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SRSF7 knockdown promotes apoptosis
of colon and lung cancer cells
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Abstract. Serine/arginine-rich (SR) proteins are a family of
important splicing factors, which are involved in multiple
aspects of RNA processing, including splicing, mRNA
nuclear export, mRNA stability and translation. Previous
studies have identified a number of SR proteins that exhibit
abnormal expression in various tumor types. In the present
study, the expression and function of serine/arginine-rich
splicing factor 7 (SRSF7) were investigated in colon and
lung cancer. Using tissue immunohistochemistry, it was
observed that SRSF7 was overexpressed in colon and lung
cancer tissues. As the role of SRSF7 in cancer remains to
be fully elucidated, the expression of SRSF7 was knocked
down in the present study by transfecting SRSF7-specific
small interfering RNAs (siRNAs) into the HCT116 colon
cancer cell line and A549 lung cancer cell line, which
exhibited elevated expression of SRSF7. MTS assays,
western blot analysis, flow cytometry and spectrofluorom-
eter analyses were performed to assess the effects of SRSF7
knockdown on the proliferation and apoptosis of cells.
The results demonstrated that the expression of SRSF7
was efficiently knocked down by SRSF7 siRNA, and that
SRSF7 knockdown inhibited proliferation and enhanced
apoptosis of HCT116 and A549 cells. Further experiments
involving BEAS-2B cells stably overexpressing SRSF7,
and A549 cells with stable knockdown of SRSF7 revealed
that SRSF7 regulated the splicing of the apoptosis regu-
lator Fas. Collectively, these data indicated that SRSF7
is critical for the survival of colon and lung cancer cells,
and may be a potential therapeutic target for the treatment
of colon and lung cancer.
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Introduction

Serine/arginine-rich (SR) proteins are a conserved
RNA-binding protein family, which consists of 12 members,
serine/arginine-rich splicing factor (SRSF)1-12,inhumans (1,2).
SR proteins have multiple key roles in the control of gene
expression, including constitutive and alternative pre-mRNA
splicing, transcription, mRNA transport, mRNA stability and
translation (3-5). Changes in the expression of SR proteins may
lead to aberrant alternative splicing and potentially contribute
to various diseases, and in particular, to the development of
cancer. Previous studies have indicated that the expression
of the majority of SR proteins is altered in various tumor
types, and several SR proteins, acting as proto-oncogenes, are
frequently upregulated in cancer (6-8).

SRSF7, previously known as 9GS, is a member of the
SR protein family that was identified in 1994 (9,10). SRSF7
comprises an RNA-recognition motif at the N-terminus that
provides RNA-binding specificity, an arginine/serine domain
at the C-terminus that promotes protein-protein interactions to
facilitate spliceosome assembly, and a zinc-knuckle domain,
which is thought to contact the RNA. SRSF7 regulates the
constitutive splicing and alternative splicing of various
pre-mRNAs, including CD44 (11), CD45 (12), BRCA1 (13)
and Tau (14). Furthermore, SRSF7 can shuttle continuously
between the nucleus and cytoplasm, with additional involve-
ment in mRNA transport and translation (15,16). Several
studies have suggested that SRSF7 may have an active role in
cancer cells (13,17,18). However, the precise effects of SRSF7
on cancer cells remain to be elucidated.

The Fas protein, also known as CD95, is a widely
expressed cell-surface death receptor, which, upon binding
to Fas ligand, can initiate a cascade that eventually leads to
programmed cell death (19,20). The alternative splicing of
Fas receptor pre-mRNA may be an important strategy used
by tumors cells to evade elimination by the immune system.
Fas exon 6 encodes a transmembrane domain, and skipping of
this exon produces an mRNA encoding a soluble Fas isoform,
which prevents cell death (21,22). Increased levels of the
soluble isoform of Fas have been identified in several types
of cancer (23-25). Tejedor et al (26) demonstrated that iron
homeostasis affects the alternative splicing of Fas receptor
pre-mRNA by SRSF7. However, little is known about SRSF7
and Fas splicing in cancer cells.
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In the present study, it was demonstrated that SRSF7
proteins were expressed at high levels in colon and lung cancer,
both of which have increasing rates of incidence and mortality
worldwide (27,28). In addition, it was found that SRSF7
knockdown inhibited proliferation and enhanced apoptosis of
colon and lung cancer cells. Finally, it was found that SRSF7
targeted the apoptosis regulator Fas in cancer cells, which may
explain a number of the activities of SRSF7.

Materials and methods

Cell culture. The HCT116 cells were cultured in McCoy's 5SA
medium (M&C Gene Technology Ltd., Beijing, China). The
A549, H1975, H1299 and NCM460 cells were cultured in
RPMI-1640 (M&C Gene Technology Ltd.). The BEAS-2B,
HCoEpic and SW620 cells were cultured in DMEM (M&C
Gene Technology Ltd.). All culture media were supplemented
with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Inc., Waltham, MA, USA), penicillin and streptomycin. All the
cells were obtained from the Cell Bank of Chinese Academy
of Sciences (Shanghai, China) and incubated in a humidified
atmosphere of 5% CO,at 37°C.

Transfection and RNA interference. Small interfering RNA
(siRNA) transfections were performed using Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. siRNA synthesis was performed
by Shanghai GenePharma Co., Ltd. (Shanghai, China) and the
siRNA sequences for human SRSF7 were as follows: SRSF7-1,
5'-AGGAGAGUUAGAAAGGGCU-3'; and SRSF7-2, 5-GCA
UCUCCUCGACGAUCAA-3'". The sequence of the control
siRNA was 5'-UUCUCCGAACGUGUCACGUTT-3.

Western blot, reverse transcription-polymerase chain reaction
(RT-PCR) and MTS cell proliferation analyses. The methods
were performed as described previously (29). For western
blot analysis, cells were lysed with radioimmunoprecipitation
assay cell lysis buffer (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China) containing 1 mM phenylmethylsul-
fonyl fluoride and quantified using a bicinchoninic acid assay
Kit (Beijing Solarbio Science & Technology Co., Ltd.). Equal
amounts of protein (30 pug) were separated via SDS-PAGE
(12% gel) and then transferred to polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA). The
membrane was blocked for 1 h with 5% skimmed milk at room
temperature and then incubated with primary antibodies over-
night at 4°C. The primary antibody against SRSF7 (AP12306a,
1:500) was purchased from Abgent, Inc. (San Diego, CA,
USA). The primary antibodies against f-tubulin (10068-1-AP,
1:1,000) and p-actin (60008-1-Ig. 1:3,000) was purchased from
Proteintech Group, Inc. (Rosemont, PA, USA). Following three
washes in Tris-buffered saline with Tween-20, the membrane
was incubated with secondary goat anti-rabbit (SA00001-2)
or goat anti-mouse (SA00001-1) antibody (Proteintech Group,
Inc) for 1 h at 37°C with a dilution of 1:3,000. Finally, the
proteins were visualized using EasySee Western Blot Kit
(Beijing TransGen Biotech Co., Ltd., Beijing, China), imaged
and quantified using ChemiDoc MP Imaging System (Image
Lab Software, version 4.1; Bio-Rad Laboratories Co., Ltd.,
Hercules, CA, USA).
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For RT-PCR, total RNA was extracted using TRIzol
reagent (Life Technologies; Thermo Fisher Scientific, Inc.),
and reverse transcription was performed using a Reverse
Transcription system (Promega Corporation, Fitchburg,
WI, USA). Total RNA (4 pg) was reverse transcribed using
TransScript One-Step gDNA Removal and cDNA Synthesis
SuperMix (Beijing TransGen Biotech Co., Ltd.) according
to the manufacturer's protocol. The thermocycling protocol
was listed as follows: Initial denaturation at 95°C for 5 min,
followed by 30 repeats of the threestep cycling program
consisting of 30 sec at 95°C (denaturation), 30 sec at 60°C
(primer annealing) and 30 sec at 72°C (elongation), followed
by a final extension step for 5 min at 72°C. The primers
used were as follows: SRSF7, forward 3'-GCGGTACGG
AGGAGAAAC-5" and reverse 3"TCGGGAGCCACAAAT
CAC-5"; Fas, forward 3'-GAACATGGAATCATCAAGGAA
TGCAC-5' and reverse 3'-AGTTGGAGATTCATGAGA
ACCTTGG-5". The primers used to detect the alternative
splicing of Fas were as follows: FAS-L, forward 3'-TGC
AAAGAGGAAGGATCCAG-5'"; FAS-S, forward 3'-CCA
AGTGCAAAGAGGAAGTGA-5"; and FAS-L and FAS-S
reverse 3'-GGAGATTCATGAGAACCTTGG-5' (26).
The housekeeping gene GAPDH was used as the internal
control.

Analysis of cell apoptosis. The HCT116 and A549 cells were
transfected with control siRNA or SRSF7 siRNA for 60-72 h.
Following transfection, 1x10° cells were harvested, washed
twice in PBS and double-stained with Annexin V-FITC and
PI using an Annexin V-FITC/PI Cell Apoptosis Detection
kit (Beijing TransGen Biotech Co.) according to the manu-
facturer's protocol. Each sample was then quantitatively
analyzed with an Accuri C6 flow cytometer (BD Biosciences,
San Jose, CA, USA) at 488 nm emission and 570 nm excita-
tion. Cell apoptosis was also examined using an Apo-ONE
Homogeneous Caspase-3/7 assay (Promega Corporation)
according to the manufacturer's protocol. Caspase substrate
and buffer from the kit were added for cell lysis and incubated
at room temperature for 18 h. Fluorescence was measured with
an F-7000 spectrofluorometer (Hitachi, Ltd., Tokyo, Japan) at
521 nm emission and 499 nm excitation wavelengths.

Generation of stable cell lines. The BEAS-2B cells were
infected with a lentivirus LV5-negative control vector or a
LV5-SRSF7 vector, which were purchased from Shanghai
GenePharma Co., Ltd. The A549 cells were infected with
lentivirus LV3-negative control, LV3-SRSF7 short hairpin
shRNA-1 (3'-GATCAAGATCCAGGTCTATTT-5') or
LV3-SRSF7 shRNA-2 (3'-GAACTGTATGGATTGCGA
GAA-5"), which were purchased from Shanghai GenePharma
Co., Ltd. At 48 h post-infection, the cells were cultured in the
aforementioned medium containing puromycin (0.5 pg/ml),
and the medium was replenished every 2 days. After ~1 week,
stable cell lines were obtained and verified by western blot
analysis, as described above.

Immunohistochemical analysis. Immunohistochemistry was
performed by Cybrdi, Inc. (Xi'an, China) on a multi-organ
(colon, pancreas, lung, breast and prostate) tumor and normal
tissue array (cat. no. MC1801, 26 spots for each tumor
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Paracancerous normal tissue

Figure 1. SRSF7 is overexpressed in human colon and lung cancer. (A) Representative immunohistochemical images of the expression of SRSF7 in human
colon cancer samples and paracancerous normal tissue. Scale bar, 100 zm. (B) Representative immunohistochemical images of the expression of SRSF7 in
human lung cancer samples and paracancerous normal tissue. Scale bar, 100 ym. SRSF7, serine/arginine-rich splicing factor 7.

type), human colon carcinoma (grades I-IV) tissue array
(cat.no. CO1801, 90 spots for cancer tissues and paracancerous
normal tissues, respectively), and human lung carcinoma
(grades I-III) tissue array (cat. no. LC10012a, 45 spots for
cancer tissues and paracancerous normal tissues, respectively).
The absent or abnormal tissues were not finally counted.
Anti-SRSF7 (Abgent, Inc.) antibodies were used at a dilution
of 1:50 (for array MC1801), 1:150 (for array CO1801) and 1:100
(for array LC10012a) at 4°C for overnight. Semi-quantitative
analysis of the stained sections (H-score) was performed with
a light microscope (Model, CX31; Olympus, Tokyo, Japan) by
an independent pathologist.

Statistical analysis. All statistical analyses were performed by
two-tailed Student's t-test or a one-way analysis of variance
followed by Bonferroni's post-hoc test. Data are presented
as the mean =+ standard deviation. P<0.05 was considered to
indicate a statistically significant difference. Computer-based
calculations were conducted using SPSS 19.0 software (IBM
Corp., Armonk, NY, USA).

Results

SRSF7 is upregulated in colon and lung cancer. To evaluate
the role of SRSF7 in human cancer, its expression was
analyzed on cancer arrays with different tissue origins
by immunohistochemical staining. When compared with
corresponding normal tissues, a high frequency of increased
expression of SRSF7 was found in colon adenocarci-
noma (21/24) and lung carcinoma (22/24). This result was
confirmed with the specific human colon and lung cancer
specimens. As shown in Fig. 1A and B, the immunostaining
intensity of SRSF7, compared with paracancerous normal
tissues, was more marked in the colon cancer samples (49/71)
and lung cancer samples (28/39). These results suggested that
SRSF7 offers potential as a marker for colon and lung cancer
development, and may be involved in the development of
these types of cancer.

Downregulation of SRSF7 inhibits the proliferation of HCT116
and A549 cells. The expression of SRSF7 was analyzed
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Figure 2. Protein expression of SRSF7 in human colon and lung cells. (A) Western blot analysis of the expression of SRSF7 and $-tubulin in human normal
colon epithelial cells (NCM460 and HoEpiC) and human colon cancer cells (HCT116 and SW620). The relative expression of SRSF7 against 3-tubulin was
determined from three independent experiments. (B) Western blot analysis of the expression of SRSF7 and 3-tubulin in human normal lung epithelial cells
(BEAS-2B) and human lung cancer cells (A549, H1299 and H1975). The relative expression of SRSF7 against $-tubulin was determined from three indepen-
dent experiments. Western blot analysis of the expression of SRSF7 and B-actin in (C) HCT116 and (D) A549 cells transfected with SRSF7 siRNA or control
siRNA. Proteins were extracted at 48 h post-transfection. The relative expression of SRSF7 against $-actin was quantified with three independent experiments.
SRSF7, serine/arginine-rich splicing factor 7; siRNA, small interfering RNA; Ctrl, control.
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Figure 3. Downregulation of SRSF7 inhibits cell proliferation in colon and lung cancer cells. (A and B) Results of an MTS cell proliferation assay showing that
the knockdown of SRSF7 in (A) HCT116 and (B) A549 cells reduced cell proliferation. The OD value at 490 nm at 24 h was defined as 1. Results are representa-
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splicing factor 7; Ctrl, control.
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Figure 4. Downregulation of SRSF7 induces apoptosis in colon and lung cancer cells. (A) HCT116 and (B) A549 cells were transfected with control siRNA or
SRSF7 siRNA for 72 h and subjected to an Annexin V-FITC and PI staining assay prior to flow cytometric analysis. Percentages of Annexin V-positive and
PI-positive cells at 72 h post-siRNA transfection of (C) HCT116 and (D) A549 cells. Each bar represents the relative percentage of apoptotic cells compared
with the control group. Error bars represent the standard deviation. “P<0.01, vs. Ctrl. (E) HCT116 and (F) A549 cells were transfected with control siRNA
or SRSF7 siRNA for 72 h and assessed using an Apo-ONE Homogeneous Caspase-3/7 assay. Each bar represents the relative caspase-3/7 activity compared
with the control group. Error bars represent the standard deviation. "P<0.05 and “P<0.01, vs. Ctrl. SRSF7, serine/arginine-rich splicing factor 7; siRNA, small
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Figure 5. SRSF7 regulates the alternative splicing of Fas in human lung cells. (A) Total RNA was extracted from stable BEAS-2B cell lines expressing empty
vector or SRSF7-overexpression vector. Following reverse transcription, cDNA was subjected to PCR, using primers to detect the alternative splicing of
Fas. The relative expression levels of SRSF7, FAS-L and FAS-S against GAPDH were determined from three independent experiments. (B) Total RNA was
extracted from A549 cell lines stably expressing empty vector or SRSF7-shRNA vectors. Following reverse transcription, cDNA was subjected to PCR, using
primers that detected the alternative splicing of Fas. SRSF7, serine/arginine-rich splicing factor 7; FAS-L, Fas long isoform of exon 6 inclusion; FAS-S, Fas
short isoform of exon 6 skipping; shRNA, short hairpin RNA; PCR, polymerase chain reaction; Ctrl, control.

in normal and cancerous human cell lines of the colon and
lung. Western blot analysis revealed the upregulation of
SRSF7 in the colon cancer cell lines (HCT116 and SW620)
and lung cancer cell lines (A549 and H1299), compared
with the normal cells (Fig. 2A and B). Among the colon and
lung cancer cell lines, HCT116 and A549 cells were used in
subsequent assays. To examine the function of SRSF7 in colon
and lung cancer cell lines, downregulation experiments were
performed to reduce the expression of SRSF7. The effect of
SRSF7-inhibition on cell proliferation was then evaluated.
The knockdown of SRSF7 was achieved in HCT116 and A549
cells using two different siRNAs, and its downregulation

was confirmed by western blot analysis (Fig. 2C and D). The
results of MTS assays demonstrated that the inhibition of
SRSF7 markedly decreased the viabilities of the HCT116 and
A549 cells, compared with those of the cells transfected with
the control siRNA (Fig. 3A and B). These results suggested
that SRSF7 is required for the proliferation of colon and lung
cancer cells.

Downregulation of SRSF7 promotes apoptosis of HCT116
and A549 cells. To investigate the effect of the downregula-
tion of SRSF7 on apoptosis, the rates of total apoptosis in
the HCT116 and A549 cells were detected and quantified
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by flow cytometric analysis. The results showed that SRSF7
knockdown significantly increased the percentage of apoptotic
cells (P<0.01) in the HCT116 and A549 cells, compared with
the cells transfected with control siRNA (Fig. 4A-D). The
induction of apoptosis in these cells was also confirmed by
an increase in caspase 3/7 activity (Fig. 4E and F). These data
indicated that SRSF7 is critical for the survival of colon and
lung cancer cells.

SRSF7 regulates splicing of the apoptosis regulator Fas. To iden-
tify the alternative splicing events regulated by SRSF7, which
may contribute to its effects on proliferation and apoptosis, the
effects of the upregulation or downregulation of SRSF7 on the
altered splicing events in cancer were examined. Non-malignant
BEAS-2B lung epithelial cells were used to establish a stable
SRSF7-overexpression cell line and A549 cells were used to
establish a cell line with stable SRSF7 knockdown. In these
stable cell lines, it was found that the splicing of Fas receptor
was altered upon upregulation or downregulation of SRSF7.
It has been reported that the alternative splicing of Fas exon
6 generates either a membrane-bound receptor that promotes
apoptosis, or a soluble isoform that inhibits apoptosis (21). The
results of the present study revealed that the upregulation of
SRSF7 in BEAS-2B cells increased the skipping of Fas exon
6, whereas SRSF7 knockdown in A549 cells increased exon 6
inclusion (Fig. SA and B). These results suggested that SRSF7
regulated the alternative splicing of Fas and promoted produc-
tion of the more soluble, pro-survival variant.

Discussion

Colon and lung cancer are the leading causes of cancer-associated
mortality worldwide (27). In particular, lung cancer has been
associated with the highest rates of incidence in the last two
decades in China (28). In the present study, the data indicated
that SRSF7 was frequently upregulated in clinical colon and lung
samples. It remains to be elucidated whether this upregulation
involves mutational, transcriptional or epigenetic mechanisms.
It was hypothesized that SRSF7 may act as a proto-oncogene in
colon and lung cancer. However, the overexpression of SRSF7 in
BEAS-2B cells cannot induce tumor growth in nude mice (data
not shown). Therefore, the effects of SRSF7 in tumorigenesis
may be dependent on other tumor-related genes.

To further investigate the function of SRSF7 in colon and
lung cancer, the expression of SRSF7 was measured in colon
and lung cancer cell lines. This indicated that the expression
of SRSF7 was elevated in the HCT116 colon cancer cell line
and A549 lung cancer cell line. The expression of SRSF7 was
subsequently downregulated in these cell lines by siRNA, in
order to examine the effect of SRSF7 on cell proliferation and
apoptosis. It was observed that SRSF7 knockdown inhibited
proliferation and promoted apoptosis of HCT116 and A549
cells. Similarly, Saijo et al (30) reported that SRSF7 knock-
down induced Gl cell cycle arrest in HCT116 cells. These
results indicate that SRSF7 exerts a crucial effect on the
growth of colon and lung cancer cells.

Alterations in the alternative splicing of Fas have been shown
to be an important activity of Fas in regulating cell apoptosis.
Its transmembrane proapoptotic isoform, a soluble prosurvival
isoform of Fas, can be expressed due to the skipping of exon 6.
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In the colon and lung cancer cells examined in the present study,
the overexpression of SRSF7 promoted Fas exon 6 skipping
and activated cell proliferation, whereas SRSF7 knockdown
promoted Fas exon 6 inclusion and induced cell apoptosis.
Therefore, SRSF7 may be involved in the growth of cancer cells
by regulating the alternative splicing of Fas receptor pre-mRNA
in cancer cells. Other downstream targets of SRSF7 in cancer
cells require investigation in the future.

In conclusion, the findings of the present study suggested
that SRSF7 knockdown inhibited the growth and promoted
the apoptosis of colon and lung cancer cells by control-
ling apoptosis-related splicing events. Therefore, SRSF7
may be a potential therapeutic target for the treatment of
colon and lung cancer. The specific molecular mechanisms
underlying this activity of SRSF7 in cancer require further
investigation.
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