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Abstract. Advanced prostate cancer has highly invasive 
potential, which may lead to metastasis associated with poor 
prognosis. Sulforaphane (SFN), abundant in cruciferous 
vegetables, exhibited effective resistance to carcinogenesis 
in a variety of tumors. The aim of the present study was to 
investigate whether SFN inhibited invasion in human prostate 
cancer cells via sustained activation of ERK1/2 and down-
stream signaling by an invasion assay, gelatin zymography and 
western blot analysis. The results showed that SFN inhibited 
invasion and we characterized the underlying mechanisms in 
human DU145 prostate cancer cells. SFN (15 µM) changed 
cell morphology leading to short‑cell pseudopodia which 
may suppress tumor migration and invasion. The Transwell 
assay showed that SFN phosphorylated ERK1/2 in a dose- 
and time-dependent manner and significantly inhibited cell 
invasion, while the effect was reduced by the ERK1/2 blocker 
PD98059 (25 µM). Furthermore, these effects contributed 
to the upregulation of E-cadherin and the downregulation 
of CD44v6 and were eradicated by PD98059. Western blot 
analysis and gelatin zymography showed that SFN decreased 
the expression and activity of MMP-2. Thus, SFN inhibited 
invasion by activating ERK1/2 to upregulate E-cadherin and 
downregulate CD44v6, thereby reducing MMP-2 expres-
sion and activity. E-cadherin is an invasion inhibitor, while 
CD44v6 and MMP-2 are invasion promoters. Therefore, SFN 
is a prospective therapeutic agent that may be used to prevent 
invasion in prostate cancer.

Introduction

Prostate cancer has a high cancer incidence and mortality 
worldwide (1). Metastasis occurs in over one-third of patients 
leading to a poor prognosis despite the use of surgery, chemo-
therapy and radiotherapy (2-4). Thus, it is essential to develop 
efficient anticancer agents to inhibit metastasis. Invasion, as a 
key step of metastasis, contributes to cancer progression. The 
development of anti-invasion drugs is therefore an important 
strategy to combat prostate cancer.

Dietary intake of cruciferous vegetables was demonstrated 
to reduce the risks of various types of cancer (5-7). Previous 
findings have shown that the potential anti-carcinogenic 
properties of cruciferous vegetables result from sulforaphane 
(SFN), which is a strong anticancer component (8-11). SFN 
may suppress cancer progression via a few anti-proliferative 
mechanisms (12-15). In a previous study, we found that SFN 
inhibited invasion in human glioblastoma cells through 
activation of the ERK1/2 signaling pathway (16). However, 
whether SFN inhibits invasion in human prostate cancer 
cells remains to be determined. Thus, these effects and the 
signaling pathways underlying invasion inhibition should be 
investigated.

Extracellular signal-regulated kinases (ERK1/2) have been 
shown to have pivotal roles in cell proliferation, differentiation, 
apoptosis and invasion (17-21). The ERK1/2 pathway triggered 
oncogene and tumor‑suppressor gene expression depending on 
the time and strength of ERK1/2 activation (17,21,22). It has 
been indicated that transient ERK1/2 phosphorylation (5-15 min 
stimulation) resulted in cell proliferation, migration and inva-
sion. By contrast, sustained (>15 min stimulation) activation 
of ERK1/2 exhibited the opposite effects (17,21-25). Previous 
results demonstrated that human chorionic gonadotropin β 
(hCGβ) promoted cell migration and invasion in human glio-
blastoma and prostate cancer cells by increasing the expression 
and activity of MMP-2, resulting from the sustained activation 
of ERK1/2 (26,27). It was also found that the sustained phos-
phorylation of ERK1/2 by SFN contributed to the suppression 
of migration and invasion in human glioblastoma cells (16). 
Thus, in the present study, we investigated whether SFN 
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inhibited invasion in human prostate cancer cells via sustained 
activation of ERK1/2 and the downstream signaling.

Cadherins, a superfamily of transmembrane glycoproteins, 
mediate calcium-dependent cell adhesion (28). E-cadherin, a 
hallmark of epithelial-mesenchymal transition (EMT), belongs 
to the classic cadherin subfamily and is thought to maintain 
cell polarity and strengthen intercellular adhesion and acts 
as a suppressor of invasion. Downregulation of E-cadherin 
is frequently observed in various metastatic human epithelial 
cancers (29). It was reported that E-cadherin expression was 
linked to ERK1/2 activation in tumor cell migration and inva-
sion (30-32). In the present study, we investigated whether 
E-cadherin was regulated through SFN-induced ERK1/2 
phosphorylation in human prostate cancer cells.

The cellular adhesion molecule CD44 is a transmembrane 
glycoprotein and an EMT marker correlated with breast, 
prostate, colon, head and pancreatic cancers  (33). CD44 
isoforms (CD44v) are produced through alternative splicing 
of the CD44v precursor mRNA (33). Altered expression or 
dysfunction of CD44 variant 6 (CD44v6) is involved in the 
aggressive behavior of various types of cancer and correlates 
with poor prognosis in human malignancies such as breast, 
leukemia, gastric and colorectal cancer (34-37). Additionally, 
SFN-induced ERK1/2 phosphorylation contributed to CD44v6 
expression in human glioblastoma cells (16). Therefore, we 
hypothesized that SFN regulates CD44v6 via the activation of 
ERK1/2 in human prostate cancer cells.

The extracellular matrix (ECM) and basement membranes 
are crucial barriers against the invasion of malignant 
cells (38). Matrix metalloproteinases (MMPs) are undoubt-
edly associated with tumor invasion (39). MMP-2, which is 
involved in the degradation of type IV collagen and gelatin, is 
expressed at elevated levels in ovarian, uterine, breast, pros-
tate cancer and melanoma (40-42). Previous results showed 
that ERK1/2 phosphorylation decreased the expression and 
activity of MMP-2 in glioblastoma cells (16). Thus, SFN may 
regulate MMP-2 through the ERK1/2 signaling pathway and 
contribute to the suppression of invasion in human prostate 
cancer cells.

In summary, in the present study we investigated the poten-
tial of SFN to suppress invasion and identified the underlying 
molecular mechanisms. Particularly, we aimed to determine 
key target proteins and establish more powerful strategies to 
prevent and treat prostate cancer.

Materials and methods

Reagents. D, L-SFN was purchased from Sigma (St. Louis, 
MO, USA). RPMI-1640 culture medium was purchased 
from Hyclone (Logan, UT, USA). Fetal bovine serum 
(FBS) and penicillin-streptomycin were purchased from 
Invitrogen‑Life Technologies (Carlsbad, CA, USA). Dimethyl 
sulfoxide (DMSO) was purchased from AppliChem GmbH 
(Darmstadt, Germany). An MTS assay kit was purchased 
from Promega (Madison, WI, USA). Transwell plates used 
for the invasion assay were purchased from Costar (Corning, 
Cambridge, MA, USA). Matrigel basement membrane matrix 
for cell invasion assay was purchased from BD Biosciences 
(Bedford, MA, USA). PD98059 was purchased from Cell 
Signaling Technology, Inc. (Shanghai, China). The antibodies, 

anti‑ERK1/2, anti‑phospho-ERK1/2 and anti‑E‑cadherin were 
purchased from Cell Signaling Technology. Anti-MMP-2 
antibody and anti-CD44v6 were purchased from Abcam 
(Shanghai, China).

Cell culture. The human DU145 prostate carcinoma cell line 
was purchased from the Cell Resource Center, Peking Union 
Medical College (CRC/PUMC). The cells were cultured in 
RPMI-1640 medium supplemented with 10% FBS, 100 U/ml 
penicillin and 100 U/ml streptomycin at 37˚C with 5% CO2 

in a standard humidified incubator. The cells were treated 
with SFN and ERK1/2 inhibitor PD98059 (25 µM) during the 
logarithmic growth phase for 24 h.

Cell viability assay. DU145 cells were seeded in 96-well plates 
at 2x103 cells/well. After 12 h, the medium in each well was 
replaced with the medium containing different concentrations 
of SFN and the plate was incubated for 24 h. Subsequently, the 
cell viability was detected using an MTS assay kit according 
to the manufacturer's instructions. The absorbance values 
were measured by a BioTek® microplate reader (SynergyTM 
HT, Winooski, VT, USA) at a wavelength of 490 nm.

Morphological observation. DU145 cells were plated and 
grown in a 6-well culture plate until they reached 70% conflu-
ence. The cells were then washed with phosphate-buffered 
saline (PBS) and exposed to different concentrations of SFN 
(0, 5, 10, 15, 20, 25, 30, 35 and 40 µM) for 24 h. Cell morphology 
was photographed using a digital camera (Olympus, Tokyo, 
Japan) connected to a phase‑contrast microscope (Leica 
DMIRB, Wetzlar, Germany).

Invasion assay. The Transwell system (24 wells, 8 µm pore 
size with polycarbonate membrane) coated with Matrigel was 
used for the in vitro invasion assays. Matrigel was diluted with 
serum-free RPMI-1640 to a final concentration of 2 mg/ml. 
The Transwell inserts were rehydrated with pre‑warmed 
serum‑free medium at 37˚C for 30 min prior to seeding cells. 
A total of 2x105 cells were suspended in 100 µl serum-free 
medium and were added to the upper chamber. Medium 
containing 10% FBS and different concentrations of SFN was 
then added to the lower chamber, respectively. After 24 h, the 
cells in the upper chamber were carefully wiped with a cotton 
swab. The cells invading the lower surface of the filter were 
fixed with 100% methanol and stained with crystal violet. The 
invaded cells on the lower surface of the membrane filter were 
counted in five randomly fields under microscope, and the cell 
number was analyzed statistically.

Western blot analysis. DU145 cells from different treatment 
groups were collected and lysed with RIPA (Thermo Scientific, 
Waltham, MA, USA) containing protease inhibitors (Roche, 
Mannheim, Germany). The cell lysate was centrifuged at 
12,000 rpm for 20 min. Proteins were separated by SDS-PAGE 
and transferred onto a nitrocellulose membranes via wet 
transfer. The membranes were blocked in 1.5% BSA in TBS 
Tween-20 (TBS-T) buffer and then incubated with primary 
antibody at 4˚C overnight. Subsequently, the membranes 
were incubated with fluorescence-labeled secondary anti-
body (LI-COR Bioscience, Lincoln, NE, USA). After being 
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washed with TBS-T for 3x5 min each, the membranes were 
scanned using the Odyssey Infrared Imaging System (LI-COR 
Bioscience).

Gelatin zymography. Following treatment, the medium with 
MMP-2 activity was collected from an equal number of cells 
and was centrifuged at 3,000 rpm for 5 min to remove cell debris. 
The samples were mixed with non-reduced loading buffer and 
subjected to a 10% SDS-polyacrylamide gel containing 0.1% 
gelatin as a substrate at 4˚C. After electrophoresis, the gel 
was rinsed four times with denaturation buffer (2.5% Triton 
X-100) on a shaker to remove SDS at room temperature and 
then incubated in developing buffer (50 mM Tris-HCl, pH 7.5, 
0.2 M NaCl, 5 mM CaCl2·2H2O, and 0.02% Brij-35, pH 7.6) for 
42 h at 37˚C. After incubation, the gel was stained using 0.5% 
Coomassie Brilliant Blue R-250 for 30 min and then destained 
with destaining solution (50% methanol, 10% acetic acid, 40% 
ddH2O). Enzyme activity was identified as bright bands against 
the dark blue background of the substrate.

Statistical analysis. Data are presented as means ± SD. Data 
were analyzed by ANOVA and subjected to analysis of vari-
ance with post-tests for comparison among specific groups. 
Bonferroni corrections for multiple comparisons against a 
single group were used. P<0.05 was considered statistically 
significant. Each experiment was repeated a minimum of three 
times.

Results

SFN inhibits cell viability in a dose-dependent manner. 
DU145 cells were incubated with increasing concentrations of 
SFN (0, 5, 10, 15, 20, 25, 30, 35 and 40 µM) for 24 h. SFN was 
dissolved in DMSO. The final concentration of DMSO in the 
medium was <0.01%. The medium containing DMSO without 
SFN was used in the control group. The cell viability was 
detected using the CellTiter 96® AQueous One Solution Cell 
Proliferation Assay kit (Promega). The results showed that 
SFN significantly inhibited cell viability in a dose-dependent 
manner at concentrations of 15-40  µM for 24  h (P<0.05, 
Fig. 1). Thus, a non-toxic concentration (<15 µM) was used as 
the optimal concentration of SFN for the invasion study.

SFN alters cell morphology in a dose- and time-dependent 
manner. Untreated DU145 cells presented a morphological 
change with some cell pseudopodia. We found that SFN-treated 
cells exhibited less pseudopodia and became rounded with 
the doses and times (Fig. 2). Pseudopodia are required in the 
migration and invasion of tumor cells. Therefore, we suggested 
that SFN may inhibit invasion in DU145 cells.

SFN inhibits cell invasion in a dose-dependent manner. 
Matrigel-coated Transwells were used to determine the 
effect of SFN on cell invasion. DU145 cells were treated with 
different concentrations of SFN (0, 5, 10 and 15 µM). The 
results showed that SFN significantly reduced cell invasion 
vs. the control group in DU145 cells (Fig. 3A). In order to 
determine whether SFN inhibited cell invasion by activating 
ERK1/2, we continued to treat cells with or without PD98059, 
the blocker of ERK1/2. The invasive ability of the cells treated 
with PD98059 and SFN was improved vs. the SFN-only treat-
ment cells (Fig. 3B).

SFN activates ERK1/2 in a dose- and time-dependent manner. 
The ERK1/2 phosphorylation was tested in SFN-treated 
DU145 cells. SFN was added to the medium at different 
concentrations (0, 5, 10 and 15 µM) for 24 h. Western blot 
analysis showed that SFN induced ERK1/2 phosphorylation 
in a dose-dependent manner (Fig. 4A). We treated the cells 
with 15 µM SFN at different time-points (0, 12, 24 and 36 h). 
Western blot analysis revealed that ERK1/2 phosphorylation 
followed a time-dependent manner and increased to the peak 
at 24 h (Fig. 4B). PD98059 significantly diminished ERK1/2 
phosphorylation and the level of activation was higher than 
that of the control (0 µM of SFN) (Fig. 4C).

SFN upregulates E-cadherin by activating ERK1/2. In 
the present study, we investigated whether SFN regulated 
E-cadherin in DU145 cells. Western blot analysis showed that 
SFN upregulated E-cadherin significantly in a dose-dependent 
manner (Fig. 5A). To clarify whether the increased level of 
E-cadherin by SFN treatment was caused by phosphorylation 
of ERK1/2, we pretreated cells with PD98059. Western blot 
analysis showed that PD98059 significantly abolished the 
upregulation of E-cadherin triggered by SFN (Fig. 5B). This 
result indicated that SFN upregulated E-cadherin via sustained 
ERK1/2 phosphorylation.

SFN downregulates CD44v6 in a sustained manner. Western 
blot analysis showed that SFN downregulated CD44v6 
significantly in a dose-dependent manner (Fig. 6A). The cells 
were treated with PD98059 to verify whether SFN regulated 
CD44v6 via ERK1/2 phosphorylation. However, western 
blot analysis showed that PD98059 was able to reverse the 
reduction of CD44v6 triggered by SFN (Fig. 6B). This result 
indicated that SFN markedly downregulated CD44v6 by phos-
phorylating ERK1/2.

SFN downregulates pro-MMP-2 (72 kDa) expression and 
decreases active MMP-2 (64  kDa) activity. Western blot 
analysis showed that SFN downregulated pro-MMP-2 
expression (Fig. 7A). Gelatin zymography revealed that SFN 
reduced active MMP-2 in a dose-dependent manner (Fig. 7C). 

Figure 1. SFN inhibits cell viability. SFN-induced cell viability inhibition 
was measured by an MTS assay. DU145 cells were incubated in the medium 
with different concentrations of SFN (0, 5, 10, 15, 20, 25, 30, 35 and 40 µM) 
for 24 h. Cell viability is shown as the percentage of relative absorbance. Data 
are presented as mean ± SD from at least three separate experiments. SFN, 
sulforaphane.



PENG et al:  Sulforaphane inhibits invasion via ERK1/2 signaling1568

Furthermore, the cells were pretreated with PD98059 to verify 
whether this regulation of MMP-2 resulted from the phosphor-
ylation of ERK1/2. No obvious variance between SFN-only 
treatment and PD98059 plus SFN treatment was identified, 
suggesting that blocking the phosphorylation of ERK1/2 did 
not eradicate inhibition of MMP-2 expression and activation 
induced by SFN. Thus, the ERK1/2 signaling pathway was 
dispensable in the SFN-mediated reduction of MMP-2 expres-
sion and activation thereof. (Fig. 7B and D).

Discussion

SFN has been identified as a promising agent in preclinical 
evaluation and is able to block carcinogenesis effectively. 
Previous studies have reported that normal human bronchial 
epithelial and normal prostate epithelial cells are more 
resistant to SFN-induced apoptosis compared with human 
lung and prostate cancer cells (9). Although SFN potentially 
resists metastasis by suppressing cell migration and invasion 
in some types of cancer, the involved mechanisms remain to 
be determined (16,43-45).

In the present study, we show that SFN potently inhibited 
proliferation and invasion in vitro. The results of the MTS 
assay showed that SFN suppressed proliferation significantly 
at a concentration of >15 µM. The morphological observation 
showed that cell pseudopodia were markedly different. These 
results provide an initial reference to determine the optimal 
working concentration in invasion study.

The ERK1/2 signaling pathway contributes to tumor 
occurrence, development and metastasis (17,21,22). Our results 
indicated that SFN induced ERK1/2 phosphorylation in a 
dose- and time-dependent manner. We also found that SFN 
suppressed invasion through the activation of ERK1/2. These 
data are consistent with those obtained in a previous study (16). 
One possibility for this activation of ERK1/2 may result from 

Figure 3. SFN inhibits cell invasion. (A) Cell invasion was assessed by a 
Matrigel-coated Transwell system. We seeded 2x105 cells in the medium with 
increasing concentration of SFN (0, 5, 10 and 15 µM) for 24 h. (B) Under the 
same conditions we incubated the cells with SFN (15 µM) with or without 
PD98059 to detect the cell invasive ability. *, indicates P<0.05 vs. control 
group. #, indicates P<0.05 vs. SFN-only group. Data are shown as means ± 
SD from three separate experiments. SFN, sulforaphane.

Figure 2. SFN alters cell morphology. Cell shapes were altered when the cells were treated with increasing concentrations of SFN (0, 5, 10, 15, 20 and 25 µM) 
for 24 h. Morphological observation was recorded by a Leica DMIRB microscope. Magnification, x100. SFN, sulforaphane.
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Figure 4. Western blot analysis shows that SFN activated ERK1/2. (A) We treated the DU145 cells in the medium with different concentrations of SFN (0, 
5, 10 and 15 µM) for 24 h. (B) We treated the DU145 cells with 15 µM SFN for 0, 12, 24 and 36 h. (C) Prior to adding SFN, we pretreated DU145 cells with 
PD98059 for 1 h, then incubated cells for 24 h. *, indicates P<0.05 vs. control group. #, indicates P<0.05 vs. SFN-only group. Data were shown as means ± SD 
from three separate experiments. SFN, sulforaphane.

Figure 5. Western blot analysis shows that SFN upregulated E-cadherin by activating ERK1/2. (A) We exposed the cells to different concentrations of SFN (0, 
5, 10 and 15 µM) for 24 h. (B) We treated the cells with PD98059 only, SFN (15 µM) only and both PD98059 and SFN (15 µM) for 24 h. *, indicates P<0.05 
vs. control group. #, indicates P<0.05 vs. SFN-only group. Data are shown as means ± SD from three separate experiments. SFN, sulforaphane; ERK1/2, 
extracellular signal-regulated kinases.

Figure 6. Western blot analysis shows that SFN downregulated CD44v6 by activating ERK1/2. (A) We exposed the cells to different concentrations of SFN 
(0, 5, 10 and 15 µM) for 24 h. (B) We treated the cells with PD98059 only, SFN (15 µM) only and PD98059 plus SFN (15 µM) for 24 h. *, indicates P<0.05 vs. 
control group. #, indicates P<0.05 vs. SFN-only group. Data are shown as means ± SD from three separate experiments. SFN, sulforaphane; ERK1/2, extracel-
lular signal-regulated kinases; CD44v6, CD44 variant 6.
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Figure 7. SFN downregulates pro-MMP-2 expression and decreases active-MMP-2 activity. (A) We treated the cells in the medium with different concentra-
tions of SFN (0, 5, 10 and 15 µM) for 24 h. Western blot analysis indicated that SFN downregulated pro-MMP-2 in a dose-dependent manner. (B) We treated 
the cells with SFN (15 µM) only and both PD98059 and SFN (15 µM) for 24 h. (C) The conditioned medium from the above treatment for gelatin zymography 
assay was collected. (D) We incubated the cells in serum-free medium with SFN (15 µM) adding or not adding PD98059 for 24 h. *, indicates P<0.05 vs. control 
group. Data are shown as means ± SD from three separate experiments. SFN, sulforaphane.

Figure 8. Assumed signaling map for SFN-triggered invasion inhibition. SFN, sulforaphane.
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the production of reactive oxygen species (ROS) by participa-
tion of SFN (46). SFN administration to prostate cancer cells 
led to ROS generation, which induced apoptosis and meta-
static inhibition (14). In addition, we demonstrated that SFN 
upregulated E-cadherin and downregulated CD44v6 via the 
activation of ERK1/2. These two molecules are major players 
in mediating EMT. EMT is a reversible process, whereby the 
epithelial cells lose their junctions and polarity, reorganize their 
cytoskeleton, gain ability of motility, transit into mesenchymal 
cells and develop an invasive phenotype (30). The functional 
loss of E-cadherin is the typical characteristic of EMT and this 
contributes to the destabilization of adheren junctions, as well 
as tumor invasion and metastasis  (20,30,47,48). Therefore, 
SFN is capable of suppressing the process of EMT by inducing 
E-cadherin. EMT is manipulated by a group of transcription 
factors, including SNAIL, zinc-finger E-box‑binding (ZEB) 
and TWIST. TWIST can be phosphorylated by ERK1/2, which 
promotes its nuclear import and functions, such as control-
ling the expression of E-cadherin (30). Notably, it has been 
suggested that MMPs regulate SNAIL and ZEB transcription, 
and modulate the E-cadherin level  (30,44). As a feedback 
loop, the loss of E-cadherin induced ZEB-dependent MMP-2 
level in non-small cell lung cancer (32). Those findings are 
consistent with our results whereby SFN suppressed cell 
invasion by inducing E-cadherin and reducing MMP-2 in a 
dose‑dependent manner. We also found that SFN significantly 
reduced the expression of CD44v6 and PD98059 attenuated 
the SFN-mediated reduction of CD44v6, suggesting that the 
downregulation of CD44v6 induced was through ERK1/2 acti-
vation. These results were coincident with those in the other 
studies. Overexpression of CD44v6 was found in primary pros-
tate cancer tissues and metastases, but not in normal prostate 
tissues (3). It was also shown in the same study that knockdown 
of CD44v6 by siRNA decreased prostate cancer cell invasive 
and adhesive ability to hyaluronic acid (HA), suggesting that 
CD44v6 is an important participant in mediating tumor cell 
adhesion during metastasis (3). Another study showed that 
CD44 was a downstream effector of ERK1/2 inducing cell 
migration and invasion in vitro and tumor growth and metas-
tasis in vivo in human oral cancer (19). It was reported that 
CD44v6 induced EMT in prostate cancer and the induction of 
EMT was accompanied by a shift in CD44 isoforms in breast 
cancer cells (49). Therefore, SFN was suggested to suppress 
EMT as well as invasion via the downregulation of CD44v6 
and upregulation of E-cadherin.

A recent study described that the CD44v6 was found to 
be positively correlated with MMP-2 in papillary thyroid 
cancer  (50). Furthermore, CD44 promoted invasion by 
anchoring MMPs on the tumor cell surface and it was 
cleaved by MMPs in the extracellular of several tumors (51). 
Emerging evidence indicates that MMPs can induce EMT 
during tumor development (39). MMP-2 is one of the most 
distinctive members of this family and facilitates prostate 
cancer cell invasion. Previous studies have demonstrated that 
MMP-2 expression is mediated by ERK1/2 (26,27,47,52). In 
the present study, we found that SFN significantly decreased 
MMP-2 expression and activity. However, the SFN-triggered 
inhibition of MMP-2 was not reversed by PD98059. Thus, the 
downregulation of MMP-2 expression and activity modulated 
by SFN was not via the ERK1/2 signaling pathway. Following 

the above observations, the question concerning how SFN 
regulated MMP-2 expression and activity is raised. One 
possible mechanism leading to decreased MMP-2 may be 
that SFN activates or inactivates some transcription factors, 
such as nuclear factor-кB (NF-кB), SNAIL and ZEB (30,53). 
In addition, MMPs can also be regulated by their endogenous 
tissue inhibitors TIMPs, and the proteolytic activity of tumor 
cells depends on the balance between MMPs and TIMPs (47). 
Induction of TIMP-1/-2 by SFN has been proven in human 
bladder cancer cells (44). In this regard, we speculated that 
the upregulation of TIMP-1/-2 following the treatment of SFN 
may contribute to the inhibition of MMP-2 activity. More 
studies focusing on SFN-induced TIMP upregulation should 
therefore be conducted.

In conclusion, we have demonstrated that SFN suppressed 
invasion in human DU145 prostate cancer cells by modu-
lating E-cadherin, CD44v6 and MMP-2, which linked to 
EMT (Fig. 8). Suppression of EMT was demonstrated to be 
an effective strategy against cancer metastasis (30,47). The 
results suggested that SFN is a prospective drug to prevent 
invasion of prostate cancer cells.
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