers amplifying both exon 
4-included and -excluded isoforms. Compared with DMSO 
treatment control, PTX treatment significantly increased 
SRSF3 exon 4-included long isoform by relatively decreas-
ing the exon 4-excluded short isoform in CAL 27, MCF-7 

(Fig. 3b) and SCC-9 cells (Figure S3C). This phenomenon 
was further confirmed by qRT-PCR or RT-PCR using two 
pairs of isoform-specific primers in these cells (Fig. 3c; 
Suppl. Figs. S2A and S3D). These results suggest that PTX 
may downregulate full-length SRSF3 protein expression by 
increasing the inclusion of its exon 4.

Previously we demonstrated that an ASO, SR-3, could 
increase the inclusion of SRSF3 exon 4 and decrease the 
expression of full-length SRSF3 protein by blocking an 
exonic splicing suppressor in exon 4 in OSCC cells [28]. 
In line with this result, we found that SR-3 significantly 
increased the levels of long isoform of SRSF3 mRNA by 
relatively decreasing the exon 4-excluded short isoform 
(Fig. 3d; Suppl. Fig. S3E), and decreased the levels of 
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Fig. 1   PTX treatment significantly downregulated SRSF3 expression. 
a CAL 27 cell, an OSCC cell line, was treated with 0 nM, 7.8 nM, 
or 15.6 nM PTX for 48 h. The mRNA expression levels of SR pro-
teins were analyzed by RT-PCR. b The histogram shows the relative 
expression levels of SR proteins. Data are mean ± SE, n = 3. c, d CAL 
27 or MCF-7 (a breast cancer cell line) cell was treated with PTX 

at the indicated concentration. The expression of SRSF3 mRNA or 
protein was analyzed through RT-PCR, qRT-PCR (c) or Western blot 
(d). GADPH and β-actin served as loading controls. Histograms sum-
marized the relative expression levels of SRSF3 mRNA or protein. 
Data are mean ± SE, n = 3
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full-length SRSF3 protein (Fig. 3f; Suppl. Fig. S3G) in 
CAL 27, MCF-7 and SCC-9 cells. This phenomenon was 
further confirmed by qRT-PCR or RT-PCR using two pairs 
of isoform-specific primers in these cells (Fig. 3e; Suppl. 
Figs. S2B and S3F). In addition, we confirmed that SR-3 
could also downregulate the expression of known targets 
of SRSF3, PLK1 and CDC25B (Figure S4) in these cells. 
These results suggested that SR-3 ASO could be used to 
enhance the therapeutic effect of PTX treatment by decreas-
ing SRSF3 expression.

Low ratio of exon 4 exclusion vs inclusion 
is associated with good prognosis

To date, the relationship between alternative splicing of 
SRSF3 exon 4 and cancer patients’ clinical outcomes is 
unclear. By analyzing the alternative splicing of SRSF3 exon 
4 in patients with breast or head and neck cancer (TCGA 
datasets), we found that cancer tissues showed significantly 
higher exclusion of exon 4 than normal controls (Fig. 4a, 
b). Moreover, low ratio of exon 4 exclusion vs inclusion 

isoform significantly correlates with good overall survival in 
patients with head and neck cancer or breast cancer (Fig. 4c, 
d). These results suggest that increasing the ratio of inclu-
sion vs exclusion of SRSF3 exon 4 and decreasing SRSF3 
full-length protein expression may improve the outcomes 
of cancers.

Anti‑SRSF3 ASO sensitizes cancer cells to PTX 
treatment

Next, we aimed to determine whether SR-3 ASO could 
enhance the therapeutic effect of PTX treatment. Can-
cer cells were divided into four groups: PTX + SR-3, 
PTX + NS, DMSO + SR-3, and DMSO + NS. DMSO and 
non-specific (NS) served as controls. In MCF-7 cells, low 
PTX concentration (0.5 μM) in PTX + NS group could 
not inhibit cell proliferation (Fig.  5a). However, com-
bined treatment with both 0.5 μM PTX and 20 nM SR-3 
(PTX + SR-3 group) significantly inhibited MCF-7 cell 
proliferation. In CAL 27 cells, the PTX + SR-3 group 
(combined treatment with both 7.8 nM PTX and 20 nM 
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SR-3) also showed significantly less cell proliferation 
than the PTX + NS group (Fig. 5a). Similar results were 
observed in SCC-9 (Figure S5A). These results indicate 
that anti-SRSF3 ASO can sensitize cancer cells to PTX 
treatment. In line with the results of cell proliferation, the 
PTX + SR-3 group showed the lowest SRSF3 expression 
levels than other groups in both cell lines (Fig. 5b; Figure 
S5B). To determine the levels of truncated SRSF3 protein 
in cells treated individually or combined with PTX and 
SR-3 ASO, an antibody recognizing both full-length and 
truncated SRSF3 (clone 7B4, from Thermo Fisher) was 
used in Western blot assay. As shown in Figure S6, PTX or 
SR-3 ASO treatment increased the expression of truncated 

SRSF3 protein. As expected, the combination of both PTX 
and SR-3 ASO treatment showed the highest expression of 
SRSF3 truncated protein in both CAL 27 and MCF-7 cells.

To evaluate whether the inhibition of cancer cell growth 
was achieved by apoptosis induction, we next analyzed 
the apoptosis of cells treated individually or combined 
with PTX and SR-3. Flow cytometry showed that, in all 
three cell lines, either PTX or SR-3 treatment increased 
cell apoptosis significantly. However, combination of PTX 
and SR-3 induced the most percentage of apoptosis cells 
(Fig. 5c, d; Figure S5C and D). These results suggested 
that PTX and SR-3 can inhibit cancer cell growth via 
inducing cell apoptosis.
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lyzed by RT-PCR (d) and qRT-PCR (e). The expression of full-length 
SRSF3 protein was analyzed by Western blot (f). Data are mean ± SE, 
n = 3. β-Actin served as a loading control
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Discussion

PTX is of great importance in clinical chemotherapy applied 
in many malignancies [4]. PTX exerts its effect via stabi-
lizing microtubules, inducing cell cycle arrest in G2/M in 
breast cancer [30] or head and neck squamous cell carci-
noma [31]. In the present study, we found that PTX treat-
ment significantly decreased SRSF3 expression. Previously 
we have demonstrated that RNAi-mediated reduction of 
SRSF3 expression induces G2/M arrest, growth retarda-
tion, and apoptosis in cancer cells [22]. Therefore, PTX may 
inhibit cancer cell growth partially through the downregula-
tion of SRSF3 expression.

PTX treatment can change the alternative splicing profile 
of global cellular RNA. Using RNA-seq analysis, Zhu et al. 
reported that PTX treatment controls the alternative splicing 
events of a series of genes that are involved in tumorigenesis 

including FMNL3, ZMIZ2, ECT2, PLD2, and DDIT3. For 
example, ECT2 is known to regulate rRNA synthesis that is 
essential for lung tumorigenesis. PTX treatment favors the 
production of ECT2-S, the short splicing isoforms of ECT2, 
which inhibits lung cancer cell proliferation [32]. However, 
the molecular regulatory mechanisms of these splicing 
events by PTX remain unknown. Determining whether these 
splicing events are regulated by SRSF3 will be interesting. 
In addition, Zhu et al. reported that PTX treatment decreases 
the expression of hnRNPUL1, a splicing factor, in lung can-
cer cell. However, we did not find the downregulated expres-
sion of hnRNPUL1 in OSCC in the present study (Figure 
S1).

To date, several splicing factors have been reported to 
be associated with the cancer cell’s sensitivity to PTX or 
other anticancer drugs. For example, TRA2A is a member 
of transformer 2 (TRA2) proteins and regulate pre-mRNA 

Fig. 4   Inclusion of SRSF3 exon 4 is associated with better progno-
sis. a, b Head and neck cancer or breast patients have higher ratios 
of SRSF3 exon 4 exclusion vs inclusion than normal controls. a, b 
The normalized expression levels of exon 4 exclusion or inclusion 
isoform of patients in TCGA head and neck cancer (a) or breast 
cancer (b) database were collected from the online program TSVdb 
(http://www.tsvdb​.com). The ratios of SRSF3 exon 4 exclusion vs 
inclusion were compared between normal and cancer tissues. There 
were 44 normal cases and 520 cancer cases in head and neck cancer 

dataset, and 112 normal cases and 1093 cancer cases in breast can-
cer dataset. c, d Kaplan–Meier curves of overall survival for patients 
with lower ratio (49 cases in head and neck cancer, 474 cases in 
breast cancer) or higher ratio (391 cases in head and neck cancer, 517 
cases in breast cancer) of exon 4 exclusion vs inclusion isoform. Low 
ratio of exon 4 exclusion vs inclusion isoform was defined as less 
than mean − 0.66SD (standard deviation) in head and neck cancer or 
mean − 0.25SD in breast cancer

http://www.tsvdb.com
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Fig. 5   Anti-SRSF3 antisense oligonucleotide (SR-3) sensitizes can-
cer cells to PTX treatment. Cells were divided into four groups: 
PTX + SR-3, PTX + NS, DMSO + SR-3, and DMSO + NS. DMSO 
and non-specific (NS) served as controls. a CAL 27 or MCF-7 cells 
were transfected with 20  nM SR-3 or non-specific (NS) antisense 
oligonucleotide on Day 0. Twenty-four hours after transfection, cells 
were treated with PTX (7.8 nM for CAL 27, 0.5 μM for MCF-7) or 
DMSO. Cell numbers were counted on Day 3. b SRSF3 expression 

in each group was detected through Western blot. β-Actin served as 
a loading control. Relative expression levels of SRSF3 protein were 
normalized to β-actin. c, d Cellular apoptosis were analyzed by flow 
cytometry on Day 3. c Annexin V-FITC/PI method was applied to 
detect the proportion of apoptotic cells. d The histograms summa-
rized the cellular apoptotic rates in all groups. Data are mean ± SE, 
n = 3. *P < 0.05, **P < 0.01, ***P < 0.001
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splicing. TRA2A promotes PTX resistance of triple-negative 
breast cancer by promoting the isoform shift of RSRC2 from 
RSRC2 s to RSRC2 l [33]. Pre-mRNA processing factor-4 
(PRP-4) was reported to be overexpressed in several PTX-
resistant human ovarian cell lines, and transcriptional repres-
sion of PRP-4 reversed PTX resistance by five- to tenfold 
[34]. SR and hnRNP proteins are two families discovered as 
regulators of alternative splicing. SRSF1, a member of SR 
protein family, favors the splicing switch of caspase 9 from 
pro-apoptosis caspase 9a to anti-apoptosis caspase 9b, and 
decreases the cancer cell’s sensitivity to PTX [35]. PTBP1, 
also known as hnRNP I, was reported to regulate the alterna-
tive splicing of pyruvate kinase gene (PKM) and promote 
the production of carcinogenic isoform PKM2. Knockdown 
of PTBP1 abolishes the pancreatic cancer cell’s resistance 
to gemcitabine and cisplatin [36]. Interestingly, our previ-
ous works demonstrated that SRSF1 is regulated by SRSF3, 
and PTBP1 increases SRSF3 expression [11, 37]. All these 
studies suggest that splicing factors mainly reduce the sensi-
tivity of cancer cells to anticancer drugs. Our present study 
demonstrated that oncogenic splicing factor SRSF3 plays 
similar role and reduces the cancer cell’s sensitivity to PTX 
treatment.

Previously, we discovered that FOXM1, Cdc25B and 
PLK1 are targets of SRSF3 [22]. Interestingly, Zhu et al. 
also showed that the RNA levels of FOXM1 and PLK1 sig-
nificantly decrease upon PTX treatment. In line with these 
studies, we found that PTX treatment downregulates SRSF3 
in cancer cells in the present study, suggesting that PTX 
inhibits FOXM1 and PLK1 expression through downregu-
lating SRSF3.

Apart from PTX, many clinical chemicals have nega-
tive effects on the expression of SRSF3. Saeki et al. showed 
that insulin treatment induced the degradation of SRSF3 
via proteasome in HL-60, a human leukemia cell line [38]. 
Digitoxin is a member of the cardiotonic steroid class of 
drugs for the clinical treatment of heart failure. Interestingly, 
digitoxin can inhibit SRSF3 and TRA2B expression in HEK 
293 cells [39]. Chang et al. found that amiloride, a com-
mon diuretic, reduced the expression of SRSF3 and altered 
oncogenic alternative splicing events in Huh-7, a human 
hepatocellular carcinoma cell [40]. Moreover, caffeine was 
demonstrated to downregulate SRSF3, and then influence 
the alternative splicing of p53 [41]. These studies suggested 
that SRSF3 is an important target for cancer therapy.

SRSF3 has an alternative exon 4. Long isoform with 
exon 4 can encode a truncated SRSF3 protein that lacks 
the vital RS functional domain, but it is also a target of 
NMD and is mainly degraded. Short isoform without 
exon 4 can encode full-length SRSF3 protein [42]. Con-
sequently, the mRNA expression level of long isoform 
is much lower than that of short isoform. The truncated 
SRSF3 may be positively related to carcinogenesis. Kano 

et al. found that stable overexpression of truncated SRSF3 
protein increases the expression of c-Jun, cyclin D1, cyclin 
D3, CDC25A and E2F1, and accelerates cell growth [43]. 
They also demonstrated that truncated SRSF3 is required 
for IL-8 expression in colon cancer cells [26]. However, 
Jimenez et al. demonstrated that truncated SRSF3 protein 
is a dominant negative form of SRSF3, and promotes the 
induction of DNA damage, genome instability, and cell 
cycle arrest. We have also demonstrated that increasing the 
inclusion of exon 4 by SR-3 ASO significantly decreased 
SRSF3 full-length protein expression and suppressed can-
cer cell growth [28]. Therefore, the function of truncated 
SRSF3 protein is opposite to that of oncogenic full-length 
SRSF3 protein. However, genome instability induced by 
truncated SRSF3 protein may contribute to early carcino-
genesis by increasing the incidence of cellular mutations. 
Further studies are required to understand the function of 
truncated SRSF3 protein in carcinogenesis.

ASOs have been used to enhance the efficiency of anti-
cancer drugs in cancer cells. An anti-Bcl2 ASO signifi-
cantly enhances the cytotoxicity of cisplatin in bladder 
cancer cells [44]. An ASO targeting TNFR1-associated 
DD protein (TRADD) improves the chemosensitivity of 
HepG2 cancer cells to proteasome inhibitors MG132 or 
ALLN [45]. Recently, ASOs have also been applied to 
preclinical trial including amyotrophic lateral sclerosis 
(ALS) [46], Duchenne muscular dystrophy [47] and solid 
cancers [48]. Therefore, antisense oligonucleotides have 
been receiving increasing attention for cancer treatment. 
Combination of epidermal growth factor receptor ASO and 
docetaxel is more effective in the treatment of head and 
neck squamous cell carcinoma compared with standard 
chemotherapy [49]. In the present study, we showed that 
SR-3 ASO of SRSF3 sensitized cancer cells to PTX, indi-
cating that ASOs against splicing factors may be a useful 
novel method for anticancer therapy.

In conclusion, our results demonstrated that SRSF3 is 
a target gene of PTX, and downregulation of SRSF3 by 
ASO is a promising method to sensitize cancer cells to 
PTX treatment.

Acknowledgements  This work was supported by Grant 81470741, 
81571024 and 81271143 from the National Science Foundation of 
China. This work was also supported by Health Commission of Hubei 
Province scientific research project, WJ2019Z014 and Hubei Provincial 
Natural Science Foundation of China, 2019CFB643.

Data availability   The data used to support the findings of this study 
are included within the article.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflicts of 
interest.



1142	 Cancer Chemotherapy and Pharmacology (2019) 84:1133–1143

1 3

Informed consent  Informed consents were obtained from all partici-
pants. All experimental protocols were approved by the Ethics Com-
mittee at Hubei Cancer Hospital.

References

	 1.	 Bourgeois-Daigneault MC, St-Germain LE, Roy DG et al (2016) 
Combination of paclitaxel and MG1 oncolytic virus as a suc-
cessful strategy for breast cancer treatment. Breast Cancer Res 
18(1):83

	 2.	 Sosa AE, Grau JJ, Feliz L et al (2014) Outcome of patients 
treated with palliative weekly paclitaxel plus cetuximab in 
recurrent head and neck cancer after failure of platinum-based 
therapy. Eur Arch Otorhinolaryngol 271(2):373–378

	 3.	 Weaver BA (2014) How taxol/paclitaxel kills cancer cells. Mol 
Biol Cell 25(18):2677–2681

	 4.	 Rowinsky EK, Donehower RC (1995) Paclitaxel (taxol). N Engl 
J Med 332(15):1004–1014

	 5.	 Gonzalez-Angulo AM, Morales-Vasquez F, Hortobagyi GN 
(2007) Overview of resistance to systemic therapy in patients 
with breast cancer. Adv Exp Med Biol 608:1–22

	 6.	 Forastiere AA, Shank D, Neuberg D, Taylor ST, DeConti RC, 
Adams G (1998) Final report of a phase II evaluation of pacli-
taxel in patients with advanced squamous cell carcinoma of the 
head and neck: an Eastern Cooperative Oncology Group trial 
(PA390). Cancer 82(11):2270–2274

	 7.	 Janakiraman H, House RP, Talwar S et al (2017) Repression of 
caspase-3 and RNA-binding protein HuR cleavage by cyclooxy-
genase-2 promotes drug resistance in oral squamous cell carci-
noma. Oncogene 36(22):3137–3148

	 8.	 Felthaus O, Ettl T, Gosau M et al (2011) Cancer stem cell-like 
cells from a single cell of oral squamous carcinoma cell lines. 
Biochem Biophys Res Commun 407(1):28–33

	 9.	 Wang BD, Lee NH (2018) Aberrant RNA splicing in cancer and 
drug resistance. Cancers (Basel) 10(11):e458

	10.	 Ghigna C, Moroni M, Porta C, Riva S, Biamonti G (1998) 
Altered expression of heterogenous nuclear ribonucleoproteins 
and SR factors in human colon adenocarcinomas. Cancer Res 
58(24):5818–5824

	11.	 Guo J, Jia J, Jia R (2015) PTBP1 and PTBP2 impaired autoregu-
lation of SRSF3 in cancer cells. Sci Rep 5:14548

	12.	 Yu C, Guo J, Liu Y, Jia J, Jia R, Fan M (2015) Oral squamous 
cancer cell exploits hnRNP A1 to regulate cell cycle and pro-
liferation. J Cell Physiol 230(9):2252–2261

	13.	 Jia R, Zhang S, Liu M et al (2016) HnRNP L is important for 
the expression of oncogene SRSF3 and oncogenic potential of 
oral squamous cell carcinoma cells. Sci Rep 6:35976

	14.	 Yang S, Jia R, Bian Z (2018) SRSF5 functions as a novel onco-
genic splicing factor and is upregulated by oncogene SRSF3 in 
oral squamous cell carcinoma. Biochim Biophys Acta Mol Cell 
Res 1865(9):1161–1172

	15.	 Cavaloc Y, Bourgeois CF, Kister L, Stevenin J (1999) The splic-
ing factors 9G8 and SRp20 transactivate splicing through dif-
ferent and specific enhancers. RNA 5(3):468–483

	16.	 Lou H, Neugebauer KM, Gagel RF, Berget SM (1998) Regula-
tion of alternative polyadenylation by U1 snRNPs and SRp20. 
Mol Cell Biol 18(9):4977–4985

	17.	 Cui M, Allen MA, Larsen A et al (2008) Genes involved in pre-
mRNA 3′-end formation and transcription termination revealed 
by a lin-15 operon Muv suppressor screen. Proc Natl Acad Sci 
USA 105(43):16665–16670

	18.	 Huang Y, Gattoni R, Stevenin J, Steitz JA (2003) SR splicing 
factors serve as adapter proteins for TAP-dependent mRNA 
export. Mol Cell 11(3):837–843

	19.	 Do DV, Strauss B, Cukuroglu E et al (2018) SRSF3 maintains 
transcriptome integrity in oocytes by regulation of alternative 
splicing and transposable elements. Cell Discov 4:33

	20.	 Kim K, Nguyen TD, Li S, Nguyen TA (2018) SRSF3 recruits 
DROSHA to the basal junction of primary microRNAs. RNA 
24(7):892–898

	21.	 Bedard KM, Daijogo S, Semler BL (2007) A nucleo-cytoplas-
mic SR protein functions in viral IRES-mediated translation 
initiation. EMBO J 26(2):459–467

	22.	 Jia R, Li C, McCoy JP, Deng CX, Zheng ZM (2010) SRp20 is a 
proto-oncogene critical for cell proliferation and tumor induc-
tion and maintenance. Int J Biol Sci 6(7):806–826

	23.	 Kurokawa K, Akaike Y, Masuda K et al (2014) Downregula-
tion of serine/arginine-rich splicing factor 3 induces G1 cell 
cycle arrest and apoptosis in colon cancer cells. Oncogene 
33(11):1407–1417

	24.	 Lin JC, Lee YC, Tan TH et al (2018) RBM4-SRSF3-MAP4K4 
splicing cascade modulates the metastatic signature of colorectal 
cancer cell. Biochim Biophys Acta Mol Cell Res 1865(2):259–272

	25.	 Ke H, Zhao L, Zhang H et al (2018) Loss of TDP43 inhibits 
progression of triple-negative breast cancer in coordination with 
SRSF3. Proc Natl Acad Sci USA 115(15):E3426–E3435

	26.	 Kano S, Nishida K, Kurebe H et al (2014) Oxidative stress-induci-
ble truncated serine/arginine-rich splicing factor 3 regulates inter-
leukin-8 production in human colon cancer cells. Am J Physiol 
Cell Physiol 306(3):C250–C262

	27.	 Jimenez M, Urtasun R, Elizalde M et al (2019) Splicing events 
in the control of genome integrity: role of SLU7 and truncated 
SRSF3 proteins. Nucleic Acids Res 47(7):3450–3466

	28.	 Guo Jihua, Che Xiaoxuan, Wang Xiaole, Jia R (2018) Inhibi-
tion of the expression of oncogene SRSF3 by blocking an exonic 
splicing suppressor with antisense oligonucleotides. RSC Adv 
8(13):7159–7163

	29.	 Peiqi L, Zhaozhong G, Yaotian Y, Jun J, Jihua G, Rong J (2016) 
Expression of SRSF3 is correlated with carcinogenesis and 
progression of oral squamous cell carcinoma. Int J Med Sci 
13(7):533–539

	30.	 Kavanagh EL, Lindsay S, Halasz M et al (2017) Protein and 
chemotherapy profiling of extracellular vesicles harvested from 
therapeutic induced senescent triple negative breast cancer cells. 
Oncogenesis 6(10):e388

	31.	 Maushagen R, Reers S, Pfannerstill AC et al (2016) Effects of 
paclitaxel on permanent head and neck squamous cell carcinoma 
cell lines and identification of anti-apoptotic caspase 9b. J Cancer 
Res Clin Oncol 142(6):1261–1271

	32.	 Zhu Z, Chen D, Zhang W et al (2018) Modulation of alternative 
splicing induced by paclitaxel in human lung cancer. Cell Death 
Dis 9(5):491

	33.	 Liu T, Sun H, Zhu D et  al (2017) TRA2A promoted pacli-
taxel resistance and tumor progression in triple-negative breast 
cancers via regulating alternative splicing. Mol Cancer Ther 
16(7):1377–1388

	34.	 Duan Z, Weinstein EJ, Ji D et al (2008) Lentiviral short hairpin 
RNA screen of genes associated with multidrug resistance identi-
fies PRP-4 as a new regulator of chemoresistance in human ovar-
ian cancer. Mol Cancer Ther 7(8):2377–2385

	35.	 Shultz JC, Goehe RW, Murudkar CS et al (2011) SRSF1 regulates 
the alternative splicing of caspase 9 via a novel intronic splicing 
enhancer affecting the chemotherapeutic sensitivity of non-small 
cell lung cancer cells. Mol Cancer Res 9(7):889–900

	36.	 Calabretta S, Bielli P, Passacantilli I et al (2016) Modulation of 
PKM alternative splicing by PTBP1 promotes gemcitabine resist-
ance in pancreatic cancer cells. Oncogene 35(16):2031–2039



1143Cancer Chemotherapy and Pharmacology (2019) 84:1133–1143	

1 3

	37.	 Ajiro M, Jia R, Yang Y et al (2016) A genome landscape of 
SRSF3-regulated splicing events and gene expression in human 
osteosarcoma U2OS cells. Nucleic Acids Res 44(4):1854–1870

	38.	 Saeki K, Yasugi Etsuko, Okuma Emiko et al (2005) Proteomic 
analysis on insulin signaling in human hematopoietic cells: iden-
tification of CLIC1 and SRp20 as novel downstream effectors of 
insulin. Am J Physiol Endocrinol Metab 289(3):E419–E428

	39.	 Anderson ES, Lin CH, Xiao XS et al (2012) The cardiotonic ster-
oid digitoxin regulates alternative splicing through depletion of 
the splicing factors SRSF3 and TRA2B. RNA 18(5):1041–1049

	40.	 Chang JG, Yang DM, Chang WH et al (2011) Small molecule 
amiloride modulates oncogenic RNA alternative splicing to devi-
talize human cancer cells. PLoS One 6(6):e18643

	41.	 Lu GY, Huang SM, Liu ST et al (2014) Caffeine induces tumor 
cytotoxicity via the regulation of alternative splicing in subsets of 
cancer-associated genes. Int J Biochem Cell Biol 47:83–92

	42.	 Jumaa H, Nielsen PJ (2000) Regulation of SRp20 exon 4 splicing. 
Biochim Biophys Acta 1494(1–2):137–143

	43.	 Kano S, Nishida K, Nishiyama C et al (2013) Truncated serine/
arginine-rich splicing factor 3 accelerates cell growth through up-
regulating c-Jun expression. J Med Invest 60(3–4):228–235

	44.	 Hong JH, Lee E, Hong J, Shin YJ, Ahn H (2002) Antisense Bcl2 
oligonucleotide in cisplatin-resistant bladder cancer cell lines. 
BJU Int 90(1):113–117

	45.	 Witort E, Lulli M, Carloni V, Capaccioli S (2013) Antican-
cer activity of an antisense oligonucleotide targeting TRADD 

combined with proteasome inhibitors in chemoresistant hepato-
cellular carcinoma cells. J Chemother 25(5):292–297

	46.	 Miller TM, Pestronk A, David W et al (2013) An antisense oli-
gonucleotide against SOD1 delivered intrathecally for patients 
with SOD1 familial amyotrophic lateral sclerosis: a phase 1, ran-
domised, first-in-man study. Lancet Neurol 12(5):435–442

	47.	 Koo T, Wood MJ (2013) Clinical trials using antisense oligo-
nucleotides in duchenne muscular dystrophy. Hum Gene Ther 
24(5):479–488

	48.	 Tanioka M, Nokihara H, Yamamoto N et al (2011) Phase I study 
of LY2181308, an antisense oligonucleotide against survivin, in 
patients with advanced solid tumors. Cancer Chemother Pharma-
col 68(2):505–511

	49.	 Niwa H, Wentzel AL, Li M et al (2003) Antitumor effects of 
epidermal growth factor receptor antisense oligonucleotides in 
combination with docetaxel in squamous cell carcinoma of the 
head and neck. Clin Cancer Res 9(13):5028–5035

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Downregulation of SRSF3 by antisense oligonucleotides sensitizes oral squamous cell carcinoma and breast cancer cells to paclitaxel treatment
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell cultures and reagents
	Tissue samples
	Data analysis of TCGA datasets
	Antisense oligonucleotides and transfection
	RNA extraction, reverse transcription polymerase chain reaction (RT-PCR), and quantitative RT-PCR (qRT-PCR)
	Western blot
	Apoptosis assay
	Statistical analysis

	Results
	PTX inhibits SRSF3 expression in cancer cells
	SRSF3 is overexpressed in breast cancer tissues
	SRSF3 overexpression reduces the sensitivity to PTX in cancer cells
	PTX represses the exclusion of SRSF3 exon 4
	Low ratio of exon 4 exclusion vs inclusion is associated with good prognosis
	Anti-SRSF3 ASO sensitizes cancer cells to PTX treatment

	Discussion
	Acknowledgements 
	References




