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Benzyl isothiocyanate (BITC), a component of dietary cruciferous vegetables, has antioxidant and

anticancer properties. In this study, we show for the first time the antimetastatic effects of BITC in

human colon cancer HT29 cells. BITC had an inhibitory effect on cell migration and invasion. Protein

levels of matrix metalloproteinase-2 (MMP-2), matrix metalloproteinase-9 (MMP-9), and urokinase-

plasminogen activator (u-PA) were reduced by BITC in a concentration-dependent manner. BITC

also exerted an inhibitory effect on phosphorylation of c-Jun N-terminal kinase 1 and 2 (JNK1/2),

extracellular signal-regulated kinases 1 and 2 (ERK1/2), phosphatidylinositol 3-kinase (PI3K) and

protein kinase C (PKC) that are upstream of nuclear factor kappa B (NF-κB). BITC inhibited DNA

binding activity of NF-κB. Moreover, BITC decreased the levels of c-Fos, c-Jun, Ras, FAK, PI3K and

GRB2 in HT29 cells. Reductions in the enzyme activity, protein and mRNA (mRNA) levels of MMP-2

were observed in BITC-treated HT29 cells. BITC also inhibited mRNA levels of MMP-2, -7, and -9 in

HT29 cells. Results from zymography showed that BITC treatment decreased MMP-2 expression in

a concentration-dependent manner. BITC inhibited PKCδ activity in HT29 cells. Furthermore,

inhibitors specific for JNK (SP600125) reduced expression of MMP-2, MMP-9, and u-PA. These

results demonstrated that BITC could alter HT29 cell metastasis by reduction of MMP-2, MMP-9,

and u-PA expression through the suppression of a PKC, MAPK signaling pathway and inhibition of

NF-κB levels. These findings suggest that BITC has potential as an antimetastatic agent.
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INTRODUCTION

It is well-known that tumor metastasis plays an important role
for causing death in cancer patients, and its blockade has been
recognized to enable cancer patients to survive (1). Cancer
metastasis is a complex multistep process, and tumor invasion
into surrounding tissues plays an important role in tumor
metastasis (2). Tumor invasion is involved first with tumor cell
attachment to extracellular matrix components, then local de-
gradation of the matrix by tumor cell-associated proteases, and
finally tumor cell locomotion by proteolysis into the region of the
matrix that has been modified (3). If an agent can inhibit one of
these steps, suppression of tumor invasion and metastasis could

occur. Thus, it is important to identify promising agents with
antimetastatic activity. Matrix metalloproteinases (MMPs) are
overexpressed in almost all human cancers (4,5). The matrix me-
talloproteinase-2 (MMP-2), MMP-9 and urokinase-PA (u-PA)
are responsible for the degradation of extracellular matrix com-
ponents andplay important roles in the process of cancer invasion
and metastasis (6-8). Inhibition of MMP activity has been
adopted as an anticancer therapeutic strategy.

Isothiocyanates (ITCs) exist as conjugates in the genus Brassi-
ca of cruciferous vegetables and the genus Raphanus, and they
have substantial chemopreventive effects against various types of
cancer (9-12). These compounds inhibit the malignant growth in
cancer cells with little or no toxicity toward normal cells (13-15).
Benzyl isothiocyanate (BITC) is an ITC which induces apoptosis
and activates caspases in bladder cancer cells (16) and suppresses
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growth of human breast cancer cells (9). Based on the literature
review, it also suggests that themechanism bywhich BITC causes
growth arrest and cell death may be cell line specific. ITCs have
been shown to be potent inhibitors of mammary, lung, and liver
carcinogenesis induced by environmental and dietary carcinogens
in rodent models (17-19). The N-acetylcysteine conjugate of
BITC has been shown to inhibit benzo[a]pyrene-induced pul-
monary tumorigenesis in A/J mice (20).

In the present study, we investigated the possible inhibitory
effects of BITC onMMP-2, MMP-7 and MMP-9 and migration
and invasion in the human colon cancer HT29 cell line respec-
tively.We also determined whether the inhibition of theseMMPs
and uPA by BITC treatment is mediated through the cellular
signaling pathways including PKC, MAPK and NF-κB in HT29
cells.

MATERIALS AND METHODS

Chemicals and Reagents. Benzyl isothiocyanate (BITC), Tris-HCl,
TritonX-100, trypanblue, dimethyl sulfoxide (DMSO), propidium iodide,
potassium phosphates and ribonuclease-A were obtained from Sigma
Chemical Co. (St. Louis, MO). RPMI-1640 medium, fetal bovine serum,
L-glutamine, penicillin-streptomycin and trypsin-EDTAwerepurchased
from Invitrogen (Carlsbad, CA). Primary antibodies used for Western
analysis were uPA, PI3K, PKC, Ras, GRB2, SOS1, JNK, P38, P-ERK,
ERK1/2, MMP-2, MMP-9, Rho A, FAK, iNOS, COX-2 and NF-kB
which were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Human Colon Adenocarcinoma Cell Line. The human colon
adenocarcinoma cell line HT29 was obtained from the Food Industry
Research and Development Institute (Hsinchu, Taiwan). Cells were
cultured in 90% RPMI-1640 medium with 2 mM L-glutamine supple-
mented with 10% fetal bovine serum (Gibco BRL, Grand Island, NY),
and 1% penicillin-streptomycin (100 units/mL penicillin and 100 μg/mL
streptomycin) and were cultured in a humidified incubator (5%CO2, 95%
humidity air at 37 �C).

Cell Viability. HT29 cells (2 � 105 cells/well) were plated in 12-well
plates and incubated at 37 �C for 24 h; then each well was individually
treated with 0, 0.01, 0.25, 0.5, 1.0, 2.5, 5.0, 7.5, and 10 μMBITC for 24 h.
DMSO (solvent) was used for the control condition. Cells were harvested
by centrifugation and then were stained by PI and immediately were used
for determining cell viability by using the flow cytometric analysis as
previously described (21).

InVitroWoundClosure.HT29 cells (1� 105 cells/well) were plated in
6-well plates for 24 h wounding by scratching with a pipet tip and then
incubated with RPMI-1640 medium containing no FBS and treated with
or without BITC (0.01 or 0.25 μM) for 0 and 12 h. Cells were photo-
graphed using a phase-contrast microscope (�100) as previously des-
cribed (22).

Cell Invasion and Migration Transwell Assay. HT29 cells were
treated with or without BITC and invasion was measured using Matrigel-
coated Transwell cell culture chambers (8 μm pore size; Costar, Acton,
MA) as described previously (23). Cells (1 � 105 cells/well) were placed in
serum-free-RPMI-1640 medium for 24 h and then were trypsinized and
resuspended in serum-freemedium and placed in the upper chamber of the
Matrigel-coated (0.8 μg/μL, 37 �C, 2 h; BD Biosciences, San Diego, CA)
Transwell insert (5 � 104 cells/well) and with 0.5% DMSO or BITC
(0, 0.01, or 0.25μM).RPMI-1640mediumcontaining 10%FBSwasplaced
in the lower chamber. Cells were incubated for 24 or 48 h in a humidified
atmosphere with 95% air and 5% CO2 at 37 �C. Invading cells in the
membrane were fixed with 4% formaldehyde in PBS and stained with 2%
crystal violet in 2% ethanol. Noninvasive cells in the upper chamber were
removed by wiping the upper side of the membrane with a cotton swab,
and cells located on the underside of the filter were counted under a light
microscope at �200 (23). For the migration assay of HT29 cells, experi-
mental procedures are the same as in the invasion assay of HT29 cells
which as described above except the filter membrane was not coated with
Matrigel. Cells located on the underside of the filter were counted under a
light microscope at �200 (23).

Western Blotting Analysis. The HT29 cells (2 � 106 cells/well) were
plated in 6-well tissue culture plates and grown for 24 h. BITC was added

to cells in each well at a final concentration of 2.5 μM, while DMSO
(solvent) alone was added to the wells as a vehicle control cell. Cells were
incubatedwithBITC in90%RPMI-1640mediumwith 0.5%FBS at 37 �C
for 0, 6, 12, 24, and 48 h. Cells in eachwell were harvested and resuspended
in ice-cold 50 mM potassium phosphate buffer (pH 7.4) containing 2 mM
EDTA and 0.1% Triton X-100. The collected cells were sonicated and
centrifugated at 13000g for 10 min at 4 �C to remove cell debris, and the
supernatant was collected for determination of total protein concentration
using a Bio-Rad protein assay kit (Hercules, CA) with bovine serum
albumin (BSA) as the standard as described previously (23). SDS gel
electrophoresis and Western blotting were performed as described pre-
viously (24, 25) for determining the effects of BITC on protein levels of
PI3k, PKC, Ras, GrB2, SOS1, p-ERK, ERK1/2, MMP-2, MMP-9, Rho
A, FAK, iNOS, COX-2 and NF-κB p65.

Gelatin Zymography. The activities of MMP-2 and -9 were exa-
mined by gelatin zymography. Briefly, the HT29 cells (2 � 106 cells/
well) were plated in 6-well tissue culture plates and were incubated
in serum-free RPMI-1640 medium in the presence of 2.5 μM BITC
for the indicated time; the conditioned medium was then collected.
The medium were separated by electrophoresis on 10% SDS-PAGE
containing 0.1% gelatin. After electrophoresis, the gels were soaked in
2.5% Triton X-100 in dH2O twice for a total of 60 min at room
temperature and then were incubated in substrate buffer (50 mM Tris
HCl, 5 mM CaCl2, 0.02% NaN3 and 1% Triton X-100, pH 8.0) at 37 �C
for 18 h. Bands corresponding to activity ofMMP-2 and -9were visualized
by negative staining using 0.3% Coomassie blue in 50% methanol and
10% acetic acid (26).

Real-Time PCR. Gene expression was performed by real-time PCR.
HT29 cells (2� 106 cells/well) were cultured in 6-well plates and grown for
24 h. BITCwas added to cells in eachwell for a final concentration of 2.5 μM
for 24 h. Cells were then harvested and total RNAwas extracted using the
Qiagen RNeasy Mini Kit as described previously (24, 25, 27). RNA
samples were reverse-transcribed at 42 �C with High Capacity cDNA
Reverse Transcription Kit for 30 min according to the protocol of the
supplier (Applied Biosystems). Quantitative PCR conditions were as
follows: 2 min at 50 �C, 10 min at 95 �C, and 40 cycles of 15 s at 95 �C;
1 min at 60 �C using 1 μL of the cDNA reverse-transcribed as described
above, 2X SYBR Green PCR Master Mix (Applied Biosystems) and
200 nM of forward and reverse primers as shown in Table 1. Applied
Biosystems 7300 Real-Time PCR system was used for each assay in
triplicate, and fold-changes were derived using the comparative CT

method (26, 28).
PKC Activity Assay. The inhibition of PKCδ activity by BITC was

determined using the HTScan PKCKinase Assay Kit fromCell Signaling
Technology (Beverly, MA). Briefly, reactions were carried out in 50 μL
reaction volumes in 96-well polystyrene plates with final conditions as
follows: 25 mM Tris-HCL (pH 7.5), 10 mMMgCl2, 5 mM β-glyceropho-
sphate, 0.1 mM NaVO3, 2 mM dithiothreitol, 200 μM adenosine 50-
triphosphate, 1.5 μM substrate peptide, 2.5 μM BITC, and 50 ng of
recombinant human PKCδ enzymes. Reactions were started with enzyme
addition and incubated at room temperature for 15 min, and then 50 μL/
well stop buffer (50 mM EDTA, pH 8.0) was added to stop the reaction.
Twenty-five microliters of each reaction mixture was transferred to a 96-
well streptavidin-coated plate containing 75 μL of DDWand incubated at
room temperature for 60 min. The plate was washed and incubated with
100 μL/well phosphor-PKC substrate rabbit primary antibody at 37 �C for
120min and thenwashed again, and europium labeled secondary antibody
was added at room temperature for 30 min. After incubation with

Table 1. The DNA Sequence Was Evaluated Using the Primer Express
Software

primer name primer sequence

homo MMP-2-F CCCCAGACAGGTGATCTTGAC

homo MMP-2-R GCTTGCGAGGGAAGAAGTTG

homo MMP-7-F GGATGGTAGCAGTCTAGGGATTAACT

homo MMP-7-R AGGTTGGATACATCACTGCATTAGG

homo MMP-9-F CGCTGGGCTTAGATCATTCC

homo MMP-9-R AGGTTGGATACATCACTGCATTAGG

homo GAPDH-F ACACCCACTCCTCCACCTTT

homo GAPDH-R TAGCCAAATTCGTTGTCATACC
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enhancement solution for 5 min, plates were read on a time-resolved plate
reader (29, 30).

Electrophoretic Mobility Shift Assay (EMSA). NF-κB binding to
DNA was determined by electrophoretic mobility shift assay (EMSA).
Cells (2� 106 cells/well) were incubatedwith 2.5 μMBITC for 24 and 48 h.

Cells from each treatment then were collected by centrifugation, and
nuclear extracts were prepared by using the NE-PER Nuclear and
Cytoplasmic Extraction kit (Pierce, Rockford, IL). Protein concentrations
were quantitated and Biotin end-labeled oligonucleotide sequences 50-
Biotin-GATCCAGGGGACTTTCCCTA-GC-30 corresponding to the
consensus site of NF-κB were used. Five micrograms of nuclear extract
proteins was used for EMSA with a LightShift Chemiluminescent EMSA
Kit (31) following the protocol of the manufacturer. Each nuclear extract
was incubated with Biotin end-labeled duplex DNA and was electrophor-
esed on a 6%polyacrylamide native gel. For the competition experiments,
a 100-fold excess of unlabeled double stranded oligonucleotide was added
to the reaction. The DNAwas then rapidly transferred to a positive nylon
membrane, UV cross-linked, probedwith streptavidin-HP conjugate and
incubated with the substrate of the ECL kit (32).

Statistical Analysis. All data are presented as means ( SD of three
independent experiments. Statistical differences were evaluated using the
Student’s t-test and considered significant at *P < 0.05.

Effects of BITC on Viability of HT29 Cells. To verify whether
BITC inhibits colon cancer cell growth, HT-29 cells were treated with
various concentrations of BITC for 24 h, and cells were examined under
microscope and then were collected for propidium iodine staining to
determine viability. Figure 1 shows that BITC markedly decreased cell
viability in a dose-dependent manner in HT29 cells. A reduction in cell
viability byBITCwas also confirmed by trypan blue dye exclusionmethod
(data not shown).

Effects of BITC on in Vitro Wound Closure in HT29 Cells. We
determined effects of BITC on migration of HT29 cells by means of a
wound closure assay.As shown inFigure 2A andFigure 2B, relativewound
closure decreased in control cells but was higher when compared with
BITC treated cells. Data in Figure 2B indicate that inhibition was at 56%

Figure 1. BITCaffects the percentage of viableHT29 cells. TheHT29 cells
were placed in 12-well plates and incubated at 37 �C for 24 h, and then
each well was individually cotreated with or without BITC at 0, 0.01, 0.25,
0.5, 1.0, 2.5, 5.0, 7.5, and 10μM for 24 h respectively. Cells were harvested
by centrifugation and then were stained by PI and immediately were used
for determining cell viability by using the flow cytometric protocol as
described in Materials and Methods.

Figure 2. Effects of BITC on the in vitro wound closure of HT29 cells. A confluent monolayer of HT29 cells (2� 105 cells/well) were wounded with a pipet tip
and rinsed to remove debris for incubation with or without BITC (0, 0.01, and 0.25μM) at 12 h. The relative wound closures weremonitored and photographed
using a Nikon phase-contrast microscope (A). Fields shown are representative of the width of quadruplicate wounds, and experiments were made in triplicate
cultures. The percentage of inhibition was calculated (B). ***P < 0.001 significant difference between BITC-treated groups and the control.
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and 62% when cells were incubated with BITC at 0.01 and 0.25 μM for a
12 h treatment, respectively.

Effects of BITC on Migration and Invasion of HT29 Cells. We
determined the effects of BITC on migration and invasion of HT29 cells,
and results are shown in Figure 3, panels A, B, C and D. Results from the

migration assay show that BITC had a significant inhibitory effect on cell
migration at concentrations between 0.01 and 0.25 μM.Data in Figure 3B

indicate that the inhibition was at 15-31% and 39-51% when cells were
incubated with BITC for 24 and 48 h treatment, respectively. Results from

an invasion assay demonstrate that HT29 cells moved from the upper
chamber to the lower chamber in the absence of BITC (control group),
however, the penetration of the Matrigel-coated filter by HT29 cells was

inhibited in the presence of BITC. The percent inhibition at 0.01-0.25 μM
BITC were at 18-50% and 56-73% (Figure 3D) when cells were
incubated with BITC for 24 and 48 h treatment, respectively.

Effects of BITC on Levels of Proteins Associated withMigration

and Invasion in HT29 Cells.We determined the effects of BITC on the
levels of proteins associated with migration and invasion in HT29 cells,
and results are presented in Figure 4, panels A, B, C and D. It can be seen
that BITC reduced protein levels ofMKK7, c-Jun, FAK, p-ERK, ERK1/
2 and p-JNK, JNK1/2 (Figure 4A), Ras, GRB2, Rho A, ROCK1, SOS1,
PI3K, AKT, p-AKT and PKCδ (Figure 4B), iNOS, NF-κB p65, COX-2
and uPA (Figure 4C) and MMP-2, MMP-7, MMP-9 (Figure 4D) but did
not have an effect on p38 protein abundance.

Effects of BITC on the Activities of MMP-2 from HT29 Cells.

Gelatin zymography was used to analyze the effects of BITC on MMP-2
activities for 24 and 48 h treatment of BITC (2.5 and 5 μM). As shown in
Figure 5, we found that BITC inhibited MMP-2 activities. This is also
confirmedbyWestern blottingwhich is shown inFigure 4D, and the results
indicated that BITC inhibited the proteins level of MMP-2.

Effects of BITC on MMP-2, MMP-7 and MMP-9 mRNA

Expression in HT29 Cells. In order to investigate whether BITC
affectedmigration- and invasion-associated gene expression inHT29 cells,
cells were treated with BITC (2.5 and 5 μM) for 0 and 48 h. Results shown
in Figure 6 indicate that the mRNA expression levels of MMP-2, MMP-7
andMMP-9mRNAwere decreased byBITC in a dose-dependentmanner
(Figure 6).

Effects of BITC on PKCδ and NF-KB Activity in HT29 Cells.

Figure 7 shows that BITC inhibited PKCδ activity after 24 and 48 h
treatment and these effects were time-dependent. Activation ofNF-κBwas
reduced following incubation at 24 and 48 h as seen in Figure 8 by EMSA .

DISCUSSION

BITC has been reported to have anticancer effects in both in
vivo and in vitro experimental models (8, 33, 34). To date, there
have not been any studies on the antimetastasis (inhibition of
migration and invasion) effects of BITC on colon cancer cells.
The present study demonstrates for the first time that BITC (1)
inhibits migration of HT29 colon cancer cells; (2) inhibits inva-
sion ofHT29 cells; (3) inhibits secretion of uPA,MMP-2, -7 and -
9, FAK and Rho A, iNOS and COX-2; (4) inhibits the activities
of MMP-2 and -9; and (5) inhibits NF-κB DNA binding and
PKCδ activity.

Cancer cell metastasis is involved in tumor cell adhesion to the
ECM, proteolytic cleavage or destruction of the ECM, and cell
migration through the resultant defect. In the present study, we
demonstrate that BITC decreases invasion and migration of
HT29 cells. It was reported that the critical step for invasion
and metastasis is the breakdown of the basement membrane,
which requires activation of proteolytic enzymes (35, 36) such as
MMPs. MMPs play an important role in tumor angiogenesis,
metastasis and stimulation of growth factor release from the
ECM (35). Numerous studies indicate that inhibition of MMP
expression or enzyme activity can be used as early targets for
preventing cancer metastasis (37-39). MMP-2 (72-kDa gelati-
naseA) andMMP-9 (92-kDa gelatinase B) seem to be involved in
this initial step as they hydrolyze basal membrane type IV
collagen and have been frequently associated with the invasive
metastatic potential of tumor cells (8, 40). We clearly show that
BITC inhibited proteins levels ofMMP-2 and -9 (Figure 4D) and
demonstrated that BITC inhibits mRNA expression of MMP-2

Figure 3. Effects of BITC on the in vitro migration and invasion of HT29 cells. The HT29 cells (5 � 104 cells/0.4 mL RPMI-1640) were plated in the upper
chamber in the absence or presence of BITC (0, 0.01, and 0.25 μM) and allowed to undergo migration for 24 and 48 h (A). Quantification of cells in the lower
chamber was performed by counting cells under a Nikon phase-contrast microscope at�200. *P < 0.05, significant difference between BITC-treated groups
and the control (B). HT29 cells (5� 104 cells/0.4 mL RPMI-1640) were placed, and cells that penetrated through the matrigel to the lower surface of the filter
were stained with crystal violet and were photographed under a light microscope at�200 (C). Quantification of cells in the lower chamber was performed by
counting cells under a Nikon phase-contrast microscope at �200 (D). *P < 0.05, significant difference between BITC-treated groups and the control.
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and -9 (Figure 6) in HT29 cells. BITC also inhibited protein levels
of uPA (Figure 4C). uPA is a member of the serine protease
family, and it plays a role in tumor invasion, tumor cell prolifera-
tion and metastasis (41). It was reported that most integrins
activate MAPK and PI3K, leading to activation of Akt (42). In
the present study, BITC also decreased phosphorylation of Akt
and JNK. Future studies are needed to explore the relationship

between expression of integrins and phosphorylation of Akt
and JNK in BITC treated colon cancer cells. We also used the

Figure 4. Effects of BITC on the proteins level of associated proteins for metastasis in HT29 cells. The total proteins were collected from HT29 cells treated
with 2.5 μM BITC for 6, 12, 24, 48 h before, and the proteins levels (A, MKK7, c-Jun, FAK, ERK1/2, p-ERK, JNK1/2 p-JNK1/2 and p38, p-p38; B, Ras, GrB2,
Rho A, ROCK1, SOS1, PI3K, AKT, p-AKT and PKCδ; C, iNOS, NF-κB p65, COX-2 and uPA; D, MMP-2, MMP-7, MMP-9) were measured by SDS-PAGE
and Western blotting as described in Materials and Methods.

Figure 5. Effects of BITConMMP-2 activities inHT29 cells. Cells (5� 104

cells/well) were incubated with 2.5 and 5 μM BITC for 24 and 48 h. Cells
were harvested and separated by gelatin zymography as described in
Materials and Methods. The ratio of MMP-2 activities was quantitated.

Figure 6. Effects of BITC on MMP-2, MMP-7 and MMP-9 mRNA expres-
sion in HT29 cells. The HT29 cells (5� 105 cells/well) were incubated with
2.5 μMBITC for 48 h. The total RNA was extracted from each treatment of
HT29 cells, and RNA samples were reverse-transcribed cDNA then for real
time PCR as described in Materials and Methods. The ratios of MMP-2,
MMP-7 and MMP-9 mRNA/GAPDH are presented in panel. Data repre-
sents mean ( SD of three experiments. *P < 0.05, ***P < 0.001.
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inhibitor of JNK (SP600125) combinedBITC lead to decrease the
MMP-2 and uPA (data not shown). These results indicate that
inhibition of JNK activity contributes to the decrease in migra-
tion of BITC treated HT29 cells. The present results suggest that
BITC may have efficacy and prevent the metastasis of colon
cancer cells.

It was reported that MMP-2 overexpressed in highly meta-
static tumors (43). MMP-9 can be stimulated by a Ras
oncogene (44 , 45) through activation of different intracellu-
lar-signaling pathways. The activation of PKC could cause
translocation of the protein to membranes and affecting
the expression of MMP-9 via modulation of transcription fac-
tors including activator protein-1 (AP-1), nuclear factor-kB
(NF-kB) or Sp-1 through mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K) signaling
pathways (46-49). Therefore, the regulation of NF-κB, down-
stream of the PI3K/Akt and MAPK (ERK1/2, p38 and JNK)
pathways, might be involved in BITC suppressed MMP-9
expression and invasion in HT29 cells. Our results also showed
that BITC reduced protein levels of PI3K, Akt, MMP-2 and
MMP-9. It was reported that PI3K activation stimulated the
downstream target Akt, which plays various and important
roles including cell invasion (50, 51).

The uPA plays an important role in the decomposition of
basement membranes, and the activation of the uPA/uPAR/
plasmin proteolytic network plays key roles in tumor invasion
and dissemination of various malignancies (41, 52). The levels of
uPA and uPARexpression serve as prognosticmarkers in various
malignancies, and high levels of expression are often associated
with a poor prognosis (53). Our result showed that BITC
decreased the levels of uPA in HT29 cells.

In conclusion, the present study assessed the efficacy of BITC
on counteracting metastasis and identified molecular mecha-
nisms of such effects in human colon cancer cells (Figure 9). It
is noteworthy that BITC inhibits migration and invasion through
downregulation of PKC and then blocking MAPK and PI3K/
Akt signaling pathways, NF-κB, as well as uPA resulting in
inhibition of MMP-2 and MMP-9 (Figure 8). Future in vivo
efficacy studies with BITC should be done in animal models.
Colon tumor invasion and metastasis present major obstacles in
treatment. Thus, inhibition of metastasis of colon cancer cells by
BITC could have important preventive and therapeutic benefits
against colon cancer.

Figure 7. BITC inhibited PKCδ activity in HT29 cells. Cells were incubated
with 2.5 μM BITC for 24 and 48 h. Protein extracts were prepared from
BITC-treated HT29 cells and PKCδ activity was determined as described in
Materials and Methods. *P < 0.05, significant difference between BITC-
treated groups and the control.

Figure 8. BITC induced NF-κB activity and downstream protein expression change in HT29 cells. Cells were incubated with 2.5 μM BITC for 24 and 48 h.
Nuclear extracts were prepared fromBITC-treated HT29 cells, andNF-κB activity was determined by electrophoretic mobility shift assay (EMSA) (left). NF-κB
activity was calculated (right). ***P < 0.001, significant difference between BITC-treated groups and the control.

Figure 9. The proposed mechanisms of BITC inhibited migration and
invasion of HT29 cells.
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ABBREVIATIONS USED

BITC, benzyl isothiocyanate; MMP-2, metalloproteinase-2;
MMP-9, matrix metalloproteinase- 9; u-PA, urokinase-plasmi-
nogen activator; JNK1/2, c-Jun N-terminal kinase 1; ERK1/2,
c-Jun N-terminal kinases 1/2; MAPK, mitogen-activated protein
kinase; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase
C; NF-κB, nuclear factor-kappa B.
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