
Abstract. Benzyl isothiocyanate can exert anti-tumor effect
by arrest of cell cycle progression and induction of apoptosis
in human pancreatic cancer cells. Among them, the dissection
of the molecular mechanism of induction of apoptosis is
important because the knowledge may be exploited for both
cancer prevention and treatment. Our studies reported here
indicate that BITC-mediated apoptosis involves the disappea-
rance of intact 21-kDa Bid protein, cytochrome c release and
predominant procaspase-3 cleavage. Using adenocarcinoma
and metastatic pancreatic cancer cells, we investigated whether
this dietary isothiocyanate induces apoptosis by converging
two major pathways: the death receptor-mediated extrinsic
and the mitochondrial intrinsic pathway. Indeed, cell surface
receptor analysis by flow cytometry demonstrates the up-
regulation of DR4, a member of death receptor family in
BITC exposed pancreatic cancer cells. Since BITC is able to
trigger death receptor signaling, we were interested in
examining the effects of BITC and death receptor ligand
TRAIL together on pancreatic cancer cell death. Interestingly,
BITC augments TRAIL-induced apoptosis in both metastatic
and adenocarcinoma cells. Moreover, we report for the first
time that the sensitivity of metastatic pancreatic cancer cells
to this isothiocyanate might be due to down-modulation of
the proangiogenic molecule small GTPase Rac1 and caspase-3
substrate RasGAP, a regulator of Rho GTPase family.

Introduction

Multiple epidemiological studies as well as experimental
animal studies suggest that high intake of cruciferous vege-
tables might reduce the incidence of cancer (1-10). As a

result, cruciferous vegetables, a rich source of glucosinolates,
have been of great interest for potential use in the chemo-
prevention of cancer. The glucosinolates are known to be
degraded into isothiocyanates by enzymatic action of plant-
specific myrosinase or intestinal flora in the body. The
biological effects conferred by isothiocyanates (ITC) are
selectively targeted towards transformed or malignant cells
without affecting normal cells (11). The potential of isothio-
cyanates to be chemopreventive agents might be attributed to
a variety of mechanisms of actions (2,11). Primarily, these
compounds are strong inhibitors of the phase I enzymes such
as cytochrome P450 activity (12). This cytochrome P450 inhi-
bitory property of isothiocyanates could probably prevent
carcinogenicity of N-nitrosobis (2-oxopropyl) amine (BOP)
in animals (13,14), because this compound is converted to
active form by cytochrome P450 enzymes. Another important
biological effect of isothiocyanates has been linked to the
increased detoxification of carcinogens by phase II enzymes
(15,16).

Among isothiocyanates, the prototypical member benzyl
isothiocyanate (BITC) has been shown to perturb cell cycle
and apoptosis in pancreatic cancer cells (3,17-21). The
multiple mechanisms of the anti-tumor effect of BITC possibly
include the modulation of angiogenesis along with the
induction of cell death (22,23). Previously, we demonstrated
that this chemopreventive agent can invoke cell death by
phosphorylation of anti-apoptotic protein Bcl-xL as well as
activation of both initiator and executioner caspases in a
variety of cancer cells (17). Here we report that both death
receptors and mitochondrial machinery are involved in
BITC-mediated apoptosis of pancreatic cancer cells. Since
BITC can up-regulate death receptor DR4, we investigated
the effects of BITC and death receptor ligand TRAIL
together in cell culture model. TRAIL (tumor necrosis factor-
related apoptosis-inducing ligand) is a type II transmembrane
cytokine and an inducer of apoptosis in cancer cells (24,25).
Interestingly, BITC can cooperate with TRAIL to enhance
the sensitivity of pancreatic cancer cells to apoptosis in vitro.
Our report suggests that the sensitivity of pancreatic cancer
cells to BITC might be due to down-modulation of the pro-
angiogenic molecule small GTPase Rac1 (26-28) as well as
RasGAP, which is a regulator of Rho GTPase family and
known to be cleaved by caspase-3 (29,30).
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Materials and methods

Cell culture and treatment. Human pancreatic cancer cells
BxPC-3, CFPAC-1 (adenocarcinoma) and Hs766T (metastatic)
were obtained from the American Type Culture Collection
(ATCC, VA). BxPC-3 and Hs766T cells were grown in RPMI
with supplements of 10% fetal bovine serum and 50 μg/ml
gentamycin at 37˚C in a 5% CO2-humidified atmosphere.
CFPAC-1 cells were cultured in Iscove's medium with the
above supplements. Unless otherwise stated, CFPAC-1,
BxPC-3 and Hs766T cells were treated with 2.5, 5 and 7.5 μM
BITC (LKT Laboratories, MN), respectively, for 24 h.

Western immunoblotting . Following the designated
treatment, total cellular proteins were extracted in lysis buffer
(50 mM Tris, pH 7.4, 0.25 M NaCl, 1% NP40, 0.1% SDS,
0.5% deoxycholate, 1 mM EDTA) containing a protease
inhibitor cocktail (Roche Diagnostics, NJ) by repeating
freeze-thaw cycle. The resulting lysate was subjected to a total
protein assay using the BCA reagent (Pierce Biotechnology,
IL). Equal protein from each sample was fractionated by
SDS-PAGE and blotted into a nitrocellulose membrane (GE
Healthcare, NJ). Membranes were probed with DR-4 (Santa
Cruz Biotechnology, CA), Bid (Cell Signaling, MA) PARP,
procaspase-3, cytochrome c (BD Biosciences, CA) primary
antibodies followed by incubation with HRP-conjugated
secondary antibodies. Finally, immunodetection was carried
out (31,32) by the enhanced chemiluminescence method (GE
Healthcare, NJ). Immunodetection with ß-Actin antibody
(Sigma, MO) served as a protein loading control.

Isolation of mitochondria. Highly enriched mitochondrial
fraction was prepared (33) from control and BITC-treated
cells using a kit from BioVision (Mountain View, CA).
Briefly, cells were washed with PBS and homogenized in
extraction buffer (containing dithiothreitol and protease
inhibitor) with ice-cold dounce homogenizer. The efficiency
of homogenization was microscopically checked. Homogenate
was centrifuged at 700 x g for 10 min at 4˚C. The supernatant
was collected and further centrifuged at 10,000 x g for 30 min
at 4˚C. The pellet was collected and suspended in mito-
chondrial extraction buffer.

Cell surface death receptor analysis. Cells were detached by
a non-enzymatic cell dissociation buffer (Sigma-Aldrich)
followed by a wash with PBS and re-suspension in ice-cold
staining buffer (eBioscience, CA). Next, approximately
0.5x106 cells were incubated on ice for 15 min with 50 μg/ml
Á-globulin (MP Biochemicals, OH) and then were stained
(25) in the dark for 1 h with phycoerythrin-conjugated anti-
Fas, anti-DR4, anti-DR5 or immunoglobulin G1 isotype
control antibodies (eBioscience). Subsequent to staining,
cells were washed three times in staining buffer and analyzed
by flow cytometry. A total of 10,000 events were monitored
in Epics-XL (Beckman Coulter, CA) at the institute's core
facility.

Clonogenic cell survival assay. BxPC-3 cells were treated
with BITC alone, TRAIL (R&D Systems, MN) alone or
combination of BITC and TRAIL for 24 h. Control and

treated cells were washed two times with phosphate-buffered
saline and then seeded in triplicate (20,000 cells/10-cm dish).
The cells were allowed to grow for an additional 3 weeks in
the absence of BITC. Medium was changed every four days.
The cells were then fixed with 4% buffered formalin
(Electron Microscopy Sciences, PA) and stained with 0.05%
crystal violet for visualization and photography (34). The
number of colonies was counted manually.

Results

BITC activates proapoptotic protein Bid and triggers
cytochrome c release from mitochondria. Among the two
major apoptotic pathways such as mitochondrial ‘intrinsic’
and transmembrane ‘extrinsic’, the latter one comprises of
activation of death receptors (DR) such as Fas, TNF receptor 1,
DR4 or DR5 (35). Upon activation by interacting with their
respective ligands such as FasL, TRAIL (24,25,35), a signal
transduction cascade ensues by the recruitment of DR-
associated molecules such as FADD. Subsequent activation
of initiator caspases such as caspase-8 can lead to cleavage of
the proapoptotic protein Bid. Truncated Bid (t-Bid) can trans-
locate to mitochondria and can orchestrate mitochondrial
events that can result in biochemical as well as morphological
alterations implicated with programmed cell death. Primarily,
we investigated the status of Bid protein in metastatic
pancreatic cancer cells Hs766T following BITC exposure.
Notably, we observed that BITC treatment as early as 16 h
leads to significant disappearance of intact 21 kDa Bid from
total cellular extract of Hs766T and BxPC-3 cells (Fig. 1A).
The cleavage of proapoptotic protein Bid provides us an
important clue regarding the cross talk between death receptor
and mitochondria (35-37) during BITC-mediated demise of
pancreatic carcinoma cells. The interaction of truncated Bid
with Bax, either in the cytosol or on the mitochondrial
surface, renders conformational changes in Bax. Proapoptotic
Bax then inserts itself into outer mitochondrial membrane
where it oligomerizes and facilitates release of cytochrome c
from the intermembrane mitochondrial space. We determined
the level of cytochrome c in highly enriched mitochondrial
fraction isolated from control and BITC-treated BxPC-3 cells.
Fig. 1B shows the depletion of cytochrome c from mito-
chondrial fraction following BITC exposure of pancreatic
cancer cells.

BITC-mediated cell death is correlated with TRAIL receptor
(DR4) up-regulation. We previously reported that BITC can
activate caspase-8 in pancreatic cancer cells (17). Caspase-8
is known to be down-stream of death receptor signaling (35).
Indeed, by cell surface death receptor analysis using flow
cytometry, we observed substantial increase in the expression
of death receptor, DR4 (Fig. 2B) due to BITC treatment, when
compared with the respective control (Fig. 2A). However,
little effect was noted in the case of other death receptors such
as DR5 or Fas. As shown in Fig. 2C, immunoblot analysis of
whole cell extract with DR4 antibody also revealed an increase
of DR4 protein following BITC exposure.

Combination treatment of BITC and death receptor ligand
TRAIL diminishes survival and enhances apoptosis of
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pancreatic cancer cells. The observation implicating death
receptor up-regulation due to BITC treatment provided the
rationale to examine the effect of a death receptor ligand such
as TRAIL in combination with BITC on human pancreatic
cancer cells. The synergistic effect of BITC and TRAIL on

pancreatic cancer cell growth was assessed following exposure
to BITC or recombinant human TRAIL or BITC and TRAIL
together for 16 h. As evident from the clonogenic survival
assay (Fig. 3A), the number of colonies in BITC- or TRAIL-
treated BxPC-3 cells was higher than those formed by
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Figure 1. BITC-mediated alteration in apoptotic regulators. (A) Decrease in 21 kDa Bid protein in the total cellular extract of BITC-challenged pancreatic
cancer cells. Pancreatic cancer cells BxPC-3 and Hs766T were exposed to 5 and 7.5 μM BITC, respectively, for the designated period. Total cellular extract
was subjected to immunoblot analysis with Bid peptide polyclonal antibody. (B) Release of cytochrome c from mitochondria due to BITC treatment.
Mitochondrial fractions isolated from control and BITC-treated BxPC-3 cells were processed for immunoblot analysis with cytochrome c antibody.

Figure 2. Modulation of death receptors in BITC-exposed pancreatic cancer cells. (A) and (B) Dot plot of expression of cell surface death receptors. Control
and 5 μM BITC-challenged (24 h) BxPC-3 cells were processed for flow cytometric analysis of surface death receptor using phycoerythrin (PE)-conjugated
anti-Fas, anti-DR4, anti-DR5 and IgG1 isotype control antibodies. (C) Western blot analysis of control and BITC-treated pancreatic cancer cell lysate with
DR4 antibody.
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Figure 3. Combinatorial effect of BITC and TRAIL on pancreatic cancer cell survival and apoptosis. (A) Decreased clonogenic survival of pancreatic
adenocarcinoma cells due to combinatorial treatment of BITC and TRAIL. Clonogenic cell survival assay was employed to determine the long-term survival
ability of BxPC-3 cells in response to several treatment regimens as follows. Panel I, control (DMSO); panel II, BITC (2 μM); panel III, TRAIL (10 ng/ml);
panel IV, BITC (2 μM) and TRAIL (10 ng/ml) together. (B) Increased apoptosis due to treatment with BITC and TRAIL together. Following designated
treatment, cell lysate was prepared and subjected to Western blot analysis using monoclonal antibody against PARP and procaspase-3.

Figure 4. BITC-mediated apoptosis is associated with down-regulation of RasGAP and Rac1 proteins. (A) Hs766T cells were exposed to either BITC (7.5 μM) or
10 ng/ml recombinant human TRAIL or BITC (7.5 μM) and 10 ng/ml TRAIL together for 16 h. Subsequently, cells were processed for immunoblot analysis.
(B) Level of Rac1 protein in control and BITC- (2.5 μM) treated CFPAC-1 cells. (C) and (D) Immunoblot analysis of control and 2-methoxyestradiol-treated
Hs766T cells with Rac1 and RasGAP antibodies. Equal protein loading was verified by Ponceau S staining of the blot.
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combination treatment (panel IV vs. panels II and III, Fig. 3A).
Due to combination treatment, the number of large colonies
was reduced approximately 50% compared to that of BITC
treatment alone. Of note, there was no significant variations
in the number of abortive colonies (small colonies that did
not progress to larger colonies) between the two treatment
groups (panel IV vs. panels II, Fig. 3A).

Next, we were interested to examine whether the combina-
tion therapy would exert any proapoptotic effect on these
cells. In correlation with the decreased cell survival, the
combination treatment of BITC and TRAIL was very effective
in causing enhanced poly-ADP ribose polymerase (PARP)
cleavage, a hallmark of apoptosis, and the activation of
caspase-3 in BxPC-3 cells (Fig. 3B). The synergistic action
of BITC and TRAIL in mediating increased apoptosis of
pancreatic cancer cells thus supports a broad mechanism that
involves the up-regulation of death receptor DR4 by BITC.

BITC-mediated proapoptotic effect on metastatic pancreatic
cancer cells is correlated with down-regulation of RasGAP
and Rac1. As shown in Fig. 4A, the potential therapeutic
synergy by combining BITC and TRAIL was noted by
significant apoptosis of metastatic pancreatic cancer cells
Hs766T. Apoptosis was determined by analysis of biochemical
markers such as PARP cleavage or caspase-3 activation. The
combination treatment of BITC and TRAIL was very effective
for enhanced PARP cleavage as well as for the disappearance
of procaspase-3.

Our previous findings (25,33) indicate that metastatic
pancreatic cancer Hs766T cells are generally insensitive to

anti-cancer agents such as 2-methoxyestradiol (2-ME).
However, in 2-ME responsive pancreatic carcinoma MIA-
PaCa-2 cells, the induction of apoptosis was associated with
the attenuation of the level of a member of Rho GTPase
family proteins, Rac1 (31). It is known that the elevated
expression level of Rho GTPases is linked to malignant
transformation and metastasis (26). Since BITC can exert
death-inducing effect on metastatic pancreatic cancer cells,
we were interested to examine whether this chemopreventive
agent can mediate apoptosis by diminishing proangiogenic
molecule Rac1. As shown in Fig. 4A, down-regulation of
Rac1 is clearly evident when cells are treated with BITC as
compared to control. Moreover, we observed significant
attenuation of Rac1 protein level in cells treated with BITC
and TRAIL together. The attenuation of Rac1 is also evident
in BITC-treated pancreatic ductal carcinoma cells CFPAC-1
(Fig. 4B). Previously we showed that under identical condi-
tion of BITC treatment, CFPAC-1 cells undergo apoptosis (17).

Another interesting observation emerging from this study
is that BITC can down-modulate RasGAP, the main regulator
of RasGTPase family members (Fig. 4A). Notably, caspase-3
activation as well as PARP cleavage is correlated with the
disappearance of Rac1/RasGAP protein in BITC-treated
metastatic pancreatic cancer cells. In contrast, the other
chemotherapeutic agent 2-ME which cannot potentiate
apoptosis in Hs766T cells, is also unable to alter either Rac1
or RasGAP expression in these cells (Figs. 4C and D). That
BITC can attenuate RasGAP with activation of caspases is in
conformity with the previous observation demonstrating
RasGAP as molecular target of caspases (29).
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Figure 5. Schematic illustration of the apoptotic signaling pathway induced by BITC in pancreatic cancer cells.
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Discussion

Approximately 33,000 new cases of pancreatic cancer occur
annually in the United States with approximately the same
number of deaths (38,39). Pancreatic ductal adenocarcinoma
is the most common pancreatic neoplasm and evolves from a
progressive cascade of cellular, morphological and archi-
tectural changes from normal ductal epithelium. The late
diagnosis, rapid disease progression and resistance to conven-
tional therapy are the major contributing factors for high
mortality of pancreatic cancer patients (39). On this basis
identifying novel ways of treating and preventing pancreatic
cancer is important.

The multiple mechanisms of the anti-tumor effect of
BITC possibly include a modulation of angiogenesis along
with induction of cell death. BITC might behave as an agent
that might intervene simultaneously at several targets in the
carcinogenic process.

Previously, we observed that anti-proliferative action of
BITC might be due to induction of apoptosis by the activation
of both initiator and executioner caspases. Thus it is likely
that death receptor signaling (35) and mitochondrial machinery
(36,37) converge to execute BITC-induced cell death. Indeed,
the cleavage of proapoptotic protein Bid (as demonstrated by
the disappearance of intact 21 kDa Bid), cytochrome c
release from mitochondria, enhancement of cell surface death
receptor DR4 and the synergistic anti-proliferative action of
BITC and death receptor ligand TRAIL, suggest crosstalk
between the death receptor and mitochondria during BITC-
mediated apoptosis of pancreatic cancer cells. Notably, we
report here for the first time that DR4 could be a novel
biomarker for BITC-triggered apoptosis. The molecular
mechanism of up-regulation of members of the death receptor
family following BITC treatment might be attributed to AP-
1-mediated transcriptional regulation of death receptor. This
stems from our previous study implicating a link between
JNK pathway and BITC-mediated cell death (17). It is
known that activated JNK might lead to increase in AP-1
expression (40,41).

Another important component of our observation is the
attenuation of Rho GTPase family protein Rac1 following
BITC treatment. Activation of membrane localized Rac1
leads to its binding to effector molecules and subsequent
activation of cellular responses such as cell motility, cell
adhesion and cell cycle progression. These cellular responses
can contribute to malignant transformation, and it has been
shown that metastatic phenotype might arise from the mutated
form of Rac1. It is noteworthy that in pancreatic adenocar-
cinoma aberrant expression of Rac1 was observed previously
(27). Moreover Rac1-depedent secretion and activation of
MMP-2 has been reported to be associated with pancreatic
cancer cell invasion (42). Our finding that BITC can down-
modulate Rac1 to evoke cell death has potential from thera-
peutic standpoint. In line with this observation Senger et al
(28) also reported that apoptosis of human glioma cells can
be induced by suppression of Rac1 activity.

To the best of our knowledge, the potential therapeutic
benefit of synergistic treatment of BITC and TRAIL was
never explored before for cancer cells. Our results described
here indicate that combination treatment regimen (BITC and

TRAIL together) can bolster the apoptotic death of TRAIL-
resistant metastatic pancreatic cancer cells. As depicted in
Fig. 5, we report here for the first time the hierarchy of
molecular events involving death receptor DR4 and novel
modulators Rac1/RasGAP with BITC-mediated demise of
pancreatic cancer cells.
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