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Tumor necrosis factor-related apoptosis-induced ligand (TRAIL) is a promising antitumor therapy. How-
ever, many cancer cells, including malignant glioma cells, tend to be resistant to TRAIL, highlighting the
need for strategies to overcome TRAIL resistance. Here we show that in combination with phenethyl iso-
thiocyanate (PEITC), exposure to TRAIL induced apoptosis in TRAIL-resistant glioma cells. Subtoxic con-
centrations of PEITC significantly potentiated TRAIL-induced cytotoxicity and apoptosis in glioma cells.
PEITC dramatically upregulated DR5 receptor expression but had no effects on DR4 receptor. PEITC
enhances TRAIL-induced apoptosis through the downregulation of cell survival proteins and the upregu-
lation of DR5 receptors through actions on the ROS-induced-p53.

� 2014 Published by Elsevier Inc.
1. Introduction

Glioblastoma multiforme (GBM; WHO grade IV) is the most
common and most aggressive type of primary brain tumor with a
high mortality rate. The median survival time of patients with
GBM is less than 1 year even with multimodality therapy consist-
ing of a combination of surgery, radiation and chemotherapy [1].
Therefore, finding new strategies to limit brain tumor has been
the goal widespread research.

Many studies have founded that potential chemotherapeutic
agent’s increase TRAIL death receptor expression, increasing cyto-
toxicity they have founded that in different types of cancer cells
[2,3]. In addition, cell death increase is caused by a synergistic
apoptotic response from combination with TRAIL [3–5]. TRAIL
binds to death receptors-4 and -5 (DR-4 and DR-5). This leads to
the activation of caspase 8 and subsequent cleavage of BID, a
BH3-only family member, causing mitochondrial dysfunction and
apoptosis, the process of programmed cell death (PCD) [6]. TRAIL
induces apoptosis in cancer cells without inducing apoptosis in
normal cells. This indicates the potential for TRAIL to become a
therapeutic agent in the treatment of cancer. Unfortunately, many
cancer cells have resistance to TRAIL [7,8] and novel agents are
needed to overcome this resistance to improve TRAIL efficacy.
Hence, understanding the regulation of TRAIL receptor activation
could provide insight into increasing TRAIL-induced apoptosis in
these TRAIL-resistant cells. Thus, we and others are currently seek-
ing to identify TRAIL sensitizers capable of overcoming TRAIL resis-
tance in cancer cells [9,10].

Phenethyl isothiocyanate (PEITC) is one of the best studied
members of isothiocyanates (ITC), a variety of edible cruciferous
vegetables including broccoli, watercress, and cabbage, and have
generated particular interest because of its remarkable chemopre-
ventive activity.

In this study, we show that combined treatment with subtoxic
doses of PEITC and TRAIL dramatically induces apoptosis in TRAIL-
resistant glioma cells. The sensitizing effect of PEITC on TRAIL is
associated with ROS generation and up-regulation of p53 protein
levels. Our data suggests that both extrinsic and intrinsic pathways
are involved in apoptosis induced by combined treatment with
PEITC and TRAIL.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.01.112&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.01.112
mailto:leehula@hanmail.net
http://dx.doi.org/10.1016/j.bbrc.2014.01.112
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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2. Materials and methods

2.1. Reagents and antibodies

PEITC was purchased from LKT Laboratories (St. Paul, MN, USA).
Soluble recombinant TRAIL was purchased from R&D Systems
(Plymouth Meeting, PA, USA). The caspase inhibitors zDEVD-fmk
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Fig. 1. Subtoxic doses of PEITC sensitize various human glioma cells to TRAIL-induced a
PEITC for 30 min and further treated with TRAIL for 24 h at the indicated concentration. C
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separate experiments. Asterisk ⁄⁄ represents a statistically significant difference between
the treated cells and analyzed on 1.5% agarose gel.
(caspase-3 inhibitor), zLEHD-fmk (caspase-9 inhibitor) and
zIETD-fmk (caspase-8 inhibitor) were purchased from Sigma–Al-
drich (St. Louis, MO, USA). These caspase inhibitors were prepared
and dissolved in dimethylsulfoxide (DMSO) and applied to the cells
at 25 lM. 6-carboxy-20,70-dichlorofluorescein diacetate (H2DCF-
DA) and MitoSOX were from Molecular Probe. Anti-caspase-3
antibody and anti-p53 antibody were purchased from Santa Cruz
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Biotechnology (Santa Cruz, CA, USA). Anti-catalase and anti-cas-
pase-8 antibody was purchased from Cell Signaling (Beverly, MA,
USA). Anti-caspase-9 antibody was purchased from Upstate Bio-
technology (Lake Placid, NY, USA). Anti-cytochrome C, anti-DR4,
and anti-DR5 were purchased from R&D Systems (Plymouth
Meeting, PA, USA). Anti-PARP antibody was purchased from Biomol
Research Laboratory (Plymouth Meeting, PA, USA). Anti-actin anti-
body was purchased from MP Biomedicals (Solon, OH, USA). For
the secondary antibodies, anti-mouse-IgG-HRP and anti-rabbit-
IgG-HRP were purchased from Cell Signaling. Adenovirus express-
ing luciferase and catalase were purchased from Vector Biolabs
(Philadelphia, PA, USA).

2.2. Cell lines and cell culture

U87MG, A172, U343, and T98G cells were obtained from the
American Type Culture Collection (ATCC) (Rockville, MD, USA).
The culture medium used throughout these experiments was
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) and 100 mg/ml gentamycin. The dishes con-
taining cells were kept in a 37 �C humidified incubator with 5%
CO2.

2.3. Determination of cell viability

One day prior to the experiment, cells were plated into 60-mm
dishes at a density of 5 � 104 cells/plate in 5 ml tissue culture
medium in triplicate. For trypan blue exclusion assay, trypsinized
cells were pelleted and resuspended in 0.5 ml of 0.4% trypan blue
solution and 0.5 ml of phosphate-buffered saline solution (PBS).
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2.4. DNA fragmentation assay

After treatment with PEITC, TRAIL, or a combination of PEITC
and TRAIL for 24 h, U87MG cells were lysed in buffer containing
10 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 5 mmol/l EDTA, and
0.5% Triton X-100 for 30 min on ice. Lysates were vortexed and
cleared by centrifugation at 10,000g for 20 min. Fragmented DNA
in the supernatant was extracted with an equal volume of a neutral
phenol:chloroform:isoamyl alcohol mixture (25:24:1) and
analyzed electrophoretically on 2% agarose gels containing
0.1 lg/ml ethidium bromide.

2.5. Clonogenic assay

Treated and untreated cells were plated in 6-well-plates at the
density of 1000/well and cultured for 14 days. The colonies were
stained with 1.0% crystal violet for 30 s after fixation with 10%
formaldehyde for 5 min. The number of colonies was counted by
visual inspection.

2.6. Measurement of ROS generation

ROS generation in control and PEITC-treated cells was measured
by flow cytometry following staining with chloro methyl
derivative of CMH2DCFDA (2.5 lM) or MitoSOX (2.5 lM). ROS
was detected by flow cytometry as reported previously [9]. CM-H2-
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DCFDA is mainly oxidized by H2O2 and hydroxyl radical; MitoSOX
is oxidized by superoxide anion. Briefly, the desired cell line was
seeded in six-well plates (1 � 105 cells per well), allowed to attach
overnight and exposed to DMSO (control) or desired concentra-
tions of PEITC for specified time periods. The cells were stained
with 2.5 lM CMH2DCFDA and MitoSOX for 30 min at 37 �C, and
fluorescence was detected by fluorescence microscope. Alterna-
tively, the fluorescence intensity of dichlorofluorescein in cells
was determined using the flow cytometer (Becton Dickinson and
Co. Ltd.).
2.7. Analysis of cell surface DR4 and DR5

Treated and untreated cells were detached with Trypsin–EDTA
and were washed three times with PBS wash buffer supplemented
with 0.25% BSA. Cells were resuspended in 500 ll PBS, stained with
primary antibody (1 lg/ml), and incubated for 1 h at 4 �C. Unre-
acted antibody was removed by washing the cells twice with PBS
buffer. Cells were stained with secondary antibody conjugated
with fluorescein isothiocyanate (FITC) and incubated for 30 min
at 4 �C. Unbound FITC-conjugated antibody was washed twice with
PBS. Cells were resuspended in 500 ll PBS. Surface expression of
DR4 and DR5 was determined by flow cytometry.
2.8. Immunocytochemistry

U87MG cells were either treated or not with 2.5 lM PEITC for
16 h, stained with antibodies against DR5 and processed for fluo-
rescence microscopy. In brief, cells were fixed with 4% paraformal-
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2.5 lM PEITC at an indicated time (0, 4, 8, 24 h). Western blotting analysis was performe
PEITC (2.5 lM) for 24 h and stained with DR4 and DR5 antibodies, followed by FACS a
transfected with siRNA-DR5 or siRNA-scramble (control). After treatment with PEITC for
compared with control. (F) Cell viability was determined using the trypan blue dye exc
Significant difference between siRNA-scramble (control) and siRNA-DR5 transfected cel
least three independent experiments.
dehyde, incubated with monoclonal antibodies recognizing DR5
(1:200 in 1% BSA buffer (PBS containing 0.1% Tween 20)) followed
by Alexa Fluor 488-conjugated anti-rabbit IgG (1:200 in 1% BSA
buffer). Visualization was performed with Alexa fluorophore-con-
jugated secondary antibodies.
2.9. Analysis of apoptosis by flow cytometry

Treated and untreated cells were prepared and analyzed by flow
cytometry as described previously [11]. Briefly, cells were stained
using Annexin V-FITC Detection Kit II (BD Biosciences Pharmingen,
San Diego, CA) according to the manufacturer’s recommendations.
Stained cells were analyzed by fluorescent-activated cell sorting on
a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, NJ).
2.10. RNA interference by siRNA of DR5

To knockdown DR5 or survivin gene expression, DR5 siRNA, or
control siRNA were purchased from Santa Cruz Biotechnology.
Human glioma cells were seeded in six-well plate at a density of
2 � 105 cells per well in 2 ml complete RPMI 1640 growth medium.
Twenty-four hours later, when cells reached 80% confluence,
growth medium was replaced with 0.8 ml/well Opti-MEM trans-
fection medium (Invitrogen) and 0.2 ml siRNA transfection mix.
Transfections were carried out according to Invitrogen’s oligofecta-
mine protocol. After transfection, cells were incubated for 48 h at
37 �C in a 5% CO2 humidified atmosphere and the inference of
DR5 expression was confirmed by immunoblotting using anti-
DR5 antibody.
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2.11. Western blot analysis

Whole cell protein lysates were prepared and analyzed by
Western blotting as described previously [11].

2.12. Statistical analysis

Statistical analysis was carried out using Graphpad InStat 6
software (GraphPad Software, Inc., San Diego, CA, USA). Results
were considered statistically significant at P < 0.05.

3. Results

3.1. Subtoxic doses of PEITC effectively sensitize human glioma cells to
TRAIL-induced apoptosis

To assess the ability of PEITC to act as a sensitizer of malignant
glioma cells to the apoptotic effects of TRAIL, we first examined the
effect of TRAIL with and without PEITC on the viability of a number
of different glioma cell lines. We found that U87MG, A172, and
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treated with 4 mM NAC for 2 h followed by treatment with 2.5 lM PEITC and/or 100 n
materials and methods. Error bars represent the mean + SE from three separate experim
TRAIL-treated cells at ⁄p < 0.001. #p < 0.01, compared with TRAIL-treated cells.
T98G cells were relatively resistant to TRAIL over a range of doses,
whereas U343 cells were somewhat sensitive to TRAIL. PEITC alone
induced a modest level of glioma cell death (<20%) at concentra-
tions up to 5 lM. In contrast, the viability of glioma cells was
significantly reduced by combined treatment with a fixed concen-
tration of TRAIL and varied concentrations of PEITC or conversely
with a fixed PEITC concentration and varied concentrations of
TRAIL (Fig. 1A). The typical morphological changes of apoptotic cell
death were observed under phase-contrast microscopy (data not
shown). Next, we determined whether PEITC can enhance the ef-
fect of TRAIL in a long-term colony formation assay. We found that
PEITC or TRAIL alone was minimally effective in inhibiting colony
formation of U87 cells but that the combination treatment signifi-
cantly suppressed the colony-forming ability of these tumor cells
(Fig. 1B, upper and lower). Similar results were observed by Annex-
in V and PI staining assay. Data from FACS analysis show that apop-
totic death occurred during combined treatment with TRAIL and
PEITC (Fig. 1C). Cotreatment of U87cells with PEITC and TRAIL
resulted in a markedly increased accumulation of sub-G1-phase
cells and a typical ladder pattern of internucleosomal fragmenta-
PEITC PEITC + NAC
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ents. Asterisk represents a statistically significant difference between control and
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tion, compared with U87 cells treated with PEITC or TRAIL alone
(Fig. 1D). Taken together, our results indicate that PEITC can
enhance TRAIL-induced apoptosis.

3.2. PEITC potentiates TRAIL-mediated apoptosis via the extrinsic
signal pathways

Since activation of caspases is a key hallmark of apoptosis [12],
we investigated the effect of PEITC on the activation of caspases
and cleavage of PARP in the presence of TRAIL. Western blot anal-
yses showed that PEITC substantially increases TRAIL-induced acti-
vation of caspases-3, -8 and -9, thus leading to enhanced PARP
cleavage in U87MG cells (Fig. 2A). We also found that combined
treatment with PEITC and TRAIL resulted in the activation of
capase-3, -8 and -9 in U87MG cells (Fig. 2A). In addition, pretreat-
ment with pan-caspase inhibitor z-VAD-fmk significantly attenu-
ated combined treatment-induced cell death, little cytotoxicity
(<10%) was observed in cells treated with TRAIL or PEITC alone
(Fig. 2C). In a parallel experiment, we verified by PI and annexin-
V staining whether combined treatment-mediated apoptosis is clo-
sely related to receptor-dependent caspase-8 activation. We found
that treatment with PEITC or TRAIL alone hardly induced apoptosis
compared to control (Fig. 2B). However, the combined treatment
enhanced 25.8% of sub-G1 populations and 20.7% of annexin-V+

cells, respectively (data now shown). Apoptosis induced by the
combined treatment was also significantly blocked by pretreat-
ment with caspase-8 inhibitor z-IETC-fmk (Fig. 2D). In addition,
this process usually was also blocked by accompanied by the re-
lease of cytochrome c from the mitochondria into the cytosol, pre-
treatment with z-IETD-fmk (Fig. 2C). These results indicate that the
combined treatment with PEITC and TRAIL enhances TRAIL-in-
duced cell death in a cell-type non-specific manner via caspase
activation.

3.3. PEITC induces expression of DR5 to sensitize TRAIL-induced
apoptosis

In order to investigate how PEITC enhances TRAIL-induced
apoptosis, we examined the expression of DR5 and DR4 on
U87MG cells. Treatment of U87MG cells with PEITC for 24 h re-
sulted in an increased expression of DR5 in a dose and time-depen-
dent manner, but did not affect the levels of DR4 (Fig. 3A and B).
The analysis of FACS and immunofluorescence staining also
showed that PEITC induced surface expression of DR5, but not
DR4 in U87MG cells (Fig. 3C and D). Thus, to determine the role
of DR5 in the combined treatment-induced apoptosis, we pre-
treated with blocking antibodies or specific siRNA to DR5 to
down-regulate the expression of DR5 (Fig. 3E). We also found that
the combined treatment-induced cell death was effectively abol-
ished in cells transfected with DR5 siRNA (Fig. 3F), whereas treat-
ment with control siRNA had no effect. These results indicate that
PEITC-induced DR5 up-regulation plays a critical role in the
enhancement of TRAIL sensitivity.

3.4. Upregulation of DR5 by PEITC appears to be dependent on the
formation of reactive oxygen metabolites

As shown in Fig. 4A, treatment with PEITC markedly increased
the H2DCFDA- and MitoSOX-derived fluorescence. This PEITC-med-
iated increase in fluorescence was markedly inhibited by pretreat-
ment with NAC, a thiol antioxidant, which is known to function as
both a redox buffer and a reactive oxygen intermediate scavenger.
Production of ROS by PEITC was further confirmed using fluores-
cence microscopy. U87MG cells treated with PEITC displayed in-
tense fluorescence inside the cell on staining with H2DCFDA- or
MitoSOX-dye (Fig. 4B), demonstrating the intracellular accumula-
tion of ROS. This increased fluorescence derived from H2DCFDA
or MitoSOX in PEITC-treated U87MG cells was also markedly re-
duced by NAC (Fig. 4B). We also used NAC to examine the role of
ROS in PEITC plus TRAIL-induced apoptosis. Pretreatment of
U87MG cells with NAC markedly blocked PEITC plus TRAIL-in-
duced apoptosis (Fig. 4C). These data clearly indicate that the
blocking of PEITC plus TRAIL-induced apoptosis by NAC is associ-
ated with ROS generation.

4. Discussion

In the present study, we show for the first time that subtoxic
doses of PEITC effectively sensitize different glioma cell lines to
TRAIL-induced apoptosis. Accumulation of intercellular ROS leads
to disruption of mitochondrial membrane potential, release of
cytochrome c into the cytosol with subsequent activation of the
caspase cascade, and finally to programmed cell death through
apoptosis. Recently it has been suggested that oxidative stress
has a pivotal role as a common mediator of apoptosis [9,13,14].
We and other groups reported that PEITC generates ROS interme-
diates in cancer cells [15,16]. In this study, we demonstrate that
PEITC-induced ROS can induce DR5 upregulation through tran-
scriptional control, although it remains to be clarified how ROS in-
crease the transcriptional activity of DR5 promoter (data not
shown). Several studies have reported that PEITC can induce apop-
tosis in a p53-dependent or independent manner [16–18]. In addi-
tion, PEITC has been reported to inhibit cytokine gene expression
by PI3K/AKT inhibition [19]. In our study we investigated the effect
of PEITC on TRAIL-induced cell death. Combined treatment with
PEITC and TRAIL enhanced DNA fragmentation, caspase-3 activa-
tion and PARP cleavage. The TRAIL-induced sensitized apoptosis
by PEITC was effectively inhibited by a general inhibitor of caspas-
es, z-VAD-fmk, suggesting that this cell death is dependent on
caspases.

TRAIL induces apoptosis by interacting with two death-induc-
ing receptors, DR4 and DR5. The death receptors DR4 and/or DR5
have been demonstrated to play a crucial role in synergistic cyto-
toxicity associated with TRAIL and chemotherapeutic agents
[9,20–22]. In the present study, we show for the first time that
PEITC is an effective TRAIL sensitizer that acts via a DR5-upregula-
tion mechanism in various glioma cell lines. Small silencing RNA-
mediated DR5 suppression significantly attenuated the cell death
induced by combined treatment with PEITC and TRAIL, demon-
strating the functional significance of DR5 in this cell death.

We found that ROS generation occurs during treatment with
PEITC. ROS, including the superoxide anion, hydrogen peroxide
and hydroxyl radical, are known to mediate apoptosis induced by
some cancer chemopreventive and therapeutic agents [23–26].
Intracellular ROS may interact with cellular membrane lipids, pro-
teins, and DNA and cause oxidative injury [27,28]. Recently, Xiao
et al. [16] also reported that treatment with PEITC induces apopto-
sis in prostate cancer cells and that the initial signal for PEITC-in-
duced apoptosis is derived from ROS. These results suggest that
ROS act as upstream signaling molecules for the initiation of PEI-
TC-induced p53 expression and are critical for the sensitization
of the cells to TRAIL-induced apoptosis.
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