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Sulforaphane induces p53-deficient SW480 cell
apoptosis via the ROS-MAPK signaling pathway
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Abstract. Sulforaphane (SFN) has been revealed to inhibit
the growth and induce apoptosis of cancer cells. However,
the detailed anticancer effects of SFN on p53-deficient colon
cancer cells has yet to be clearly elucidated. The present
study employed p53-deficient SW480 cells to establish an
SFN-induced in vitro model of apoptosis. The critical events
leading to apoptosis were then evaluated in SFN-treated
p53-deficient SW480 cells, by performing an MTT assay,
flow cytometry, western blotting and ELISA. The results
demonstrated that SFN at concentrations of 5, 10, 15 and
20 uM induced mitochondria-associated cell apoptosis, which
was further confirmed by disruption of the mitochondrial
membrane potential, an increase in the Bax/Bcl-2 ratio, as well
as activation of caspase-3, -7 and -9. In addition, SFN-induced
apoptosis was associated with an increase in the generation of
reactive oxygen species (ROS), and the activation of extracel-
lular signal-regulated kinases (Erk) and p38 mitogen-activated
protein kinases. However, SFN did not induce expression of
the p53 family member, p73. SFN-induced apoptosis was
subsequently confirmed to be ROS-dependent and associated
with Erk/p38, as the specific inhibitors for ROS, phosphory-
lated (p)-Erk and p-p38, completely or partially attenuated the
SFN-induced reduction in SW480 cell viability. In addition,
the results demonstrated that even at the lowest concentra-
tions (5 uM), SFN increased the sensitivity of pS3-proficient
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HCT-116 cells to cisplatin. In conclusion, the results suggest
that SFN may induce apoptosis in p53-deficient SW480
cells via p53/p73-independent and ROS-Erk/p38-dependent
signaling pathways.

Introduction

A previous study reported that individuals who regularly
consume cruciferous vegetables demonstrate a lower risk
of developing cancer, including breast, prostate and hepatic
cancer (1). Cruciferous vegetables are a rich source of isothio-
cyanates (ITCs), which have been demonstrated to exhibit
chemopreventive effects in animal cancer models (1,2). Among
ITCs, sulforaphane (SFN; C¢H,,S,NO) is abundant in broccoli
and has been demonstrated to induce growth arrest and apoptosis
of tumor cells in a variety of experimental cancer models (2,3).
SFN exerts its anticancer effects on tumor cells by regulating
a number of cell signaling pathways including Kelch-like
ECH-associated protein l-nuclear factor (NF)-erythroid
2-related factor 2 signaling, mitogen-activated protein kinase
(MAPK) and NF-«B signaling (4-6). Therefore, SFN is consid-
ered to be a conceptually promising agent for cancer therapy.
However, the detailed molecular mechanisms underlying the
effects of SFN in colon cancer have yet to be fully elucidated.
Colorectal tumors first arise in the large intestine or the
rectum, and is the third and second most common cancer in
males and females, respectively (7,8). This progressive cancer
arises from the accumulation of mutations in tumor suppressor
genes and oncogenes, which disrupt the homeostatic balance
between cell proliferation and apoptosis (9). The p53 tumor
suppressor gene serves important roles in the regulation of
cell proliferation and apoptosis (10-12). p53 is activated by a
number of intracellular and extracellular stressors, including
irradiation, DNA damaging agents or reactive oxygen species
(ROS) (13-15). Deficiencies in the function of p53 are critical
events during the development of tumors and resistance
to anticancer therapies (16,17). It has been estimated that
~29% of colorectal cancers harbor p53 gene mutations (18).
Deficiencies in p53 function attenuate p53-mediated cell apop-
tosis and may lead to multi-drug resistance (MDR) (19,20). An
increasing body of evidence has indicated that p53-mutant or
p53-null cancer cells are more likely to be resistant to different
cytotoxic drugs; particularly to chemotherapy and radiation
therapy in the clinic, as these therapies target cells primarily
by inducing apoptosis (19,21). Therefore, anticancer agents
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that induce cancer cell death in a p53-independent manner
may be promising candidates for preventing MDR induced by
p53 deficiency.

ROS serve important roles in the induction of apoptosis
under normal physiological and abnormal pathological condi-
tions (22,23). Tumor cells exhibit increased ROS generation
when compared to normal cells due to their vigorous meta-
bolic activities (24-26). Increased ROS production in tumor
cells increases their susceptibility to oxidative stress-induced
apoptosis, which may be exploited by selective anticancer
agents (27). A number of known natural compounds, including
Aloin, curcumin and resveratrol, increase ROS levels, which
leads to cancer cell death (28). A previous study demonstrated
that SFN generate ROS, which subsequently induces apoptosis
in a number of cancer cells. However, the specific role of
ROS generation in response to SFN exposure in p53-deficient
human colon cancer cells has not been fully elucidated (29).

In addition to p53, MAPK family members are activated by
ROS (30-32). MAPKSs, including extracellular signal-regulated
kinase (Erk), c-Jun N-terminal kinase (JNK) and p38, are
activated in response to diverse stimuli, and serve impor-
tant roles in mammalian cells by regulating cell apoptosis,
differentiation, migration and proliferation (33). JNK, also
known as the stress-activated protein kinase, is predominantly
activated by different stressors via the phosphorylation of the
NH,-terminus of the c-Jun transcription factor. In the majority
of cases, p38 MAPK signaling has been demonstrated to
promote apoptosis or facilitate cell survival depending on the
cell type and stimulus (28). However, Erk activation commonly
induces cell proliferation or differentiation in response to cell
stressors (34,35).

A previous study revealed that SFN increases the
generation of intracellular ROS, leading to mitochondrial
dysfunction and human cancer cell apoptosis (36); however,
the effects of SFN on p53-deficient colon cancer cells is
currently unknown. In the present study, it was hypothesized
that SFN induces apoptosis in association with ROS genera-
tion and mitochondrial dysfunction. To verify this hypothesis,
the effect of SFN on the mitochondrial membrane potential
(MMP), and ROS and apoptosis levels was determined using
p53-deficient SW480 cells. The results demonstrated that, SFN
increased ROS generation, which subsequently lead to activa-
tion of Erk and p38 MAPKSs and apoptosis induction via the
mitochondrial-dependent apoptotic pathway.

Materials and methods

Reagents and antibodies. Dulbecco's modified Eagle's
medium (DMEM), RPMI-1640 medium and fetal bovine
serum (FBS) were supplied by Hyclone; GE Healthcare Life
Sciences (Logan, UT, USA). MTT, SFN and Cisplatin (CPDD;
cat. no. P4394) were obtained from Sigma-Aldrich; Merck
KGaA (Darmstadt, Germany). The ROS, phosphorylated
(p)-p38 and Erk inhibitors [ammonium pyrrolidinedithiocar-
bamate (APDC), SB203580 and SCH772984], the caspase 3, 7,
8 and 9 activity assay kits (cat. nos. C1116, C1136, C1151 and
C1157), ROS Assay kit (cat. no. S0033), Lipid Peroxidation
Malondialdehyde (MDA) Assay kit (cat. no. S0131), Total
Superoxide Dismutase (SOD) Assay kit with water-soluble
tetrazolium salt (WST-8; cat. no. S0101) and Cellular
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Glutathione Peroxidase (GSH-Px) Assay kit (cat. no. S0056),
were all supplied by Beyotime Institute of Biotechnology
(Nanjing, China). Protein isolation and bicinchoninic acid
(BCA) protein quantification kits were supplied by Bio-Rad
Laboratories, Inc. (Hercules, CA, USA). The annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
apoptosis detection kit was obtained from Multi Sciences
(Lianke) Biotech Co, Ltd. (Hangzhou, China). Primary anti-
bodies against B-cell lymphoma (Bcl-2; cat. no. BS4024),
Bcl-2-associated X protein (Bax; cat. no. MB9013), p73 (cat.
no. BS2452), p53 upregulated modulator of apoptosis (PUMA;
cat. no. BS2922), phorbol-12-myristate-13-acetate-induced
protein 1 (NOXA; cat. no. BS6214) and YH2AX (cat.
no. BS4760) were obtained from Bioworld Technology, Inc.
(St. Louis Park, MN, USA). Primary antibodies against
p-Erk 1/2 (cat. no. sc-23759-R), p-p38 (cat. no. sc-7973)
and p-JNK (cat. no. sc-135642) were obtained from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). The primary
antibody against B-actin (cat. no. BA2359) was supplied by
Wuhan Boster Biological Technology, Ltd. (Wuhan, China).
IRDye-conjugated anti-rabbit (cat. no. 611-645-122) and
anti-mouse (cat. no. 610-142-002) secondary antibodies were
obtained from Rockland Immunochemicals, Inc. (Limerick,
PA, USA).

Cell culture. The human colon adenocarcinoma cell line,
SW480, and the human colon cancer cell line, HCT-116, were
obtained from The Cell Bank of Type Culture Collection of
Chinese Academy of Sciences (Shanghai, China). SW480
and HCT-116 cells were cultured in DMEM and RPMI-1640
medium, respectively, supplemented with 10% (v/v) FBS, and
incubated at 37°C in a humidified 5% CO, incubator.

Cell viability assay. Cell viability was determined using an
MTT assay. Briefly, SW480 or HCT-116 cells were plated into
96-well culture plates at an optimal density of 5x10° cells/well.
SW480 cells were incubated for 24 h until cells had reached
90% confluence, and were pretreated with or without 0.1 M of
the specific inhibitors against p38, Erk and ROS for 1 h, before
they were treated with 0, 1, 5, 10, 15 and 20 M SFN for 3, 6,
12, 24 or 48 h, respectively. HCT-116 cells were incubated for
24 h until cells had reached 90% confluence before they were
treated with 0, 1,5, 10 or 15 M SFN, together with O or 10 uM
CPDD, for 24 h. The supernatant was replaced with 100 ul
(500 pg/ml) MTT solution and incubated for a further 4 h. The
supernatant was removed and 150 ul dimethyl sulfoxide was
added to dissolve the formazan crystals. The optical density
was measured at 570 nm for each sample using a microtiter
plate reader (BioTek Instruments, Inc, Winooski, VT, USA).
The results are expressed as the percentage viability of the
control at each time point (100%).

Determination of cell apoptosis. Cell apoptosis was
analyzed using an annexin V-FITC and PI double-staining
method. Briefly, SW480 cells were seeded in 6-well plates at
3x10° cells/well and incubated for 24 h until they had reached
90% confluence. Cells were then treated with O, 1, 5, 10, 15
and 20 yM SFN for 24 h, and adherent cells were washed
with PBS, collected and re-suspended in a binding buffer
containing 1% (v:v) annexin V-FITC and 2% (v:v) PI. Cells
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were then incubated in the dark at room temperature for
20 min. Apoptotic cells were quantified using a flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA). A minimum of
1x10° cells for each sample were collected for flow cytom-
etry analysis, recorded on a dot plot, and the percentage of
apoptotic cells in the population was calculated using ModFit
software (version 2.0.0; Verity Software House, Inc, Topsham,
ME, USA).

Western blot analysis. The protein expression levels of
p73, PUMA, NOXA, p-p38, p-Erk, p-JNK, Bcl-2 and Bax
were measured in SW480 cells, and the expression levels
of YH2AX were measured in HCT-116 cells by western blot
analysis. 3-actin was used as a loading control for these cell
lines. Briefly, SW480 or HCT-116 cells were seeded in 25 cm?
cell culture dishes (1x10° cells/dish) and incubated for 24 h
until they reached 90% confluence. SW480 and HCT-116
cells were treated with 0, 1, 5, 10, 15 and/or 20 uM SFN,
together with O or 10 uM CPDD, for 24 h, and the adherent
cells were washed with PBS, collected and lysed using a
protein isolation kit (Bio-Rad Laboratories, Inc.) according
to the manufacturer's instructions. Protein concentrations
were quantified using a BCA protein quantification kit
(Bio-Rad Laboratories, Inc.) according to the manufacturer's
instructions. Whole cell lysates were mixed with a loading
buffer (cat. no. PO0O15; Beyotime Institute of Biotechnology),
and a total of 40 ug cell lysate was boiled at 95°C for 5 min
and then separated by 8-12% SDS-PAGE. The protein
bands were transferred to polyvinylidene fluoride (PVDF)
membranes according to manufacturer's instructions (EMD
Millipore, Billerica, MA, USA). The PVDF membranes were
blocked in Tris-buffered saline with 0.1% Tween 20 (TBST)
containing 5% non-fat skim milk at 4°Cfor 1 h, rinsed with
TBST and probed with primary antibodies at 4°Covernight
(dilution, 1:500). Membranes were then incubated with the
corresponding IRDye-conjugated secondary antibodies
(dilution, 1:2,000) at room temperature for 1 h. Membranes
were visualized using an Odyssey Infrared Imaging System
(LI-COR Biosciences, Lincoln, NE, USA). The relative
optical densities of the target proteins were analyzed using
Quantity One software (v4.62, Bio-Rad Laboratories, Inc.).
The expression levels of target proteins were normalized to
that of f-actin internal controls.

Caspase activity assay. The activities of caspase-3, -7, -8 and
-9 were determined using caspase activity kits (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. Briefly, SW480 cells were seeded in 25 cm? cell
culture dishes (1x10%/dish) and incubated for 24 h until they
reached 90% confluence. Cells were then treated with 0, 1, 5,
10, 15 and 20 uM SEN for 24 h. Adherent cells were washed
with PBS, collected and lysed with Radioimmunoprecipitation
(RIPA) Lysis Buffer (cat. no. PO013C; Beyotime Institute of
Biotechnology). The protein concentration was determined
using a BCA protein quantification kit (Bio-Rad Laboratories,
Inc.). Equal quantities (4 yg/ml) of whole cell lysates were then
incubated with the corresponding caspase substrates to a final
concentration of 2 mM at 37°Cfor 2 h. Samples were measured
using a EL800 Microplate Reader (BioTek Instruments, Inc.)
at 488 nm excitation and 525 nm emission.
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Measurement of MMP. The MMP was analyzed by staining
SW480 cells using a JC-1 probe (C2005, Beyotime Institute
of Biotechnology), according to the manufacturer's instruc-
tions. Briefly, SW480 cells were seeded in 96-well plates at
3x10° cells/well and incubated for 24 h until reaching 90%
confluence. The cells were subsequently treated with O, 1, 5,
10, 15 and 20 M SFN for 24 h. The cells were then incubated
with 100 p1 JC-1 staining solution (5 pg/ml) at 37°C for 20 min,
before cells were rinsed twice with phosphate-buffered saline.
The MMP was measured by determining the relative quantity
of dual emissions from mitochondrial JC-1 monomers or aggre-
gates using a fluorescence EL800 Microplate Reader (BioTek
Instruments, Inc.) at excitation and emission wavelengths of
488 and 525 nm, respectively. Mitochondrial depolarization
is expressed as the red/green fluorescence intensity ratio,
according to manufacturer's recommendations.

Measurement of intracellular ROS and MDA generation. The
production of ROS was analyzed by staining SW480 cells with
a dichlorodihydrofluorescein diacetate (H,DCF-DA) probe.
Briefly, the SW480 cells were seeded in 96-well plates at
3x10° cells/well and incubated for 24 h until they reached 90%
confluence. The cells were then treated with 0, 1, 5, 10, 15 and
20 uM SFEN for 24 h, before the supernatant was removed. Cells
were subsequently incubated with H,DCF-DA solution (2 M)
for 30 min at room temperature and rinsed three times using
FBS-free medium. The fluorescence intensity was measured
using a fluorescent ELISA reader (BioTek Instruments, Inc.)
at excitation and emission wavelengths of 488 and 525 nm,
respectively.

MDA generation was detected using a lipid peroxidation
MDA assay kit based on thiobarbituric acid (TBA) method.
SW480 cells were seeded, cultured and treated with SFN using
the same aforementioned methods, before the supernatant was
subsequently collected and incubated with TBA (at a dilution
of 1:200) at 100°C for 15 min. The remaining procedures
were performed according to the manufacturer's instructions
(Beyotime Institute of Biotechnology). The MDA content
in the supernatant was measured at 532 nm using an EL800
Microplate Reader (BioTek Instruments, Inc.).

Antioxidant activity assay. SOD activities in total cell
lysates were examined using a total SOD assay kit based on
the WST-8 method (Beyotime Institute of Biotechnology),
according to the manufacturer's instructions. Briefly, SW480
cells were seeded in 25 cm? cell culture dishes (1x10%/dish)
and incubated for 24 h until they reached 90% confluence.
Cells were then treated with 0, 1, 5, 10, 15 and 20 uM SFN
for 24 h. Subsequently, the adherent cells were washed with
PBS, collected and lysed with RIPA Lysis Buffer (Beyotime
Institute of Biotechnology) according to the buffer manufac-
turer's instructions. The protein concentration was determined
using a BCA protein quantification kit (Bio-Rad Laboratories,
Inc.). Equal quantities of whole cell lysates (4 pg/ul) were
incubated with WST-8 solution (at a dilution of 1:200) at 37°C
for 30 min, and the remaining procedures were performed
according to the manufacturer's instructions (Beyotime
Institute of Biotechnology). SOD activity in total cell lysates
was measured at 550 nm using the EL800 Microplate Reader
(BioTek Instruments, Inc.).
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GSH-Px activities in total cell lysates were examined using
a cellular GSH-Px assay kit. Briefly, SW480 cells were seeded
in 25 cm? cell culture dishes and incubated for 24 h until they
reached 90% confluence. The cells were then treated with 0,
1,5, 10, 15 and 20 xM SEN for 24 h before the adherent cells
were washed with PBS, collected and lysed with the RIPA
Lysis Buffer (Beyotime Institute of Biotechnology), according
to the buffer manufacturer's instructions. Protein concentra-
tions were quantified using a BCA protein quantification kit.
Equal quantities of whole cell lysates (2 ug/ul) were incubated
with the assay kit buffer (GPx detection working buffer, at a
1:1 dilution) at 37°C for 30 min, and the remaining procedures
were performed according to the manufacturer's instruc-
tions. The GSH-Px activity in total cell lysates was measured
at 412 nm using the EL800 Microplate Reader (BioTek
Instruments, Inc.).

Statistical analysis. The results are presented as the
mean + standard deviation of three independent experiments
and the statistical significance was analyzed by one-way
analysis of variance followed by a post-hoc Dunnett's test.
Analysis was performed using SPSS 16.0 (SPSS, Inc, Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

SEN inhibits SW480 cell viability. To investigate the effects
of SFN on SW480 cell growth, the cells were treated with
increasing concentrations (0, 1, 5, 10, 15 and 20 M) of SFN
for 3, 6, 12, 24 and 48 h, and an MTT assay was performed
to assess cell viability. As shown in Fig. 1A, SFN inhibited
SW480 cell proliferation in a dose- and time-dependent
manner. When compared with the untreated control group at
each time point, the viability of cells treated with 5, 10, 15
and 20 M SFN were significantly inhibited (P<0.05 and
P<0.01). In addition, the viability of cells treated with 20 M
SFN at 3, 6, 12, 24 and 48 h were significantly reduced when
compared with controls, with 70.2, 66.3, 51.5, 38.6 and 20.1%
viabilities, respectively (P<0.01; Fig. 1A). However, compared
with the untreated controls, no significant differences in the
viability of cells treated with 1 xM SFN for 3, 6, 12, 24 and
48 h were observed. Therefore, for all subsequent assays, cells
were exposed to SFN for 24 h as it exhibited an appropriate
inhibiting ratio for cell viability.

In order to determine whether the SFN-induced inhibi-
tion of SW480 cell viability was due to the induction of
apoptosis, the proportion of apoptotic cells in the popula-
tion was analyzed by flow cytometry using FITC and PI
double-staining. As shown in Fig. 1B and summarized in
Fig. 1C, exposure of SW480 cells to 5, 10, 15 and 20 uM SFN
for 24 h, significantly increased the percentage of apoptotic
cells when compared with the untreated controls (P<0.01);
the percentage of apoptotic cells in the 20 uM SFN-treated
group reached 71.9%. However, 1 uM SFN failed to induce
a significant difference in the proportion of apoptotic cells
(Fig. 1B and C). These results indicated that SW480 cells
may undergo apoptosis following treatment with SFN, and
suggested an association between the induction of apoptosis
and the inhibition of cell viability.
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Figure 1. Effects of SFN on SW480 cell viability and apoptosis. (A) SW480
cells were treated with 0, 1, 5, 10, 15 and 20 xM SFN for 3, 6, 12,24 and 48 h,
and cell viability was assessed using an MTT assay. The viability of cells
without SFN treatment was considered as 100%, and the results from three
independent experiments are shown ("P<0.05 and “P<0.01 vs. 0 uM SFN at
each time point). (B) SW480 cells were treated with 0, 1, 5, 10, 15 and 20 uM
SEN for 24 h. The percentage of apoptotic cells was then examined by flow
cytometry analysis. The percentage of apoptotic cells was calculated as the
sum of Q2 and Q4. (C) Quantification of the percentage of apoptotic cells
from three independent experiments are shown (“P<0.01 vs. 0 uM SFN).
SFN, sulforaphane; Q, quadrant.

SFN-induced apoptosis is p73-independent and is associated
with the intrinsic apoptotic signaling pathway. To determine
whether SFN-induced SW480 cell apoptosis is p73-dependent,
the protein expression levels of p73, as well as its downstream
effectors, PUMA and NOXA, were detected. As shown in
Fig. 2A, p73 protein was not detected in the untreated control
group nor in the SFN-treated groups. By contrast, PUMA
and NOXA were expressed in the SW480 cells; however, no
significant differences were observed between the untreated
and SFN-treated groups (Fig. 2A).

The present study further investigated the role of caspase-3,
-7,-8, and -9 in SFN-induced SW480 cell apoptosis. As shown
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Figure 2. Effect of SFN on p73 expression and caspase enzyme activities.
SW480 cells were treated with 0, 1, 5, 10, 15 and 20 xuM SFN for 24 h.
(A) The protein expression levels of p73, PUMA and NOXA were examined
by western blotting. Quantified band densities are summarized below the
images of the bands, and target protein expression levels were normalized
to that of b-actin. (B) The activity of caspase-3, -7, -8 and -9 was determined
using specific ELISA kits. The results of three independent experiments are
shown. “P<0.01 vs. 0 uM SFN. SFN, sulforaphane; PUMA, p53 upregulated
modulator of apoptosis; NOXA, phorbol-12-myristate-13-acetate-induced
protein 1; ELISA, enzyme-linked immunosorbent assay.

in Fig. 2B, the activity of the intrinsic apoptotic executioners,
caspase-3, -7 and -9, were significantly increased in the 5, 10,
15 and 20 yuM SFN-treated groups when compared with the
untreated control group (P<0.01). By contrast, the activity of
the extrinsic apoptotic executioner, caspase 8, was not signifi-
cantly induced under the same conditions (Fig. 2B).

SFN-induced apoptosis is associated with p38 and Erk
activation. In addition to p53 and p73, the MAPK signaling
pathway regulates cellular proliferation and apoptosis under
cell stress conditions (30). Therefore, the present study
investigated whether SFN-induced apoptosis was regulated
by the activation of Erk, JNK and p38. As shown in Fig. 3A,
the protein expression levels of p-Erk and p-p38 were signifi-
cantly increased in 5, 10, 15 and 20 yM SFN-treated groups
when compared with the untreated control group (P<0.05 and
P<0.01).

A previous study indicated that the anti-apoptotic functions
of Bcl-2 and the pro-apoptotic functions of Bax are regulated
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by MAPKSs (37). Therefore, the present study examined the
protein expression levels of Bax and Bcl-2 in SFN-treated
SW480 cells. As shown in Fig. 3B, the protein expression
levels of Bcl-2 were significantly decreased in the 5, 10, 15 and
20 uM SFN-treated groups when compared with the untreated
control group (P<0.05 and P<0.01); however, no significant
differences in the level of Bax protein were detected in the
SFN-treated groups compared with the controls. Accordingly,
a significant increase in the Bax/Bcl-2 ratio was observed when
compared with the untreated controls (P<0.05 and P<0.01;
Fig. 3C). Previous studies have demonstrated that an increased
Bax/Bcl-2 ratio induces alterations in the mitochondrial
permeability transition; an event which subsequently leads to
disruption of the MMP (38,39). Therefore, the present study
investigated whether SFN exposure altered the MMAs shown
in Fig. 3D, exposure to 5, 10, 15 and 20 M SFN induced
significant mitochondrial depolarization when compared with
the untreated group, as indicated by the decreased red/green
fluorescence ratio (P<0.01).

SFEN induces oxidative stress in SW480 cells. ROS are
known to function as messengers that activate MAPKSs (26).
Therefore, the present study investigated whether SFN
induced SW480 cell apoptosis via the generation of ROS.
As shown in Fig. 4A, exposure to 5, 10, 15 and 20 yM SFN
significantly increased ROS production when compared
with the untreated group (P<0.01). This result was further
confirmed by the significant increase in MDA production
following exposure of cells to 1, 5, 10, 15 and 20 xuM SFN
when compared with untreated controls (Fig. 4B). MDA
production is the direct consequence of ROS production (40).
The activity of the anti-oxidative enzymes, SOD and
GSH-Px, were not significantly altered following exposure to
increasing concentrations of SFN (Fig. 4C and D).

SFN-induced apoptosis is ROS dependent and involves p38
and Erk cell signaling pathways. To discriminate between the
different roles of ROS, p38 and Erk in SFN-induced apoptosis,
SFEN-treated SW480 cells were treated with specific inhibitors
against p38, Erk and ROS. First, the effects of the inhibitors on
ROS generation were investigated. As shown in Fig. 5A, the
ROS inhibitor, APDC, completely attenuated the SFN-induced
production of ROS. By contrast, treatment with the p38 and
Erk inhibitors (SB203580 and SCH772984, respectively),
demonstrated no marked effects on the SFN-induced produc-
tion of ROS. The effects of the inhibitors on cell viability were
then evaluated. As presented in Fig. 5B, treatment of cells
with the ROS inhibitor, APDC, completely attenuated the
SFN-mediated inhibition of SW480 cell viability. By contrast,
treatment with the p38 inhibitor (SB203580), and the Erk
inhibitor (SCH772984) partially attenuated the SFN-mediated
inhibition of SW480 cell proliferation. These results indicated
that SFN increased ROS generation and induced cell apoptosis
via the p38 and Erk cell signaling pathways.

SFN sensitizes p53 proficient HCT-116 cells to CPDD-induced
apoptosis by increasing DNA damage. Finally, the present
study evaluated the ability of SFN to potentiate the inhibitory
action of CPDD against the proliferation of p53-proficient
HCT-116 colon cancer cells. The effects of SFN on
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Figure 5. Role of MAPKs and ROS in SFN-induced apoptosis. SW480 cells
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CPDD-mediated inhibition of HCT-116 cell viability were first
determined. As shown in Fig. 6A, treatment with 10 xM CPDD
alone, and 10 uM CPDD combined with 5, 10 and 15 uM SFN,
significantly inhibited HCT-116 cell viability when compared
with the untreated control group (P<0.01). In addition, when
compared with 10 uM CPDD treatment alone, combined SFN
and CDDP treatment significantly reduced the viability of
HCT-116 cells (P<0.05 and P<0.01; Fig. 6A). The anti-cancer
activity of CPDD is based on its interactions with DNA and
the subsequent inhibition of DNA replication, which leads to
DNA damage (41). Therefore, the present study investigated the
effect of SFN on CPDD-induced DNA damage by detecting
the levels of YH2AX, a biomarker of DNA damage (42). As
shown in Fig. 6B, treatment with 10 xM CPDD alone, or
10 M CPDD combined with 5, 10 and 15 uM SFN, signifi-
cantly increased the level of YH2AX when compared with the
untreated group (P<0.05 and P<0.01). In addition, combined
treatment with SFN and CDDP induced a significant increase
in YH2AX expression when compared with CPDD treatment
alone (P<0.05 and P<0.01; Fig. 6B), which suggested that SFN
may increase the cytotoxic effects of CDDP by increasing the
production of YH2AX.
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Figure 6. Effect of SFN on CPDD-mediated inhibition of HCT-116 cell
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Discussion

SFN is one of the most commonly studied ITCs, and has been
reported to inhibit the proliferation of different types of cancer
cells by inducing apoptosis (43,44). In agreement with previous
studies, the results of the present study revealed that SFN at
concentrations between 5 and 20 yM significantly inhibited
the viability of SW480 cells following exposure for 3, 6, 12,
24 and 48 h. These results were confirmed by flow cytometry
analysis, which demonstrated that SFN at concentrations
between 5 and 20 yM increased apoptosis in SW480 cells
following treatment for 24 h. In addition, SFN was observed
to induce apoptosis in SW480 cells by increasing ROS genera-
tion and the activation of Erk and p38 MAPKs.

ROS are byproducts of aerobic metabolic events that include
superoxide O*, peroxide H,0, and hydroxyl OH radicals (43).
In the present study, SFN disturbed the homeostatic balance
between the generation and elimination of ROS, leading
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to the accumulation of ROS. MDA, SOD and GSH-Px are
important biomarkers of oxidative damage (45). Exposure to
SFN increased MDA production in a dose-dependent manner;
however, it did not alter the activities of the anti-oxidative
enzymes, SOD and GSH-Px. The observed alterations in the
levels of these biological parameters indicated that severe
oxidative damage was induced by SFN exposure.

In mammalian cells, ROS serve as second messengers
to mediate diverse redox-sensitive signaling pathways,
such as the MAPK and p53 pathways (46). MAPKs are a
family of serine/threonine kinases that produce intracellular
signals in response to various stimuli (47). The oxidative
stress-dependent activation of MAPKs has been demonstrated
to be involved in the induction of cell apoptosis (35). Similar to
the results of previous studies, the present study demonstrated
that SFN exposure significantly increased the expression
levels of p-p38 and p-ERK; however, exposure did not alter the
expression levels of the p53 family member, p73. These results
suggested that MAPKs were activated by SFN treatment. The
roles of ROS, p-Erk and p-p38 in SFN-mediated inhibition
of SW480 cell viability were then determined. SW480 cells
were pretreated with APDC, SB203580 or SCH772984, which
are selective inhibitors of ROS, p38 and Erk, respectively,
prior to treatment with SFN. It was revealed that SB203580
and SCH772984 partially alleviated the inhibitory effects
of SEN on cell viability. Notably, the ROS inhibitor, APDC,
completely attenuated the SFN-mediated reduction in SW480
cell viability. These results indicated that a positive interaction
between ROS generation and cell apoptosis may exist, and that
this ROS-mediated cell apoptosis may be involved in the acti-
vation of p-Erk and p-p38. However, the detailed interactions
between ROS production and p-Erk/p-P38 activation requires
further investigation in future studies.

Bcl-2 family members are known to be important gate-
keepers of apoptotic responses (48-50). Bcl-2 family members
are classified into the following three functional groups:
Anti-apoptotic factors, such as Bcl-2; pro-apoptotic factors,
such as Bax; and pro-apoptotic activators, such as NOXA and
PUMA (50,51). Bcl-2 binds and interacts with Bax to prevent
mitochondrial pore formation, which subsequently inhibits
the execution of cell apoptosis. Therefore, the Bax/Bcl-2
ratio may be used to determine response to therapy and
apoptosis (52). The pro-apoptotic activators, which contain a
single BH3 domain, are downstream mediators of p53- and
p73-dependent apoptosis pathways (53). In the present study,
exposure of SW480 cells to SFN did not increase NOXA and
PUMA expression, which may be attributed to the deficien-
cies in p53 and p73 function in SW480 cells. However, SFN
treatment significantly inhibited Bcl-2 expression, which led
to an increase in the Bax/Bcl-2 ratio and cell apoptosis. These
results were further confirmed by the observed decrease in
MM However, the detailed mechanisms by which these cell
death signals produced during SFN-induced apoptosis increase
the expression of Bcl-2 remains to be elucidated. Previous
studies have suggested that the anti-apoptotic functions of
Bcl-2 are inhibited by p38 MAPK via phosphorylation (54,55).
Therefore, it is possible that Bcl-2 is a mediator that connects
the activation of MAPKSs to SFN-induced apoptosis.

CPDD is a typical alkylating agent that demonstrates cyto-
toxic activities against human cancers in vitro. CPDD-based
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chemotherapy is one of the most important chemothera-
peutic treatments available for patients with colon cancer.
However, CPDD often produces severe side effects, which
limit its efficacy (56). Therefore, there is an urgent require-
ment to identify more effective agents as cancer therapies.
Combination therapy with multiple drugs or modalities is a
common treatment strategy for patients with cancer, as it may
achieve greater therapeutic benefits when compared with a
single drug or modality. In the present study, the effects of
SFN exposure on p53-proficient HCT-166 cells in response
to CPDD-induced apoptosis were further examined. It was
demonstrated that exposure to SFN, even at a low concentra-
tion (5 uM), increased the sensitivity of HCT-116 cells to the
10 uM CPDD-induced reduction in cell viability, potentially
via an increase in YH2AX expression. These results suggest
that SFN may be effective as an adjuvant therapy for patients
with colon cancer undergoing treatment with CPDD.

In conclusion, the present study successfully estab-
lished an in vitro colon cancer model of p53-independent,
SFN-induced apoptosis. The preliminary results demonstrated
that SFN-induced apoptosis in this model may be associated
with activation of an intrinsic apoptotic signaling pathway, and
that accumulation of ROS is a key event. These observations
provide a mechanistic insight into the therapeutic potential
of SFN as a clinical treatment for patients with p53-deficient
colon cancers. However, further studies are required to confirm
the effects of SFN-induced apoptosis in vivo.
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