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Abstract. The splicing factor is important in cancer devel-
opment, modulation numerous tumor suppressors and 
oncogenes, and regulation of multiple signaling pathways. 
Splicing factor 2/alternative splicing factor (SF2/ASF) is a 
proto-oncogene, which has been implicated in the develop-
ment of hepatocellular carcinoma. However, the underlying 
molecular mechanism remains to be elucidated. In the present 
study, it was identified that SF2 knockdown had no effect on 
tumor necrosis factor (TNF)-α-induced activation of the c-Jun 
N‑terminal protein kinase (JNK) pathway, the p38 pathway, 
or the IKK pathway in hepatoma cell lines. However, SF2 
knockdown led to reduced levels of basal ERK activation and 
TNF-α-induced ERK activation, without changing the protein 
levels of ERK. Consequently, SF2 knockdown marginally 
enhanced TNF-α‑induced cell death. Furthermore, SF2 knock-
down and blockade of ERK activation partially suppressed 
TNF-α‑induced interleukin‑6 expression. As SF2 knockdown 
exhibited no role in basal Akt activation and serum‑induced 
Akt activation, it is unlikely that SF2 affects ERK activation 
through modulating the protein levels of certain growth factor 
receptors. In conclusion, the data suggest that SF2 contributes 

to the elevated levels of ERK activation in hepatocellular 
carcinoma cells through modulating key component(s) down-
stream of growth factor receptors and upstream of ERK.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
types of cancer, ranked the third most common cause of 
cancer-related mortality worldwide, particularly in Africa 
and Asia (1). Extracellular signal‑regulated kinase (ERK), a 
member of the mitogen‑activated protein kinases (MAPK) 
superfamily, which also includes c-Jun N-terminal protein 
kinase (JNK), and p38 family of kinases, has been implicated 
in HCC development (1). ERK is activated by a variety of 
extracellular stimuli, from growth factors, such as epidermal 
growth factor (EGF), to proinflammatory cytokines, including 
tumor necrosis factor (TNF)-α (2,3). Growth factors tend 
to simultaneously activate the ERK and Akt pathways (2), 
whereas TNF-α activates all three major groups of MAPKs, as 
well as the IκB kinase (IKK) pathway (3,4). Extensive studies 
have shown that chronic inflammation associated with persis-
tent viral infections and/or persistent exposure to hepatotoxic 
agents is clearly the primary inducer of HCC (1,5). TNF-α 
and interleukin (IL)‑6 are key proinflammatory cytokines 
involved in HCC development (6,7). ERK protects against 
TNF-α-induced apoptosis and mediates TNF-α-induced 
IL‑6 expression (8,9). However, the mechanisms underlying 
the aberrant activation of the ERK pathway in HCC remain 
largely unclear.

Alternative splicing modulates the expression of various 
oncogene and tumor-suppressor isoforms (10-12). Mutations 
in components of the spliceosome were recently identified 
in several types of cancer and are predicted to be driver 
mutations, supporting the concept that splicing factors 
are important in cancer development (13,14). Splicing 
factor 2/alternative splicing factor (SF2/ASF) is a member of 
the arginine/serine-rich splicing factor family and has been 
identified as a proto-oncogene that is amplified in human 
tumors and can transform immortalized mouse fibroblasts, 
which form sarcomas in nude mice (15). Recently, it has been 
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proposed that SF2/ASF is protumorigenic in HCC through 
increased alternative splicing and consequent inactivation of 
Krüppel‑like factor 6 (KLF6), a zinc finger transcription factor 
that inhibits cellular growth in part by transcriptional activa-
tion of p21 (16,17). However, it remains unknown whether SF2/
ASF also employs other mechanism(s) to contribute to HCC 
development.

The current study was undertaken to investigate the 
mechanism(s) other than KLF6 inactivation by which SF2/ASF 
contributes to the development of HCC.

Materials and methods

Cell culture and transfection. Cells (SMMC‑7721 and 
BEL‑7402) were purchased from the Shanghai Institutes 
for Biological Sciences (Shanghai, China) and were 
cultured in Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum (Hyclone, Logan, UT, 
USA), 100 U/ml penicillin and 100 µg/ml streptomycin 
(Sigma-Aldrich, St. Louis, MO, USA) and were maintained 
at 37˚C with 5% CO2. Small interfering RNAs (siRNAs) 
against human SF2/ASF (GCATCTACGTGGGTAACTT, 
GGAGTTTGTACGGAAAGAA) and non-targeting control 
siRNA were synthesized by Shanghai GenePharma Co., 
Ltd. (Shanghai, China). Transfection was performed with 
Lipofectamine 2000 (Invitrogen Life Technologies, Carlsbad, 
CA, USA) according to the the manufacturer's instructions.

ELISA. Cells were stimulated with or without 10 ng/ml TNF-α 
(R&D Systems, Minneapolis, MN, USA) for 24 h. Then, inter-
leukin (IL)‑6 levels in the supernatants were measured using 
an ELISA kit (eBioscience, San Diego, CA, USA) according to 
the manufacturer's instructions.

Immunoblotting analysis. Cells were washed twice with ice-cold 
phosphate-buffered saline (PBS) and were then lysed with 
20 mM Tris/HCl (pH 7.6), 250 mM NaCl, 3 mM EDTA,3 mM 
EGTA, 0.5% NP-40, 1 mM DTT, 5 mM NaF, 2 mM Na3VO4 
and 0.2 µM Aprotinin. The whole cell extract was clarified at 
4˚C at 13,800 x g for 15 min. The quantity of protein recovered 
was quantified with a Bradford protein assay (Invitrogen Life 
Technologies). Equal quantities of protein were resolved by 
sodium dodecy1 sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and then transferred to Hybond-P polyvinylidene 
difluoride (PVDF) membranes (GE Healthcare Life Sciences, 
Chalfont, UK). Membranes were sequentially incubated with 
primary antibody overnight at 4˚C and horseradish peroxi-
dase-conjugated secondary antibody for 1 h at room temperature. 
Bound antibody was detected using an enhanced chemilumines-
cence kit (GE Healthcare Life Sciences) and Kodak X‑ray film 
(Rochester, NY, USA). Antibodies against SF2 (sc‑33652), actin 
(sc-8432), IKKα/β (sc‑7607) and p38 (sc-535) were purchased 
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). 
Antibodies against phospho-IKKα/β (2697S), phospho-JNK 
(9251S), phospho-p38 (9215S), phospho-ERK (9102S) and ERK 
(4370S) were obtained from Cell Signaling Technology Inc. 
(Danvers, MA, USA). Antibodies against JNK (612541) were 
obtained from BD Biosciences (Franklin Lakes, NJ, USA). 
Antibodies against phospho‑Akt (2118-1) were purchased from 
Epitomics (Cambridge, MA, USA).

Apoptosis analysis. Cells were adjusted to a density of 
2x105 cells/ml, added to 24-well plates in 0.5 ml per well 
regular culture medium. Cells were treated with 10 ng/ml 
TNF-α and 1 µg/ml cycloheximide (CHX, Sigma‑Aldrich) 
for 24 h. Cells were washed with PBS twice and stained with 
Annexin V‑phycoerythrin and 7‑AAD (Nanjing KeyGen 
Biotech, Nanjing, China) for 15 min at room temperature in the 
dark. The level of apoptosis was determined by measuring the 
fluorescence of the cells with a flow cytometer (FACSCalibur; 
BD Biosciences).

Statistical analysis. Statistically significant differences between 
groups were identified using 2‑tailed Student's t-test. Statistical 
analysis was conducte using SPSS software, version 13.0 (SPSS, 
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

SF2 knockdown marginally enhanced TNF‑α‑induced 
cell death in hepatoma cells. In order to explore whether 
SF2/ASF affects TNF-α-induced cell death and TNF-α-induced  
activation of multiple signaling pathways in hepatoma cell 
lines, two siRNAs were designed against SF2. SMMC‑7721 and 
BEL‑7402 hepatoma cells were transfected with small inter-
fering (si)RNA against SF2 or the non-targeting control (NC) 
siRNA. After (48 h) transfection, cell lysates were obtained 
and subjected to immunoblotting. As shown in Fig. 1A and B, 
the SF2 siRNAs designed significantly inhibited SF2 expres-
sion, as compared with the non-targeting control siRNA. 
TNF-α usually does not trigger cell death unless de novo 
protein synthesis is blocked by reagents, such as CHX (18). 
Under these conditions, hepatoma cells with or without SF2 
knockdown were subjected to TNF-α/CHX treatment for 24 h. 
Apoptosis analysis revealed that SF2 knockdown exhibited 
marginal increase in the cytotoxicity of TNF-α in the two cell 
lines (Fig. 1C and D).

SF2 knockdown leads to reduced levels of basal ERK  
activation as well as TNF‑α‑induced ERK activation in 
hepatoma cells. The study also aimed to investigate whether 
SF2/ASF affects the cytotoxicity of TNF-α by interfering with 
TNF-α-induced activation of signaling pathways in hepatoma 
cell lines. For this purpose, SMMC‑7721 cells with or without 
SF2 knockdown were subjected to TNF-α treatment for 15 min. 
Immunoblotting analysis revealed that SF2 knockdown had no 
effect on TNF-α-induced activation of the JNK pathway, the 
p38 pathway or the IKK pathway in hepatoma cells (Fig. 2A). 
However, SF2 knockdown led to reduced levels of basal ERK 
activation as well as TNF-α-induced ERK activation without 
changing the protein levels of ERK (Fig. 2A). The effect of 
SF2 knockdown on ERK activation was also observed in 
BEL‑7402 cells (Fig. 2B). As ERK exhibits a pro‑survival role, 
it is possible that SF2 antagonizes the cytotoxicity of TNF-α 
by augmenting ERK activity.

SF2 knockdown and blockade of ERK activation suppress 
TNF‑α‑induced IL‑6 production in hepatoma cells. In addi-
tion to TNF-α, IL‑6 is also a key proinflammatory cytokine 
involved in HCC development (6). ERK has been demonstrated 
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Figure 1. SF2 knockdown enhanced TNF‑α‑induced cell death in hepatoma cells. SMMC‑7721 and BEL‑7402 hepatoma cells were transfected with siRNA 
against SF2 or the non‑targeting control (NC) siRNA. After transfection (48 h), cell lysates were made from (A) SMMC‑7721 cells and (B) BEL‑7402 cells and 
subjected to IB. After the transfection, (C) SMMC‑7721 cells and (D) BEL‑7402 cells were treated with or without TNF‑α (10 ng/ml)/CHX (1 µg/ml) for 24 h. 
Then cells were subjected to apoptosis analysis. SF2, splicing factor 2; TNF‑α, tumor necrosis factor-α; NC, non‑targeting control; siRNA, small interfering 
RNA; IB, immnoblotting;. CHX, cycloheximide.

Figure 2. SF2 knockdown leads to reduced levels of basal ERK activation as well as TNF‑α‑induced ERK activation in hepatoma cells. (A) SMMC‑7721 and 
(B) BEL‑7402 hepatoma cells were transfected with siRNA against SF2 or the non‑targeting control siRNA. After transfection (48 h), cells were treated with 
or without TNF-α (10 ng/ml) for 15 min. Then cell lysates were made and subjected to immunoblotting. SF2, splicing factor 2; TNF‑α, tumor necrosis factor-α; 
siRNA, small interfering RNA; NC, non‑targeting control; ERK, extracellular‑signal regulated kinase; JNK, c‑Jun N‑terminal protein kinase; IKK, IκB kinase.
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to contribute to TNF-α‑induced IL‑6 production (9). In this 
scenario, it is of interest to investigate whether SF2 promotes 
TNF-α‑induced IL‑6 production. SMMC‑7721 cells with or 
without SF2 knockdown were subjected to TNF-α treatment 
for 24 h. ELISA analysis with the supernatant revealed that 

SF2 knockdown resulted in partially reduced IL‑6 produc-
tion in response to TNF-α (Fig. 3A). Consistently, U0126, a 
specific inhibitor of the ERK pathway (Fig. 3B), also partially 
suppressed TNF-α‑induced IL‑6 production in SMMC‑7721 
cells (Fig. 3C).

SF2 knockdown is not involved in Akt activation in hepatoma 
cells. ERK is activated not only by TNF-α, but also by growth 
factors. Growth factors tend to simultaneously activate the 
ERK pathway and the Akt pathway (2). To investigate whether 
SF2 contributes to ERK activation by affecting the levels of 
the growth factor receptors, Akt activation with or without 
serum starvation was conducted as it is known that serum 
contains various growth factors. As SF2 knockdown exhibited 
no role in basal Akt activation and serum‑induced Akt acti-
vation (Fig. 4), it is unlikely that SF2 affects ERK activation 
through modulating the protein levels of certain growth factor 
receptors.

Discussion

Recently, splicing factor oncoprotein SRSF1 has been shown 
to be a potent proto-oncogene that is upregulated in numerous 
types of cancer and can transform immortal mouse and human 
cells (15,19). SF2 is a member of the splicing factor family, 
which is important in the maintenance of cell growth, prolif-
eration and inflammation (17,20,21). However, the underlying 
mechanisms remain unclear.

Certain studies show that targeting SF2 may be a strategy 
for the treatment of leukemia as SF2 silencing promotes the 
apoptosis of white blood cells (13,14). Whether SF2 exhibits 

Figure 3. SF2 knockdown and blockade of ERK activation suppresses TNF‑α‑induced IL‑6 production in hepatoma cells. (A) SMMC‑7721 cells were trans-
fected with siRNA against SF2 or the non-targeting control siRNA. After transfection (48 h), cells were treated with or without TNF-α (10 ng/ml) for 24 h. 
Then the supernatants were subjected to ELISA. (B) After SMMC‑7721 cells were pretreated with U0126 (10 µM) or DMSO of equal volume for 30 min, the 
cells were stimulated with or without TNF-α (10 ng/ml) for 15 min. Then cell lysates were made and subjected to immunoblotting. (C) After SMMC‑7721 
cells were pretreated with U0126 (10 µM) or DMSO of equal volume for 30 min, the cells were stimulated with or without TNF‑α (10 ng/ml) for 24 h. Then 
the supernatants were subjected to ELISA. ERK, extracellular signal‑regulated kinase; TNF, tumor necrosis factor; IL, interleukin; siRNA, small interfering 
RNA; SF2, splicing factor 2; DMSO, dimethyl sulfoxide.

Figure 4. SF2 knockdown exhibits no role in Akt activation in hepatoma 
cells. SMMC‑7721 cells were transfected with siRNA against SF2 or the 
non-targeting control siRNA. After transfection (48 h), cells were subjected 
to serum starvation for 24 h or left untreated. Then cell lysates were made 
and subjected to immunoblotting.
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the same role in liver cancer cells remains unclear. In the 
present study, it was demonstrated that SF2 knockdown 
leads to reduced levels of basal ERK activation, as well as 
TNF-α-induced ERK activation without changing the protein 
levels of ERK. As SF2 knockdown exhibited no role in basal 
Akt activation and serum‑induced Akt activation, SF2 affects 
ERK activation through modulating molecular events upstream 
of ERK, but downstream of the receptors. Consistently, SF2 
knockdown only suppresses ERK activation, but not p38/JNK 
activation in response to TNF-α.

ERK may promote HCC development through various 
mechanisms, including enhancing cell proliferation, cell 
survival and IL‑6 production. Since SF2 contributes to 
ERK activation in such cells, SF2 knockdown marginally 
enhanced TNF-α-induced cell death and partially suppressed 
TNF-α‑induced IL‑6 expression. In conclusion, the present 
data support the notion that SF2 may be a therapeutic target 
for the treatment of hepatocellular carcinoma.
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