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Abstract

Interference of antioxidant and cytoprotective defense system in
cholangiocarcinoma as the mean for enhancing chemotherapeutic drug response

Cholangiocarcinoma (CCA) is one of the most devastating malignancies because the
majority of cases develop without clinical symptoms, and thus making the diagnosis of CCA
very difficult. Prognosis of CCA is extremely poor because treatment outcomes and survival
of the patients have only slightly improved in the past several decades. Because most of
patients are already in the advanced stage of the disease at diagnosis, chemotherapy and
radiotherapy may be the options left for most patients. However, no effective chemotherapy
is known for CCA. The study was to provide evidence Y to support a new strategy for

enhancing cancer cell killing by mean of inhibition of antioxidant/cytoprotective enzymes
and increase of cellular oxidants in cancer cells.

The study reviewed that inhibition of heme oxygenase-1 (HO-1) or NADPH quinone-
oxidoreductase-1 (NQOT1) resulted increased cellular oxidant and conferred a strong
sensitizing effect to CCA cells in response to chemotherapeutic agents. The study was
verified by knockdown of HO-1 or NQO1 gene expression. Inhibition of HO-1 also
sensitized CCA cells to gamma radiation, where colony forming ability was impaired and cell
cycle was arrested at G2-M phase. The antiproliferation of Zn-protoporophyrin (ZnPP), a
potent HO-1 inhibitor, in combination with gemcitabine (Gem) was causally associated with
oxygen radical formation. The study was validated in nude mice xenografted with CCA cells.
Treatment with ZnPP, in combination with (Gem) almost completely arrested the tumor
growth, while single treatment did not. The effect was associated with suppression of tumor
cell proliferation and angiogenesis, and with activation of p53. Moreover, the role of NQO1
in CCA patients was investigated and showed to be a good prognostic biomarker. As the level
of NQO1 mRNA expression was inversely correlated with patient survival, the higher NQO1
expression, the shorter survival time found in the patients. The study of phenethyl
isothiocyanate (PEITC), a phytochemical known for its inducer of cellular oxidants found in
cruciferous vegetables, was shown that it potently inhibited growth of several CCA cells and
induced apoptotic cell death. The effects of PEITC on the cellular redox are mediated via
different ways in different CCA cells leading to cell killing through the mitochondrial
pathway. The multiple effects of PEITC may be beneficial in overcoming the drug resistant
cancer cells.

The study demonstrated a proof of concept of approach to enhanced
chemorradiotherapy response by interference with antioxidant/ cytoprotective system of the

cancer. Our studies indicated the synergistic effect of HO-1 inhibition in chemotherapy and
radiotherapy and it may be true for NQOI1 inhibition. This worthy strategy warrants further
investigation in the treatment of CCA.

Keywords: cholangiocarcinoma, antioxidant, heme oxygenase-1, NQO1, phenethyl

isothiocyanate, redox, mitochondrial death pathway
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1. Executive Summary

Biliary tract cancer or cholangiocarcinoma (CCA) is the most fatal cancer and
considered the important health burden in Thai people, as it is highly prevalent in
northeastern Thailand and neighboring countries. Complete surgical resection of CCA tumor
is the treatment of choice. However, most patients have advanced disease at presentation and
no effective chemotherapy is known for CCA. The development of innovative approach for
the treatment of CCA may be very important to improve survival and quality of life. Cancer
cells are characterized by metabolic alteration with high oxidative status where its result
drives cancer cells to growth and proliferation. This study was to prove a hypothesis of
enhanced susceptibility of CCA to cancer therapy through manipulating cancer oxidative
status. The strategy involves with inhibition of antioxidant/ cytoprotective enzymes, i.e.
heme oxygenase-1 (HO-1) and NADPH quinone-oxidoreductase-1 (NQO1) to increase
oxidative status, thereby rendering CCA cells to be susceptible to chemotherapeutic agent.
Another strategy involved with treatment with agents, like phenethylisothiocyanate (PEITC)
to induce oxidative stress in cancer cells which are already in high oxidative status resulting
in cancer cell killing.

The study found that inhibition of HO-1 or NQOI1 conferred a strong
sensitizing effect to CCA cells in response to chemotherapeutic agents. The inhibition of the
enzymes were performed by pharmacological inhibitors and validated by silencing HO-1 and
NQOI1 gene expression. Inhibition of HO-1 also sensitized CCA cells to gamma radiation,
where colony forming ability was impaired and cell cycle was arrested at G2-M phase. The
antiproliferation of Zn-protoporophyrin (ZnPP), a potent HO-1 inhibitor, in combination with
gemcitabine (Gem) was causally associated with oxygen radical formation. The study was
validated in nude mice xenografted with CCA cells. Treatment with ZnPP, in combination
with (Gem) almost completely arrested the tumor growth, while single treatment did not. The
effect was associated with suppression of tumor cell proliferation, angiogenesis, and
activation of p53. Moreover, the role of NQO1 in CCA patients was investigated and showed
to be a good prognostic biomarker, as the level of NQO1 mRNA expression was inversely
correlated with patient survival, the higher NQO1 expression, the shorter survival time found
in the patients. The study of PEITC, a phytochemical widely found in cruciferous vegetables,
was shown that it potently inhibited growth of several CCA cells and induced apoptotic cell
death. The effects of PEITC on the cellular redox are mediated via different ways in different
CCA cells leading to cell killing through the mitochondrial pathway. The multiple effects of
PEITC may be beneficial in overcoming the drug resistant cancer cells.

The study demonstrated a proof of concept of approach to enhanced
chemorradiotherapy response by interference with antioxidant/ cytoprotective system of the

cancer. Our studies indicated the synergistic effect of HO-1 inhibition in chemotherapy and
radiotherapy and it may be true for NQOI1 inhibition. This worthy strategy warrants further
investigation in the treatment of CCA.



Interference of antioxidant and cytoprotective defense system in
cholangiocarcinoma as the mean for enhancing chemotherapeutic drug response

Objectives

The study was to prove of concept that antioxidant and cytoprotective enzymes are
essential for cholangiocarcinoma (CCA) cells in growth, proliferation and susceptible to
cancer therapy, whereas suppression of these enzymes would render the cells to the
sensitivity to chemotherapy and radiotherapy. Moreover, an induction of increase in cellular
oxidants will drive cancer cells to redox stress and eventual cell death.

Specific objectives

1. To investigate the critical roles of enzyme hemoxygenase-1 (HO-1) in proliferation,
migration and cytoprotection against chemotherapy and radiotherapy

2. To evaluate whether inhibition of HO-1 could sensitize CCA cells to the sensitivity
of chemotherapy and gamma radiation using HO-1 siRNA and pharmacological inhibitor

3. To verify that the increased sensitivity in in vitro by inhibiting HO-1 could be
translated to animal model xenografted with cancer cells

4. To examine the role of NADPH quinone oxidoreductase-1 (NQO1), an antioxidant
and xenobiotic metabolizing enzyme, in modulation of susceptibility of CCA to
chemotherapeutic agents

5. To analyze the role of NQOI as a possible prognostic biomarker of
cholangiocarcinoma patients

6. To investigate the chemopreventive activity of phenethyl isothiocyanate (PEITC) in
modulation of cellular oxidants and induction of cancer cell death

7. To evaluate mechanisms of PEITC in inhibition of various CCA cells in relation to
cellular redox stress and mitochondrial cell death pathway



Results

The study was organized into 5 sections in accordance with the objectives. The
section 1 and 2 presented the study of HO-1 in vitro and in vivo, demonstrating the critical
role of HO-1 in sensitivity to chemotherapeutic agents and elucidating the mechanism
underlying the sensitizing effect. The study extended to gamma radiation where inhibition of
HO-1 sensitized cancer cells to gamma irradiation in suppression of cell growth, invasion and
cell cycle progression. The inhibition of HO-1 also showed to potentiated gemcitabine in
suppression of tumor growth in xenografted mice. The section 3 demonstrated that
expression of NQOI in tumor tissue could be a prognostic biomarker in CCA patients where
the high NQOI1 expression was associated with poor prognosis. The last two sections
(section 4 and 5) presented the study of PEITC which it showed the potent anticancer activity
with different mechanisms in different CCA cells. PEITC induced cell death in either
glutathione redox dependent and independent pathways in KKU-100 and M214 cells where
activation of mitochondrial cell death signaling may be the common pathway in induction of
cell death.



Section 1

Crucial Role of Heme Oxygenase-1 on the Sensitivity of Cholangiocarcinoma Cells to
Chemotherapeutic Agents

Introduction

Cholangiocarcinoma (CCA) is a malignant tumor of the bile duct, which originates from the
bile duct epithelial cells (cholangiocytes). CCA is a devastating malignancy with poor prognosis.
CCA is a rare type of cancer worldwide, however populations residing in the Southeast Asian region
are at very high risk. The important risk factors are liver fluke infection and possible involvement
from chronic infection with hepatitis B and C viruses [1,2]. Early diagnosis and extensive surgery
offers the only chance for prolonged life. Unfortunately, most patients are diagnosed at the advanced
stage of disease and current biomarkers are of limited value [3,4]. Chemotherapy is a remaining
option. However, current chemotherapy has not been shown to substantially improve survival in
patients with unresected CCA [3,5]. Many chemotherapeutic drugs as well as targeted
chemotherapeutic agents have been tested as single agents or in combinations. Nevertheless, drug
resistance or drug inefficacy remain major obstacles in the treatment of CCA [6]. It is apparent that a
new strategy of chemotherapeutic treatment is urgently needed in management of the unresectable
CCA.

Heme oxygenase-1 (HO-1) is one of the powerful cytoprotective enzymes. HO-1 plays
critical roles in physiological iron homeostasis, antioxidant defense, anti-inflammatory and anti-
apoptotic effect[7]. It is induced by various stimuli such as hypoxia, UV-radiation, heavy metals,
chemotherapeutic drugs and oxidative stress [8,9]. HO-1 catalyzes the first and rate-limiting step in
the degradation of heme to biliverdin, carbonmonoxide (CO) and ferrous iron. Biliverdin is further
converted to bilirubin by biliverdin reductase. Biliverdin and bilirubin are the most potent endogenous
reactive oxygen species (ROS) scavengers [7]. CO is also an efficient anti-inflammatory mediator in
several models of inflammation and tissue injury [10,11]. The increased expression of HO-1 has been
observed in several cancers including brain tumor, melanoma, chronic myeloid leukemia, and
lymphosarcoma [12], suggesting possible contribution of HO-1 to tumor progression through
promotion of angiogenesis, metastases and pro-proliferation [13]. HO-1 expression may contribute to
resistance to chemotherapeutic agents such as cisplatin, doxorubicin and gemcitabine in some human
cancers [9,14,15]. Thus, some studies revealed that suppression of HO-1 activity or HO-1 knockdown
by siRNA increased the chemosensitivity of AML cells, pancreatic and lung cancer cells [9,14,16],
but was not effective in other cancer cells [17]. The inhibition of HO-1 by zinc protoporphyrin IX
(ZnPP) induced apoptotic cell death and this may be associated with the increase in ROS production.
Similarly, HO-1 gene silencing by specific siRNA also induced ROS generation [17]. However, the
exact mechanism of the sensitizing effect to chemotherapeutic agents confered by suppression of HO-
1 is largely unknown. Mitochondria may be a primary target of HO-1 inhibition, as ZnPP and
tritodothyronine induced the opening of the mitochondrial permeability transition (MPT) pore leading
to liver injury [18].

In the present study, we investigated whether HO-1 in CCA cells plays a critical role in
cytoprotection against chemotherapeutic agents. The results show that inhibition of HO-1 induced the
sensitization of CCA cells to gemcitabine (Gem) and doxorubicin (Dox). Inhibition of HO-1 could be
a strategy to enhance the response of CCA to chemotherapeutic drugs.



Materials and methods
Cell lines and cell cultures.

The human cholangiocarcinoma (CCA) cell lines; KKU-100 and KKU-M214 used in this
study were kindly provided by Dr. Banchob Sripa of Department of Pathology, Faculty of Medicine,
Khon Kaen University. Both cell lines were cultured in complete media consisting of Ham’s F12
media, supplemented with 10% fetal calf serum, 12.5 mM HEPES, pH 7.3, 100 U/ml penicillin G and
100 pg/ml gentamicin. The cells were subcultured every 3 days using 0.25% trypsin-EDTA and the
medium was renewed after an overnight incubation. The cultured cells were changed to incubate in
serum-free defined Ham’s F12 medium immediately before further treatment.

Cytotoxicity assay.

Cytotoxicity was determined by fluorescent staining using acridine orange and ethidium
bromide (AO/EB) as described previously [19]. KKU-100 (7,500 cells/well) and KKU-M214 (5,000
cells/well) cells were cultured in 96 well-plate and allowed to attach overnight. On the next day, the
medium was removed and gemcitabine (Gemzar®, Eli Lilly, IN, USA: Gem) dissolved in phosphate-
buffered saline (PBS: 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4),
doxorubicin HCI (Boryung Pharm, Seoul, South Korea: Dox) dissolved in DMSO (100 mM) and
further diluted with PBS, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (Tempol), dissolved in
PBS, zinc protoporphyrin IX (ZnPP; HO-1 inhibitor), dissolved in DMSO (50 mM) and further
diluted with PBS or stannous chloride (SnCl,; HO-1 inducer) dissolved in PBS, or combinations of
them were added to the media culture to final concentrations as indicated in results section and
incubated for a designated period of time. Then, cells were washed once with PBS and stained with
AO/EB. The cells were examined using a Nikon Eclipse TS100 inverted microscope with excitation
and long—pass emission filters of 480 and 535 nm, respectively. The fluorescent images were taken at
predetermined areas with a Nikon Coolpix digital camera. The numbers of viable, apoptotic and
necrotic cells which were stained with green fluorescence, bright orange fluorescence and green
fluorescence with appearance of cell shrinkage, condensation and fragmentation of the nuclei,
respectively, were enumerated. The cytotoxicity value was calculated as = (number of viable cells in
treatment wells)/ (number of viable cells in control cells) x 100.

HO-1 small interfering RNA transfection.

The transfection of HO-1 siRNA was performed using siGENOME SMARTpool (M-006372-
02-0005: Dharmacon, CO, USA) at a final concentration of 200 nM and lipofectamine 2000
(Invitrogen, CA, USA) according to the manufacturers’ instructions. HO-1 expression was
specifically suppressed by introduction of siRNA against human HMOX1 (Gene Id: 3162). - In brief,
cells were grown in a 6-well plate to reach a confluence of 70%. For each well, 100 pmoles of HO-1
siRNA were mixed with 2 uL of lipofectamine 2000 and 500 pL of serum- and antibiotic-free Ham’s
F12 medium was added. Cells were exposed to the transfection mixture for 6 h. At the end of
incubation period, 1.5 mL of antibiotic-free Ham’s F12 complete medium was added and the cells
were cultured for an additional 18 h. The siGENOME non-targeting siRNA (D-001210-02-05:
Dharmacon), as a negative control was introduced to the cells using the same protocol. Total RNA
and protein were extracted from cells 24 h after transfection using previously described methods
[20,21]. Efficiency of the transient transfection was determined by real-time polymerase chain
reaction (PCR) using specific primers and Western blotting.



Cytotoxicity of Gem to HO-1 knock-down CCA cells was performed. KKU-100 cells (7,500
Cells/well) were grown in 96-well plate to reach the confluence of 70%. For each well, cells were
transfected with 3 pmoles of HO-1 siRNA reagent mixed with 0.06 pL of lipofectamine 2000 in
serum- and antibiotic-free Ham’s F12 medium. Cells were kept in the transfection mixture for 6 h.
Then, 100 pL of antibiotic-free Ham’s F12 complete medium was added and the cells were kept for
an additional 18 hours. Then, cells were treated with varied concentrations of Gem for further 24 h
and cytotoxicity assay was performed as described as above.

Real-time polymerase chain reaction.

KKU-100 and KKU-M214 cells were seeded at the density of 1.5x10° cells/well in 6 well-
plates and allowed to growth for 24 h. Total RNA was isolated using a previously described method
[20]. Total RNA (1 pg) was then reverse transcribed to single-stranded cDNA by the ImProm-1I™
reverse transcription system (Promega, WI, USA) at conditions of 42°C for 60 min. The reverse
transcription products served as a template for real-time PCR. The primer sequences were as follows:
HO-1: forward, 5°’-CTG ACC CAT GAC ACC AAG GAC-3’ and HO-1 reverse: 5’-AAA GCC CTA
CAG CAA CTG TCG-3’, B-actin: forward 5’-AGT GTA GCC CAG GAT GCC CTT-3’ and B-actin:
reverse, 5’-GCC AAG GTC ATC CAT GAC AAC-3’. The PCR was performed in a final volume of
15 pL containing cDNA template, 5 uM of each HO-1 primer or 2.5 uM of each B-actin primer in
SsoFast " EvaGreen Supermix with low Rox (Bio-Rad, CA, USA). After an initial denaturation step at
95°C for 10 min, 40 cycles for HO-1 and B-actin were performed as follows: denaturating for 15 sec
at 95°C, annealing for 30 sec at 55°C and extension for 45 sec at 72°C. To verify the purity of the
products, a melting curve analysis was performed after each run. To quantify the relative expression
of genes, the relative quantitation using standard curve method was used. The amount of HO-1
mRNA was expressed as a ratio to B-actin mRNA.

Western blot analysis.

Western blot analysis was used to determine the expression levels of HO-1, p21“PWAF!

cytochrome C, and B-actin. KKU-100 (7.5x10%) and KKU-M214 (6x10°) cells were cultured in 100
mm’ dishes and treated with drug or drug combinations. The cultured cells were washed with PBS,
lysed with RIPA buffer [150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM
Tris—HCI (pH 7.4), 50 mM glycerophosphate, 20 mM NaF, 20 mM EGTA, 1 mM DTT, 1 mM
Na;VO, and protease inhibitor cocktail (M221: Amresco, OH, USA) at 4o C for 15 min and
transferred into a microtube. After vigorous vortex mixing, the suspension was centrifuged at
12,000xg for 20 min and supernatant was collected and stored at —70-C until use. The protein samples
were mixed with SDS loading buffer and subjected to separation by electrophoresis in 8-10% SDS-
polyacrylamide gel. The bands were blotted onto a PVDF membrane. The membranes were blocked
for 1 h at room temperature with 5% (w/v) skimmed milk powder in Tris buffered saline (TBS)
containing 0.1% Tween-20. The PVDF membrane was incubated overnight at 4°C with primary
antibodies of rabbit polyclonal anti-human HO-1 (1:1000) (ADI-SPA-895: Enzo Life Sciences,
Switzerland), rabbit monoclonal anti-human p21“P™A (1:500) (#2947: Cell Signaling Technology,
MA, USA), mouse monoclonal anti-human cytochrome c¢ (1:1000) (sc-13560) and horseradish
peroxidase (HRP)-goat polyclonal anti-human B-actin (1:2500) (sc-1616 HRP) in TBS. After washing
with TBS the blots were incubated for 1 h at room temperature with the HRP-conjugated secondary
antibodies (anti-rabbit IgG-HRP sc-2004, anti-mouse IgG-HRP sc-2005, anti-goat IgG-HRP sc-2354).
After removal of the secondary antibody and TBS buffer washes, the blots were incubated in ECL
substrate solution (SuperSignal West Pico Chemiluminescent Substrate: Thermoscientific, IL, USA).
The densities of the specific protein bands were visualized and captured by ImageQuant" " 400.

9



Measurement of intracellular ROS accumulation.

To monitor the intracellular accumulation of ROS, the lucigenin-enhanced
chemiluminescence method was used for detecting superoxide anion according to the previously
described method [20]. Briefly, KKU-100 cells were cultured in 35-mm dishes overnight. After
treatment with compounds for 3 h, cultured cells were rinsed, incubated in PBS containing lucigenin
and measured for luminescent signal in a 20/20n Luminometer (Turner Biosystem, CA, USA).

Measurement of mitochondrial transmembrane potential.

To analyze the mitochondrial transmembrane potential (Awy,,), the lipophilic cationic
fluorescent probe; JC-1 (Cayman Chemical, MI, USA) was used as previously described [21]. KKU-
100 cells were seeded in a 96-well plate for an overnight before treatment with compounds for 6 or 24
h. Cultured cells in the plate were centrifuged at 1,500 rpm 25 C for 5 min and were loaded with JC-
1 dye for 30 min at 37-C. Then, cultured cells were rinsed, incubated in JC-1 assay buffer and Ay,
was analysed in a fluorescent microscope. JC-1 forms J-aggregates in cells with healthy mitochondria,
which can be detected with fluorescent settings of excitation and emission wavelengths at 560 and
595 nm, respectively. Cells with depolarized mitochondria, JC-1 existed as J monomers can be
detected with excitation and emission wavelengths at 485 and 535 nm, respectively. The change of the
orange fluorescence in healthy cultured cells to green fluorescence is an indicative of depolarization
of Ay,

Statistical analysis.

Data are expressed as mean + SEM of three separated experiments. An analysis of variance
was used to determine significant differences between each experimental group. The level of
significance was set at P < 0.05.

Results

Basal HO-1 expression and inducible expression by anticancer agents

The two cholangiocarcinoma cells, KKU-100 and KKU-M214, were used to determine the
basal expression levels of HO-1. The mRNA and protein expressions of HO-1 were determined by
real-time PCR and Western blot analysis. At basal condition, KKU-100 showed the higher HO-1
mRNA and protein levels than KKU-M214 cells (Fig. 1A-B). To examine whether anticancer agent
could induce HO-1 in CCA cells, two lines of cells were incubated with 1 uM of Gem and the time-
course of HO-1 protein expression was examined. Both KKU-100 and KKU-M214 cells treated with
Gem showed a rapid increased HO-1 protein expression within 3 h when compared with concurrent
controls and returned to control level by 24 h (Fig. 2).

10



Figure 1 HO-1 mRNA and protein expressions in CCA cells. (A) The basal mRNA expression of HO-
1 in CCA cells; KKU-100 and KKU-M214 cells. Total RNA of cells were collected and analysed by real-time
RT-PCR. The bars represent relative expression of HO-1 normalized with B -actin. The expression of HO-1 in
KKU-100 cells is much higher than that of KKU-M214 cells, p<0.05. (B) The basal protein expression of HO-1
in KKU-100 and KKU-M214 cells. Total cell lysates were prepared and subjected to Western blot analysis
using B-actin as a loading control. Image samples of HO-1 and B -actin are shown in the top panel of the figure.
HO-1 protein in KKU-100 cells is relatively higher than that of KKU-M214 cells. The bars represent
mean+SEM, each from three separated experiments. *, p<0.05 vs KKU-100 group.

Figure 2 Time-course of HO-1 protein induction by Gem. (A) KKU-100 cells and (B) KKU-M214
cells were cultured for overnight and exposed to Gem (1 uM) for 3, 6, 12 and 24 h. The cultured cells exposed
to vehicle only were performed as concurrent control groups. Total cell lysates were collected at the indicated
time points and subjected to Western blot analysis using B-actin as a loading control. The relative expression of
HO-1 was normalized with 3 actin. The bars show the HO-1 expression in Gem-treated group and concurrent
control group. The bars represent mean+SEM, each from three separated experiments. *,p<0.05 vs concurrent
controls.
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Figure 3 Inhibition of HO-1 activity enhances the cytotoxic effect of Gem. KKU-100 and KKU-
M214 cells were treated with the varied concentrations (0.001, 0.01 and 0.1 pM) of Gem (A,B,D and E) and
(0.01, 0.1, 0.5 and 1 uM) of Dox (C and F) with or without 0.01 and 0.1 uM of ZnPP (HO-1 inhibitor) for 24 h.
KKU-100 and KKU-M214 cells were evaluated for cytotoxicity (A,B and C) and apoptosis (D,E and F) by
fluorescent dye staining. The cytotoxicity of the drugs are in concentration-response manner, whereas in co-
treatment of drug and ZnPP, the concentration-response curves are shifted downward, indicating enhancement
of the response to drug combinations. The bars at the right panel show percent of apoptotic cell death when cells
were treated with anticancer drugs in combination with various concentrations of ZnPP (0.001-0.1 uM). The
bars represent mean+SEM, each from three separated experiments. *, p<0.05 vs drug alone (Gem and Dox).

Effect of HO-1 inhibition on the sensitivity of CCA cells to anticancer agents

The cytoprotective effects of HO-1 in CCA cells to anticancer agents were explored using
high and low HO-1 expressing KKU-100 and KKU-M214 cells cultured with HO-1 inhibitor. Both
cells were exposed to Gem (0.001- 0.1 pM) in the presence of HO-1 inhibitor, ZnPP (0.01 and 0.1
uM) for 24 h. As shown in Fig. 3A and 3B, ZnPP rendered both CCA cells to be highly susceptible to
cytotoxic effect of Gem, which can be seen as the downward shift of the dose-response curves of Gem
in the presence of ZnPP. Similar downward shift of the dose-response curves in the presence of ZnPP
was observed in KKU-100 cells to another chemotherapeutic agent, Dox (Fig. 3C). The presence of
ZnPP augmented significantly Gem- or Dox-induced cell growth inhibition and induction of apoptotic
cell death in both cell lines (Fig. 3D, E and F). ZnPP itself showed only a slight cytotoxicity at the
concentrations used in this study (data not shown).
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HO-1 induction enhanced resistance of CCA cells to anticancer agents.

To validate the cytoprotective roles of HO-1, SnCl,, a HO-1 inducer, was used in combination
with Gem or Dox. KKU-100 and KKU-M214 cells were exposed to SnCl, and changes in HO-1
protein was evaluated by Western blot analysis. SnCl, (10 uM) induced HO-1 protein expression with
a similar pattern in both cell types with maximal induction observed during 6-24 h (Fig. 4A). KKU-
100 and KKU-M214 cells were treated with Gem (0.1 uM) or Dox (0.5 uM) with or without SnCl, for
24 h. Induction of HO-1 was associated with increased cell viability more than 2 fold after treatment
with Gem or Dox (Fig. 4B). Induction of HO-1 by SnCl, decreased the apoptotic and necrotic cell
death induced by Gem and Dox in both CCA cells (Fig. 4C). SnCl, alone was slightly toxic at the
concentrations used in this study (data not shown).
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Figure 4 Induction of HO-1 suppressed the cytotoxicity of Gem and Dox. (A) The time-course of
HO-1 induction by SnCl, (10 pM) in KKU-100 and KKU-M214 cells. The cells were cultured for overnight
and exposed to SnCl, for 3, 6 and 24 h before whole cell lysates were collected and HO-1 protein was
determined by the Western blotting, using -actin; as loading control. The HO-1 protein expression in KKU-
100 and KKU-M214 cells is relative stable during the first 6 h of exposure to SnCl,, whereas high HO-1
expression is evident during 6 to 24 h. The cytotoxicity of Gem (0.1 uM) and Dox (0.5 uM) with or without
SnCl, (10 pM) was determined in both cell lines after incubation for 24 h. The cell viability (B), apoptotic and
necrotic cells (C) were evaluated by fluorescent dye staining. Data represent mean+SEM, each from three
separated experiments. ¥, p<0.05 vs drug alone.

HO-1 gene silencing sensitized CCA cells to chemotherapeutic agents.

To further validate that HO-1 inhibition indeed induced sensitization of CCA cells to
anticancer agents, the effects of HO-1 gene silencing to Gem was examined. Since both KKU-100 and
KKU-M214 cells showed similar responses to HO-1 inhibitor and inducer, KKU-100 cells were
employed as a representative of CCA cells. The levels of HO-1 mRNA (Fig. 5A) and immunoreactive
HO-1 protein (Fig. 5B) were dramatically decreased 24 h after transfection of HO-1 siRNA. Then,
HO-1 knocked-down KKU-100 cells were exposed to various concentrations of Gem (0.001-0.1 pM)
for further 24 h. The ICs, concentration of Gem in non-targeting control was 0.0360+£0.0042 puM,
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whereas that in HO-1 knockdown cells was 0.0005+0.0001 uM (Fig. 5C) (p <0.001), showing that the
inhibition of HO-1 sensitizes KKU-100 cells to be highly susceptible to Gem.

Figure 5 Knockdown of HO-1 by siRNA sensitized KKU-100 cells to Gem. The mRNA (A) and
protein (B) levels of HO-1expression in KKU-100 cells are shown. KKU-100 cells were transfected with siRNA
against HO-1 for 24 h and total RNA was prepared and analyzed by reverse transcription-PCR. In similar
experiments, cell lysates were collected and HO-1 was determined by the Western blotting in KKU-100 cells,
using B-actin, as loading control. (C) The cytotoxicity and IC50 of Gem in knocked down KKU-100 cells was
determined. After transfection for 24 h, KKU-100 cells were treated with varied concentrations of Gem (0.001,
0.01, 0.05 and 0.1 pM) for another 24 h. The cell viability was evaluated by fluorescent dye staining. Data
represent mean+SEM, each from three separated experiments. *, p<0.05 vs non target knocked down cells.

ZnPP induced intracellular ROS formation and mitochondrial dysfunction

From the above experiments, HO-1 inhibition by ZnPP enhanced the susceptibility of CCA
cells to the cytotoxic effect of Gem. To explore the underlying mechanisms of enhanced cytotoxicity
by the combination of Gem and ZnPP, the intracellular ROS formation was assessed. Treatment with
ZnPP alone caused a remarkable increase in ROS formation as early as 3 h. The combination of ZnPP
and Gem showed further increase in ROS levels (Fig. 6A). Gem alone showed no effect on ROS
formation. To test whether the ROS was indeed responsible to enhance the cytotoxicity of Gem, the
superoxide dismutase (SOD)-mimetic compound, Tempol, was used to scavenge O,” induced by
combined ZnPP and Gem treatment. The concentrations of Tempol to be used in studies were
evaluated in a previous experiment which had shown to inhibit ROS formation and produce minimal
toxicity. Moreover, it is verified that Tempol (500 pM) does not inhibit HO-1 activity. ZnPP-
enhanced cytotoxicity of Gem was abolished by the presence of Tempol (Fig. 6B). Tempol alone has
little cytotoxicity to the cells. Since ROS formation is thought to be involved in induction of cell
killing in association with mitochondrial pathway, KKU-100 cells were treated with the combination
of ZnPP and Gem and the Ay, were evaluated using JC-1 assay. Gem treatment alone had no effect
on the Ay, (Fig. 6 C, inset b & f), whereas ZnPP and the combination of ZnPP with Gem induced the
depolarization of Ay, as evident by the change of red fluorescent staining in healthy mitochondria
(Fig. 6C, inset a & e) to green fluorescent staining in depolarized mitochondria (Fig. 6C, inset c, d, g
& h).
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Figure 6 ZnPP induced the intracellular reactive oxygen generation, depolarization of
mitochondrial transmembrane potential and cytotoxcity. (A) The generation of ROS induced by ZnPP
(0.1 uM) and combination of ZnPP and Gem (0.01 uM) for 3 h in KKU-100 cells as measured by lucigenin-
enhanced chemiluminescent method. *, p<0.05 vs ZnPP alone and * vs Gem alone. (B) The ROS scavenger,
Tempol (500 uM), inhibited cytotoxicity of the combination of ZnPP (0.1 uM) and Gem (0.01 uM) in KKU-100
cells The cell viability was evaluated by fluorescent dye staining. *, p<0.05 vs the combination of ZnPP and
Gem. Data represent meantS.E.M., each from three independent experiments. (C) The induction of
depolarization of the mitochondrial transmembrane potential (Ay,,) using JC-1 fluorescent probe, in KKU-100
cells after treatment with Gem +/- ZnPP for 6 h (a,b,c, &d) and 24 h (e,f,g & h). The healthy mitochondria, JC-1
forms J-aggregates and display strong red fluorescent signal, whereas the depolarized mitochondria, JC-1 exists
as monomers and show green fluorescent signal.

Combination of ZnPP and Gem altered the expression of proteins related to cell proliferation
and apoptosis.

To investigate further the effects of combined Gem and ZnPP if it was mediated via
mitochondrial pathway, cytochrome c, release from the mitochondria in response to pro-apoptotic
stimuli, was determined. The combined drug treatment exerted significant increase in levels of
cytochrome c protein when compared with the controls. ZnPP or Gem alone did not induce the release
(Fig. 7). Since the combined Gem and ZnPP suppressed the tumor cell growth, a protein related to cell

proliferation; the p21“”VA*" was analyzed by Western blotting. Gem or ZnPP alone did not affect the

p2 1 Cip/WAFl

of p21°P"A" and was associated with marked antiproliferative effect.

protein expression, whereas the combination of Gem and ZnPP caused marked induction
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Figure 7 Alteration of expression of proteins related to cell proliferation and apoptosis. The
Western blots of p21 and cytochrome c protein expression in KKU-100 cells after treatment with Gem (0.01
uM) +/- ZnPP (0.1 uM) for 24 h. The levels of p21 and cytochrome ¢ were normalized with B-actin as a loading
control. The bars are mean+SEM, each from three independent experiments. *p < 0.05 vs untreated controls.

Discussion

HO-1 has a potent cytoprotective activity against noxious stimuli in inflammatory diseases
such as sepsis, inflammatory bowel disease, or in various oxidative injuries [7]. Moreover, HO-1
plays a protective role in normal tissues as well as in cancer cells [22,23]. Our study demonstrated that
HO-1 plays a critical role in CCA cells in cytoprotection against anticancer agents, regardless of the
basal HO-1 expression levels of the cells. Inhibition of HO-1 by ZnPP or HO-1 siRNA could sensitize
CCA cells to the cytotoxicity of anticancer agents, whereas the induction of HO-1 exerted a
cytoprotective and drug resistant effects. The sensitization of CCA cells by HO-1 inhibition is
probably involved with generation of ROS, which leads to the loss of A¥Ym, and initiates apoptotic
cell death processes.

Altered expression of drug metabolizing enzymes, such as UGTIA, UGT2B, SULTIC [24],
NAT?2 [25] and GSTO [26] have been reportedly associated with intrahepatic cholangiocarcinoma in
endemic area of liver fluke infection. However, there is still no evidence to establish their roles in
protecting cancer cells. Elevated expression of HO-1 has been reported in various human tumors
including renal cell carcinoma, prostate tumors, bladder and pancreatic cancers [15,27,28,29], with
close association to the disease states. In the present study, HO-1 induction by SnCl, caused a
significant cytoprotection against chemotherapeutic agents regardless of basal HO-1 expression. On
the other hand, treatment with anticancer agent also strongly up-regulated HO-1 expression, implying
that adaptive defense response in CCA cells is induced to endure the drugs. These results suggest that
role of HO-1 in cytoprotection is very critical even in low basal level of HO-1 expression. It should
be noted that cytoprotective effect conferred by HO-1 is not specific to Gem but also to Dox and
perhaps to some others, in spite of the different mechanisms of actions of these anticancer agents.

16



These results also suggest that the resistance of CCA cells to anticancer agents is, at least in part, due
to induction of HO-1. Overall, the inhibition of HO-1 may overcome the intrinsic as well as acquired
resistance to chemotherapeutic agents.

Subsequently in this study, we investigated further as to how HO-1 inhibition induces the
sensitization in CCA cells to anticancer agents. HO-1 possesses an indirect antioxidant effects
probably via generation of biliverdin/bilirubin, carbon monoxide, and other oxidative stress responses
[11,30]. Bilirubin is a potent antioxidant by recycling between biliverdin and bilirubin during the
catalytic cycle of oxidation and reduction [11]. Inhibition of HO-1 by ZnPP resulted in significant
increase in ROS formation [17,23,29]. Our results showed that ZnPP caused marked increase in ROS
levels in KKU-100 cells, whereas Gem treatment alone did not induce ROS. Moreover, combination
of ZnPP and Gem enhanced more ROS production than ZnPP alone. Our study further verified that
ROS is essential for the chemosensitizing effect, as scavenging of ROS by Tempol virtually abolished
the sensitizing effect of ZnPP. Moreover, these results imply that inhibition of HO-1 increases the
oxidative stress, where ROS may be derived from the metabolism of the cells themselves [7,30].

The loss of Ay, is regarded as an early event of mitochondrial dysfunction. It is apparent that
a small change in mitochondrial permeability transition (MPT) could depolarize the mitochondria,
whilst increasing number of MPT leads to necrosis and apoptosis [31]. The increase of ROS
production in ZnPP treated groups was associated with the loss of Ay,,. Our recent study on
chemopreventive effect of curcumin has demonstrated a temporal relationship of ROS formation,
depolarization of mitochondria and induction of apoptosis [32]. An inducer such as ROS may attack
and modify membrane proteins of MPT pores leading to the aggregation of misfolded proteins
creating regulated PT pores [31]. In this circumstance, the cells are in a state of highly susceptible to
further attack by inducers of MPT. Role of ROS induced by ZnPP in relation to mitochondrial
function and induction of apoptotic cell death is needed further clarification.

Alternatively, inhibition of HO-1 activity results in an increase accumulation of
protoporphyrin in mitochondria [33] and this lead to depolarization of Ay, and sensitize MPT to
cytotoxic agents. Protoporphyrin IX has been suggested to be a ligand of peripheral benzodiazepine
receptor, a component of MPT pores, thereby sensitizes MPT [34,35]. The present study showed that
only the combination of ZnPP and Gem enhanced cell killing effect, whilst ZnPP alone at sub-
micromolar concentrations caused the release of ROS in association with loss of Ay, but this was
still insufficient to induce cell death. Our study is in agreement with recent reports, ZnPP alone
shows no effect on MPT, however ZnPP in combination with triiodothyronine induced oxidative
stress, MPT opening and apoptotic cell death [18]. Furthermore, effect of protoporphyrin IX at
nanomolar range in enhanced rotenone-induced cytotoxicity is demonstrated to be due to MPT
opening, because the effects were inhibited by cyclosporine A, an inhibitor of MPT [35].

The sensitizing effect is consistent with present experiment in that no increased release of
cytochrome ¢ by ZnPP or Gem alone, whereas the drug combination increased release of cytochrome
c. It is noted that Gem alone may not exert cytotoxic effect via mitochondrial pathway, as Gem did
not induce changes of Ay, and cytochrome c levels. Gem is known to induce cell cycle arrest and
apoptosis by p53-dependent and independent pathways.[36]. Our study observed that combination of
ZnPP and Gem induced an increased level of the protein p21, which is a p53-dependent downstream
gene product, and a potent cyclin-dependent kinase inhibitor. Gem or ZnPP alone did not exert any
significant changes in p21. It is probable that induction of mitochondrial dysfunction induces p21
accumulation [37]. This is consistent with a strong antiproliferation effect of Gem and ZnPP
combination.
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In summary, HO-1 plays an important role in cytoprotection in both low and high HO-1
expressing CCA cells. Inhibition of HO-1 induced ROS formation, which may initiate the loss of
Ay, and sensitizes CCA cells to a cytotoxic effect of anticancer agents. Thus, targeted suppression of
HO-1 may be a strategy to overcome drug resistance in cholangiocarcinoma chemotherapy.
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Section 2

Modulation of heme oxygenase-1 increases sensitivity of cholangiocarcinoma cells to
radiation and chemotherapy

Introduction

Cholangiocarcinoma (CCA) is one of the most devastating malignancies, because the
majority of cases develop without clinical symptoms, and thus making the diagnosis of CCA very
difficult. Prognosis of CCA is extremely poor because treatment outcomes and survival of the
patients have only slightly improved in the past several decades [1]. The complete tumor resection
with negative pathological margins (RO resection) is the only effective option to prolong survival with
the five-year survival rate of 20-44%, but the recurrence of cancer is common which can occur in up
to 63% within 2 year [2-3]. Nonetheless, most of patients are already in the advanced stage of the
disease at diagnosis thus making radical surgery not possible and prognosis of the unresectable or
incomplete (R1) resection is extremely poor [3]. Chemotherapy and radiotherapy may be the options
left for most patients [4]. The most accepted chemotherapy with gemcitabine-base has documented a
median overall survival of only 11 months. Experiences in radiotherapy of CCA in adjuvant and
neoadjuvant settings are very limited and there is currently no evidence to support the routine use of
radiotherapy for unresectable disease [2, 4]. It is, therefore, there is an urgent need for a more
effective treatment approach to improve survival and quality of life of these patients [5-6]. Targeting
the prosurvival mechanisms in cancer cells could be a strategy to overcome resistance to
chemotherapy and radiotherapy. Antioxidant and cytoprotective proteins such as HO-1 and NQO1
could be such targets [7-9].

Heme oxygenase-1 (HO-1) is a microsomal enzyme catalyzing the first rate-limiting step in
degradation of heme, leading to equimolar production of biliverdin, carbon monoxide (CO) and free
iron. HO-1 can be induced in response to cellular stress, oxidative stimuli, hypoxia and during tumor
growth [10]. More importantly, HO-1 is found to be over-expressed in various cancer types including
prostate cancer, hepatoma, pancreatic cancer and lymphosarcoma [11]. These cancers express a high
level of HO-1 and the over-expression of this enzyme may provide growth advantages and render
resistance to chemotherapeutic agents such as cisplatin, doxorubicin and gemcitabine [12-14]. HO-1
plays a role in tumor growth, neoangiogenesis and cytoprotection of tumors against the attack of
oxidative insults from chemotherapy and radiotherapy, probably due to its anti-oxidative and anti-
apoptotic activities [15-17]. Thus, suppression of HO-1 activity may be a strategy to increase the
chemosensitivity and radiosensitivity of tumors. We recently have shown that the inhibition of HO-1
in CCA cell lines by HO-1 siRNA or by pharmacological inhibitor, zinc protoporphyrin IX (ZnPP)
resulted in an remarkable reduction of the IC50 of CCA cells to gemcitabine [17]. Moreover, ellagic
acid inhibits prostate cancer cells in association with downregulation of HO-1 [18].

In the present study, the effects of HO-1 suppression on tumor cell growth, cell cycle
progression and sensitivity to radiation and chemotherapeutic agents were examined by using HO-1
knockdown CCA cells with high and low basal HO-1 levels. We further evaluated and examined the
effects of combined therapy of gemcitabine and ZnPP using an in vivo model.

Materials and methods
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Cell lines and cell cultures

The human cholangiocarcinoma (CCA) cell lines; KKU-100, KKU-MO055, KKU-M214, KKU-M213,
and KKU-M139 were kindly provided by Dr. Banchob Sripa, Department of Pathology, Faculty of
Medicine, Khon Kaen University. Cell lines were established, characterized, and derived from CCA
tissues which are classified histologically as follows: poorly differentiated adenocarcinom (KKU-100,
MO055), well differentiated adenocarcinoma (M214, M213), aquamous cell carcinoma (KKU-M139)
[19-20]. All cell lines were routinely cultured in complete media consisting of Ham’s F12 media,
supplemented with 10% fetal calf serum, 12.5 mM HEPES, pH 7.3, 100 U/ml penicillin G and
100 pg/ml gentamicin [21].

Cytotoxicity assay

KKU-100 cells were seeded onto 96-well plate at density of 7,500 cells/well for overnight. The cells
were treated with varied concentration of ZnPP and gemcitabine (GEM) from 1- 1000 nM for 24 h.
For the combination treatment, KKU-100 cells were pretreated with ZnPP for 4 h prior GEM, and
incubation was continued for 24 h. The cytotoxicity assay was performed by sulforhodamine B
(SRB) assay as previously described [21].

Cell motility, wound healing and clonogenic assays

KKU-100 and M213 cells with HO-1 knockdown were used in the cell motility and wound healing
assays. KKU-100 and M213 cells were transfected with HO-1 siRNA (method as below) for 24 h,
then seeded onto a transwell insert in 300 uL of medium. After incubation for 6 h, the filter membrane
was cut and placed on the glass slide, covered with the mounting medium with DAPI, and then
covered with a cover-slip. The cells migrated across the membrane were enumerated using a
fluorescence microscope; Nikon Eclipse Ti.

For wound healing assay, after transfection with HO-1 siRNA for 24 h, KKU-100 and M213
cells were seeded into 24-well plate with density of 150,000 per well in full cultured media to obtain
cell confluence of 80-90% on the experimental day. On the next day, cultured cells were scratched
with a sterile 200 uL-pipette tip making straight line of wounds. The width of wound outline was
recorded under a phase-contrast microscope at 0, 6, 12 and 24 h after scratching the cultured cells.

The clonogenic survival of CCA cells following gamma irradiation was determined by
clonogenic assay. The stable knockdown of HO-1, KKU-100 and M214 cells in suspensions at the
density of 12,500 cells/mL were irradiated over the dose range of 0-10 Gy. Immediately after
irradiation, the cells were seeded at 300 and 200 cells of KKU-100 and M214, respectively, onto a 6-
well plate. After 14 days of incubation with renewal of cultured media every other day, the cells were
fixed in absolute methanol and stained with 0.25% crystal violet in 2% ethanol. The number of
colonies in each well was counted under a Nikon Eclipse Ti microscope (10X).

Irradiation-induced antiproliferation

The five CCA cells; KKU-100, M213, M214, M055 and M139 cells were employed to assay of the
sensitivity to radiation. Cells in suspensions at the density of 12,500 cells/mL were irradiated at room
temperature over the dose range of 0-10 Gy using a Gammacell® 40 Exactor (Nordion Gamma
Irradiator®). The cells were seeded at density of 625-1250 cells/well in 96-well plate and incubated
for 4 days. Cell proliferation was determined by MTS assay, performed according to the instruction
guideline of CellTiter 96® (Promega)
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HO-1 small interfering RNA transfection

The transfection of HO-1 siRNA was performed using siGENOME SMARTDpool of four sequences of
siRNA (M-006372-02-0005: Dharmacon) at a final concentration of 200 nM and lipofectamine 2000
(Invitrogen) according to the manufacturers’ instructions. The siGENOME non-targeting siRNA (D-
001210-02-05), as a negative control was introduced to the cells using the same protocol as previously
described method [17].

Generation of HO-1 stable knocked down by Lentivirus-mediated shRNA transfection

To generate the lentivirus for transduction, ps-ShRNA-ControlA and ps-ShRNA -HO-1 plasmids
were purchased from Santa Cruz and packaged using the ViraPower™ Lentiviral Packaging Mix
(Invitrogen) as described by manufacturer. Briefly, 293FT cells were plated at 90% confluence in 10-
cm plates and transfected with 3ug of ps-ShRNA-ControlA, or ps-ShRNA -HO-1, 36uL
lipofectamine and 9 ug ViraPower™Packaging mixed in 1.5 mL Opti-MEM medium for an
overnight. On the third day, medium with specific viral conjugated with ps-ShRNA-controlA or -HO-
1, was collected and kept at -80°C before use. To generate stable control and HO-1 knockdown cell,
30,000 cells/well in 12-well plate of KKU-100 and M214 cells were transduced with 1uL of ps-
ShRNA-ControlA or ps-ShRNA-HO-1 Ilentivirus. Positively transduced cells were selected by
culturing in media containing 2 pg/ml puromycin B for 3 weeks.

Reverse transcription real-time polymerase chain reaction

The five CCA cells; KKU-100, M213, M214, M055 and M139 cells were seeded at the density of
1.5x10* cells/well in 6 well-plates and allowed to grow for 24 h. Total RNA was isolated and the PCR
products were generated using a previously described method [22]. The primer sequences were as
follows: HO-1: forward, 5°-CTG ACC CAT GAC ACC AAG GAC-3’ and HO-1 reverse: 5°-AAA
GCC CTA CAG CAA CTG TCG-3’, Gen Bank accession number.NM_002133.2, B-actin: forward
5’-AGT GTA GCC CAG GAT GCC CTT-3’ and B-actin: reverse, 5’-GCC AAG GTC ATC CAT
GAC AAC-3’, Gen Bank accession number NM_00246.5. To quantify the relative expression of
genes, the relative quantitation was performed by using standard curve method. The amount of HO-1
mRNA was expressed as a ratio to 3-actin mRNA.

Western blot analysis

Western blot analysis was used to determine the expression levels of HO-1, cyclin A, cyclin B1, cdc2,
and B-actin. Cultured cells were washed with PBS, lysed with RIPA buffer containing protease
inhibitor cocktail. The protein samples were mixed with SDS loading buffer and subject to separation
by electrophoresis in 8-10% SDS-polyacrylamide gel. The protein bands were blotted onto a PVDF
membrane. After blocking with skimmed milk in phosphate buffer saline (PBS), the membrane was
incubated overnight at 4°C with primary antibodies of HO-1 (ADI-SPA-895: Enzo Life Sciences),
cdc2 p34 (sc-8395: Santa Cruz), cyclinA (sc-751), cyclinB1 (sc-752) and B-actin (A1978: Sigma-
Aldrich) in PBS. After washing with PBS containing 0.05% Tween-20, the blots were incubated with
the secondary antibodies (170-6515 or 170-6516: Biorad). The protein bands were detected by using
an ECL kit (Pierce Biotechnology).

Immunocytofluorescence for y- H2AX
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To analyze the irradiation-induced phosphorylated histone protein, y- H2AX foci in CCA cells were
examined by the immunocytofluorescence technique after irradiation as described previously [23].
KKU-100 cells (30,000 cells/well) were seeded on polystyrene treated glass slide, irradiated with
gamma ray at the doses of 5 Gy for KKU-100, and incubated for 15 min. Cells were fixed in 3.7%
paraformaldehyde in PBS and permeabilized with 0.2% Triton X-100 in PBS. The cultured cells on
slides were blocked, stained with anti- y- H2AX (ab11174: ABCAM) in 0.2% BSA, followed by anti-
rabbit IgG conjugated to Alexa-fluor 594 (Molecular Probe: Eugene). The cultured slides were
covered with DAPI mounting medium (H1200: VECTASHIELD®, Vector Lab) and examined under a
fluorescence microscope (TE-2000E: Nikon). y-H2AX foci were measured under a 60X -objective
lens.

Flow cytometry for cell cycle analysis

After the transfection with HO-1 siRNA, cells were irradiated with 5 Gy for KKU-100 and 8 Gy for
M214. Then, at the designated times post-irradiation, cells were fixed by resuspending the cells in 3
mL of ice-cold 70% ethanol. The cell pellets were resuspended in 1 mL of PBS containing 0.1%
Triton X-100, 20 pg/mL of propidium iodide and 20 ug/mL of RNase incubated at 4°C for 60 minutes
in dark chamber, and then analyzed in a FACSCalibur flow cytometer (BD Biosciences).

Antitumor activity in animal model

All experimental procedures were performed according to the experimental animal handling standards
and study protocol was approved by the Institutional Animal Care and Use Committee (IACUC)
(application #2011/SHS/650) SingHealth, Singapore. KKU-100 cells (2x10°) in 200 uL. Ham-F12
medium were injected subcutaneously into the dorsal skin of 6-week-old female Balb/c nude mice
(Animal Resource Center, Western Australia) and housed under a specific pathogen-free condition.
When tumor grew to the volume about 200 mm”, mice were randomly divided into four groups;
control, gemcitabine (Gemzar®, Eli Lilly), ZnPP (Enzo Life Sciences) and the combination of both
agents. ZnPP was dissolved in DMSO at the concentration of 100 mg/mL and diluted further in PBS
immediately before use. Gem was dissolved in PBS as previously described to the concentration of 10
mg/mL and diluted further in PBS. ZnPP (12.5 mg/kg) and GEM (60 mg/kg) were administered
intraperitonially once a week for three weeks (day 0, 7 and 14). In the combined drug treated group,
ZnPP was injected 1 hour before Gem injection. Control group was treated with vehicle with the same
schedule. Xenograft tumor volume was measured twice a week using electronic calipers and the
tumor volume was calculated by the equation; [L x W?]/2 (mm?), where L = length and W = width.
The weight of mice was measured twice a week. The mice were terminated on day 17, and the tumor
mass were collected for further analysis.

Immunohistochemical analysis of tumor tissues

The tumor tissues from xenografted mice were dissected, weighted and fixed in 10% formaldehyde
solution and embedded in paraffin. The sections (3-pum-thick) were deparaffinised, followed by
antigen retrieval with autoclave treatment for 10 min in 0.01 M citrate buffer (pH 6.0).
Immunohistochemical staining for Ki67, CD31, mdm2, p53 and p21 was performed with a
streptavidin-biotin (SAB) complex method using R.T.U. VECTORSTAIN® Universal Quick Kit (PK-
7800: VECTOR) according to the manufacturer’s instruction. The tissue-sections were incubated with
primary antibodies, anti-Ki- 67 (clone MIB-1; Dako) at room temperature for 30 min, anti-CD31 (ab
28364: ABCAM), anti mdm?2 (sc-965: Santa Cruz), anti p53 (sc-98) and anti p21 (2946: Cell
Signaling Technology) at 4°C overnight. The IHC-sections were counterstained with haematoxylin
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and with eosin for H&E staining, and then mounted with DPX Mounting Medium (UN 1866:
CellPath). CD31-stained vessels were detected under a Zeiss Axio ScopeA.1 microscope with original
magnification 200X. The mean value of the vessel numbers in tumors, were calculated from 10 fields
of the three most vascularized areas according to previously described. The areas of mdm?2, p21 and
p33 positive cell staining were captured under a Nikon DS-Ril microscope with original
magnification 400X and using Image Pro-plus program to count positive cells. The staining levels of
p53 were calculated by the grading of numbers of positive-cells multiply with the levels of intensity
(positive-cell numbers were graded as 0-30=1, 31-60=2, 61-90=3 and 91-120=4 and levels of
intensity ranges by 0-4)

Statistical analysis

Data were expressed as the mean + SD. An analysis of variance was used to determine significant
differences between each experimental group with Student-Newmann-Keuls post-hoc test. The level
of significance was set at P < 0.05.
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Results
HO-1 expression in CCA cells and contribution to cell migration

The expression levels of HO-1 were determined in five CCA cell lines using reverse transcription RT-
PCR. KKU-100 cells showed high level of HO-1 mRNA expression, while others cell lines including
M213, M214, M139 and MO055 have much lower expression levels (Fig. 1A). KKU-100, and M213
and M214 which are representative of high, and low HO-1 expressing cell lines, respectively, were
used for further functional studies. To investigate the functional role of HO-1 in CCA, HO-1
knockdown cells using siRNA were subjected to transwell and wound healing assays. The siRNA
effectively reduced the HO-1 transcripts in KKU-100 and M213 cells by about 70% and 60%,
respectively compared to control (Fig. 1B). HO-1 knockdown CCA cells showed a reduced number of
cells migrated through the membrane in transwell chamber compared to control cells (Fig. 1C and
1D). The suppression of cell motility was further supported by wound healing assay, where the HO-1
knockdown CCA cells migrate much slower than the control cells, resulting in almost no closure of
the wounds (Fig. 1E). This result suggested HO-1 plays role in cell migration in CCA cells regardless
of basal HO-1 expression.

HO-1 conferred cytoprotection to gamma radiation and DNA repair

HO-1 has been shown to exert prosurvival effect in cancer cells against chemotherapeutic agents [17].
However, the effect against radiation is not certain. Firstly, we determine the sensitivity of CCA cell
lines to gamma irradiation by establishing the median effective dose (IC50) of radiation in
antiproliferation (Fig. 2A). There was no clear relationship between the basal levels of HO-1
expression and IC50 doses, although the two lowest HO-1 expression cell lines were the most
sensitive cell lines to radiation. Next we studied KKU-100 and M214 cells with stable HO-1
knockdown by transduction with lentiviral-mediated HO-1 shRNA. The knockdown clones were
selected where the efficiency of HO-1 knockdown in KKU-100 and M214 cells were about 60% and
almost 100%, respectively (Fig. 2B). The control cells and HO-1 knockdown cells of KKU-100 and
M214 were exposed to 2.5 or 5.0 Gys of gamma radiation, respectively, and subject to clonogenic
assay. The non-irradiated, HO-1 knockdown KKU-100 cells showed a decrease in their ability to
form colonies when compared with shRNA control cells, but not observed in M214 cells (Fig. 2C &
2D, left bar groups). The role of HO-1 in colony forming became significant when CCA cells were
exposed to gamma irradiation. The irradiated cells with HO-1 knockdown diminished significantly in
their ability to form cancer cell colony, compared to the relevant control cells (p<0.05), suggesting
that inhibiting of HO-1 sensitize CCA cells to gamma radiation (Fig. 2C & 2D, right bar groups).

To further evaluate the role of HO-1 in the maintenance of genomic stability, the level of
phosphorylated histone H2AX (y-H2AX) formation, a surrogate marker for unrepaired DNA double-
strand breaks (DSBs) was determined in HO-1 knockdown and control CCA cells subjected to gamma
irradiation. More y- H2AX foci were observed in HO-1 knockdown KKU-100 cells compared to
control, even before exposure to radiation (Fig. 2E) suggesting that HO-1 is associated with genome
stability. Moreover, the number of y- H2AX foci was significantly greater in HO-1 knocked down
cells with exposure to gamma radiation when compared to the non-target siRNA control cells (Fig.
2F). The result indicated the suppression of HO-1 is associated with suppression of DNA DSBs
repair mechanism.
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Fig. 1 Expression of HO-1 in CCA cells and effect of HO-1 knockdown on cell migration.
(a) The basal HO-1 mRNA expression in CCA cells. Total RNA of CCA cells: KKU-100, M213, M214, M055
and M 139, were collected and analyzed by real-time PCR. Each bar represents the relative expression of HO-1
normalized with B-actin. (b) KKU-100 and M213 were knocked down of HO-1 expression by HO-1 siRNA (si
HO-1) or control transfection (si Cont). The efficiency was validated by using real-time PCR. (¢ & d) Cell
migration of KKU-100 and M213 cells was performed using a transwell inserts. Representatives of DAPI-
staining images of migrated cells, were captured under fluorescence microscope (original magnification 200X).
(d) The number of colonies of KKU-100 and M213 cells was counted for four fields from each insert (original
magnification 100X). Each bar represents the mean+SD of 12 fields from at least three independent
experiments. * p<0.05 vs controls). (e) Wound-healing assay in KKU-100 and M213 cells. Cells were grown
into confluence in 24-well plate. Images of four fields from each well were captured (original magnification
100X) and distance of the closing wound was measured.
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Fig. 2 HO-1 knockdown enhanced the DNA damage of gamma radiation and formation of vy-
H2AX foci. (a) The sensitivity (IC50) of five CCA cell lines to gamma irradiation. The IC50 values represent
mean=SD. (b) KKU-100 and M214 were stably knocked down HO-1 expression by transduction with HO-1
shRNA (sh HO-1) or control vector (sh Cont). The efficiency was validated by using Western blot analysis. (c
& d) The clonogenic assay of CCA cells with or without irradiation. KKU-100 and M214 cells were irradiated
by gamma radiation at the doses of 2.5 Gy and 5 Gy, respectively. Each bar represents the mean+SD, each from
three separated experiments. * p<0.05 vs controls. (e) The representative fluorescent images of y- H2AX foci
(original magnification 600X). KKU-100 cells were transfected with HO-1 siRNA for 24 hr, then the cells were
irradiated with gamma ray at 5 Gy. Left panel shows the DAPI staining to the nucleus, the right panel shows the
v- H2AX foci (red), and the merged images in the middle. Presented images are representatives of two
independent experiments conducted in duplicate chambers. (f) Each bar represents the mean+SD of y- H2AX
foci per cell, each from two separated experiments. *p<0.05 vs control knockdown.
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Inhibition of HO-1 promoted G2-M arrest in CCA cells after irradiation

HO-1 is known to regulate cell proliferation and migration, and the silencing of HO-1 expression
suppresses cell growth [12, 15]. In this study, knockdown of HO-1 in both KKU-100 and M214 cells
resulted in significant accumulation of cells (~10%) at G2-M phase (Fig. 3A and 3B) suggesting its
role in cell cycle progression. However, dramatic G2-M arrest was observed in HO-1 knockdown
CCA cells exposed to gamma irradiation (Fig. 3B). The proportion of cells in the G2-M phase in HO-
1 knockdown KKU-100 cells was increased from 20% before irradiation to 48 % after the irradiation
and that in M214 cells increased from 16% to 56% (Fig. 3B). It was noted that the effects on cell
cycle progression by radiation were similar in KKU-100 and M214 cells regardless of their significant
difference in basal HO-1 expression.

To characterize the influence of HO-1 in cell cycle progression, proteins of cell cycle regulators
involved in G2-M transition were examined by Western immunoblotting. The basal expression levels
of cyclin A, B1, and its positive regulator, cdc2, were higher in HO-1 knockdown cells of KKU-100
and M214 cells than in their corresponding control cells. These protein expression was even increased
higher when the HO-1 knockdown cells were irradiated (Fig. 3C), supporting the functional role of
HO-1 in cell cycle progression.

Suppression of HO-1 enhanced antitumor response to GEM in vitro and in vivo

The effect of HO-1 inhibition in relation to GEM-induced cytotoxicity was evaluated in vitro and in
vivo. In the in vitro study, the toxicity of ZnPP, as a HO-1 inhibitor, and GEM alone was evaluated in
KKU-100 cells. The cytotoxicity of ZnPP and GEM was dose-dependent (Fig. 4A). ZnPP at 10 nM
induced cytotoxicity of less than 10%, which was then used in combination with GEM. The drug
combination enhanced cytotoxicity, particularly at low concentrations of GEM (Fig. 4B).

The enhanced cytotoxic effect of GEM by ZnPP was further evaluated in nude mice
xenografted with KKU-100 cells. The mice were treated with ZnPP or GEM or both in combination.
Tumor mass in control mice grew exponentially during the study (Fig. 4C). Treatment with GEM or
ZnPP alone for 3 cycles resulted in a partial suppression of tumor growth when compared with non-
treatment controls. In contrast, the combination of ZnPP and GEM caused almost complete arrest of
tumor growth (Fig. 4C). The treatment with individual agent or in combination for 3 cycles did not
cause overt toxicity, as indicated by absence of significant changes in body weight (Fig. 4D). The
mean tumor weight (mg) on day 17, three days after the last cycle of treatment, was 772, 427, 300 and
110 mg, for control, ZnPP, GEM and the combination group, respectively (Fig. 4E and 4F).
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Fig. 3 Effect of HO-1 knockdown and irradiation on cell cycle distribution and regulatory
proteins in cell cycle. (a) The cell cycle histograms represent DNA content using FACS analysis. KKU-100
and M214 cells were transfected with HO-1 siRNA (si HO-1) or control (si Cont) with or without gamma
irradiation at 5 and 8 Gy, respectively. Cells were collected and stained with propidium iodide for flow
analysis. (b) The tables present the percentage of cells in cell cycle. Each value represents the meanSD, each
from three separated experiments. *p<0.05 HO-1 knockdown vs control knockdown, **p<0.05 irradiated HO-1
knockdown vs nonirradiated HO-1 knockdown. (¢) Immunoblots of regulatory proteins in cell cycle. Following
the irradiation on wild type or HO-1 knockdown KKU-100 and M214 cells, cell lysates were prepared and
analyzed by Western immunobloting for cdc2, cyclin A, cyclin B1 and B-actin as a loading control. The
experiment was done twice with similar results, and representative bands from one experiment are shown.
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Fig. 4 Inhibition of HO-1 by ZnPP enhances the antitumor effect of GEM in vitro and in vivo.
(a) The dose-response cytotoxicity of ZnPP and GEM in KKU-100 cells after incubation for 24 h. (b) Enhanced
cytotoxicity of GEM by ZnPP. KKU-100 cells with or without pretreatment with ZnPP for 4 h were exposure to
GEM for another 24 h. Each bar represents the mean+SD from each three independent experiment. * p<0.05 vs
GEM alone. (c¢) Time-course of tumor growth on nude mice transplanted with KKU-100 cells. ZnPP, GEM,
combination of ZnPP and GEM and saline as vehicle control were administered intraperitoneally on days 0, 7
and 14, when the tumor mass grew to have at least 200 mm°. Each value represents the mean+SEM, each from
7 mice per group. * p<0.05 the combination group vs control group; T p<0.05 the combination vs ZnPP alone,
and & p<0.05 the combination vs GEM alone. (d) Time-course of body weights of mice during the drug
treatments. (e) The representative of tumors resected from mice on day 17. (f) The tumor weights from each
group of treatment on day 17. Each bar represents the mean+SEM each from 7 mice in the group. * p<0.05
drug combination vs GEM alone, and ** p<0.05 drug combination vs ZnPP alone.

Combined GEM and ZnPP treatment suppressed tumor growth via activation of p53 pathway

We further investigated whether suppression of tumor growth was associated with the inhibition of
cell proliferation and angiogenesis of tumor tissues. Tumor tissues extracted from 4 groups of
animals were analyzed for the expression of Ki-67 and CD31 by immunohistochemistry. The
monotherapy of GEM or ZnPP significantly suppressed the nuclear expression of Ki-67 compared to
control group (Fig. 5A). The drug combination further decreased the expression of Ki-67 more than
the monotherapy. For the CD31 staining, a representative of microvascular density, tumor tissues
from control group showed the highest density of the blood vessels, followed by the ZnPP-alone and
GEM-alone groups. Tumors from drug combination group showed the lowest density (Fig. 5B). These
results indicated that the drug combination enhanced anti-proliferation and anti-angiogenesis in CCA.
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Since the suppression of HO-1 activity by ZnPP enhanced GEM-induced antiproliferation and
inhibition of neoangiogenesis, the underlying mechanism was explored. The p53 and its negative
regulator, mdm2, and p2l1 protein expression in tumor tissues were evaluated. The
immunohistochemistry showed that the drug combination induced p53 at a higher level than that of
single drug treatment (Fig. 6A & 6C). On the other hand, mdm2 was highly expressed in control
tissues and was decreased in GEM or ZnPP group and most remarkably decreased in drug
combination group (Fig. 6B). Expression of p21 or cyclin-dependent kinase inhibitor 1, was highly
expressed in the combination treatment group followed by the single drug treatment groups with the
lowest in the control (Fig. 6D). The results demonstrated the effect of ZnPP-enhanced GEM-induced
tumor suppression was associated with p53 and downstream protein expression.

Fig. 5 Immunohistochemistry of Ki-67 and CD31 staining in tumor tissues. (a) The tumor tissues
from mice treated with various drug regimens were analyzed by H&E staining and immunohistochemical
staining for Ki-67 and CD31. Panels a-c: control; d-f: ZnPP alone, g-i: GEM alone; j-1: combination of GEM
and ZnPP. Panels a, d, g, j; H&E staining; b, e, h, k for Ki-67 staining; c, f, i,1 for CD31 staining (the arrows
indicate microvessels). (b) Microvascular density as assessed by CD31 staining (original magnification 200X).
Each bar represents the mean+SD, each from 7 mice * p<0.05 drug combination vs GEM alone, and ** p<0.05
drug combination vs ZnPP alone.
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Fig. 6 Immunohistochemistry of mdm2, p53 and p21 staining in tumor tissues. (a) The tumor
tissues from mice treatment with various drug regimens were analyzed by immunohistochemical staining for
mdm?2, p53 and p21. Panels a-c: control; d-f: ZnPP alone, g-i: GEM alone; j-1: combination of GEM and ZnPP.
Panels a, d, g and j for mdm?2 staining; b, e, h and k for p53 staining; c, f, i, and I for p21staining. (original
magnification 400X). (b) The numbers of mdm?2 positive-nuclear staining, (c) levels of p53 staining, assessed
from the intensity and area of staining and (d) the numbers of p21 positive-nuclear staining were shown. Each
bar represents the mean+SD, each from 7 mice * p<0.05 drug combination vs GEM alone, and ** p<0.05 drug
combination vs ZnPP alone.
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Discussion

HO-1 confers a powerful cytoprotective effect against various insults in normal tissues [24-25].
Several lines of evidences have demonstrated that HO-1 plays an important role in tumor growth,
anti-apoptosis, angiogenesis, metastasis, and DNA repair response following chemotherapeutic or
radiotherapy treatment [11]. In this study, we showed the crucial role of HO-1 in radiotherapy
and chemotherapy in cholangiocarcinoma that, regardless of it basal expression level.

HO-1 plays an important role in cell proliferation, and the hyperplastic and malignant tissues
showed pronounced increase in HO-1 expression [13] which was associated with cell migration and
invasion [12]. Role of HO-1 in cancer may be mediated via the Nrf2-HO-1 axis, where it is activated
in some cancers [8]. The present works were consistent with these findings in that HO-1 is necessary
for CCA cells proliferation and migration. HO-1 knockdown in both high and low HO-1 expressing
cells, i.e. KKU-100 or M213 cells showed diminished ability of migration in transwell and wound
healing assays.

The role of HO-1 in cell proliferation under genotoxic stress by gamma irradiation is even
more important. In non-radiation condition, knockdown of HO-1 in only the high HO-1 expressing
KKU-100 cells could impair the clonogenic survival. However, with gamma radiation, both KKU-
100 and M214 cells require HO-1 for colony forming ability. This suggests that HO-1 plays an
important role in proliferative ability especially at severe stress condition in CCA cells. Our study is
consistent with recent studies in that HO-1 inhibition enhanced the X-ray irradiation in reducing
clonogenic survival in A549 cells [26].

The role of HO-1 may be extended to DNA repair system in some cancers [24] and probably
including CCA cells. y-H2AX is a phosphorylated form of the histone H2AX by action of ATM,
ATR and other kinases in the chromatin microenvironment marking the accommodation of adaptor
proteins for DNA repair process [27]. y-H2AX foci are therefore used as markers of DNA damage
and vanishing of the y-H2AX foci reflects efficiency of the DNA repair of cells [24, 28]. In HO-1
knockdown CCA cells, there was an increased level of YH2AX foci and when cells were irradiated,
the foci were markedly increased as compared with control cells (Figure 2E & 2F). Our results were
consistent with recent studies that several organs from Hmox 1" mice had increased YH2AX foci [24].
HO-1 may be important in DNA repair, as HO-1 knockdown resulted in increase in YH2AX foci in
association with marked cell cycle derangement, suggesting the role of HO-1 in the interplay of DNA
repair mechanism and cell cycle progression in CCA cells.

The antiproliferative effect in CCA cells is associated with cell cycle arrest in that HO-1
knockdown caused a cell cycle arrest at G2-M phase. Gamma irradiation further potentiated the cell
cycle arrest. It suggests the important role of HO-1 in regulation of cell cycle progression and DNA
repair mechanism, as unrepaired chromosome will result in cell cycle arrest or apoptosis [29]. Our
study is consistent with the role of HO-1 in cell cycle progression and is even more obvious in cells
treated with gamma irradiation. Together these results explained the enhanced antiproliferation of
irradiation in HO-1 knockdown cells.

The deregulation of cell cycle was found to be related to the expression of cell cycle related
proteins in HO-1 knockdown cells. Western immunoblotting revealed a marked increase in cyclin A
and B1 and cdc2 protein expression in both cell lines. Cyclin A is synthesized in late G1 and
accumulates during S and G2 phase. Expression of cyclin B, a major activator of cdc2 [30], is
normally maximal during the G2 to M phase transition and controls passage through the M phase. In
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normal cells, the mitosis phase is initiated by the cdc2/Cyclin B1 complex, however, in cancer cells,
these proteins are deregulated [31]. In contrast to our results, pectenotoxin-2-induced G2-M arrest
was associated with the reduced levels of cdc2, cylcin B1 and cdc25C in MDA-MB-231 cells [32]. It
is, therefore, the alteration of these checkpoint proteins could be variable depending on inducing
agents [33].

In previous reports showed that ZnPP, a HO-1 inhibitor, enhanced the sensitivity of CCA
cells to chemotherapeutic agents in vitro [17]. In the present study, we demonstrated that the
inhibition of HO-1 activity by ZnPP significantly potentiated the chemotherapeutic effect of GEM in
vivo using CCA xenograft model. This result was consistent with recent studies using xenografted
urothelial tumor, LL/2 lung cancer and pancreatic tumor in mice, where treatment with GEM plus
ZnPP resulted in inhibition of tumor growth [14, 34]. The drug combination probably inhibits cancer
proliferation by interrupting the cell cycle and inhibiting neovascularization by suppression the levels
of vascular endothelial growth factor in tumors [16]. Ir vivo with mice study, ZnPP or GEM alone
suppressed tumor growth with decrease in Ki-67; the regulatory protein for cell cycle and CD31 or
PECAM-1which represents microvascular density. The combination of HO-1 inhibitor and GEM
strongly decreased of Ki-67 and CD31 expression more than monotherapy. This suggests the
enhanced tumor suppression may be from inhibition of cell proliferation and neovascularization.

The mechanism of CCA growth suppression by the drug combination is associated markedly
with increased levels of p53 and p2lexpression in tumor tissues where the monotherapy of ZnPP or
GEM did not affect these levels. p21 has been reported as a p53-dependent downstream
transcriptional control, and a potent cyclin-dependent kinase inhibitor, inhibiting cell cycle
progression and growth [35]. It is noted that GEM or ZnPP alone could only slow down tumor
growth, as both treatment did not significantly induce p53 and p21 levels. These present results were
consistent with our previous in vitro studies , which found increased p21 and cytochrome c expression
in the drug combination group compared to drug alone [17]. The p53 can also cause cell death
through the Bcl2 proteins which can induce the intrinsic mitochondrial apoptotic pathway [36]. Our
previous studies showed that the drug combination could induce a massive formation of reactive
oxygen species which was associated with mitochondrial dysfunction triggering cell death in CCA
cells [17].

It should be noted that animals in ZnPP group or combination group did not show any overt
signs of toxicity, because body weight loss, generally a sensitive index of toxicity, was unchanged in
all animals. Therefore, it probably allow further optimization of the dosage regimen to maximize the
antitumor activity. The strong sensitizing effect of HO-1 inhibition to chemotherapeutic agents may
be of relevance in clinical setting where drug resistance is the main cause of failure in cancer
chemotherapy.

In summary, inhibition of HO-1 resulted in antiproliferation, and suppression of
cytoprotection when it is in combination with anticancer agent (eg. gemcitabine) or gamma radiation
in CCA cells. The antiproliferation of HO-1 knockdown is associated with cell cycle arrest. The
animal experiment showed the potential tumor suppression effect by using combination of ZnPP plus
GEM. This study may provide a novel treatment strategy for CCA by combining HO-1 inhibitor with
chemotherapy and radiotherapy.
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Section 3

NQO1 Expression is Correlated with the Prognosis of Cholangiocarcinoma

Introduction

Cholangiocarcinoma (CCA) is a malignant neoplasm originating from the bile duct
epithelium. Although CCA is a rare cancer worldwide, the incidence and mortality rates have grown
up in the US, United Kingdom, Japan and Australia [1]. The incidence of this cancer is very high in
regions of northeast Thailand, Cambodia, and Laos, where the prevalence of liver fluke infection is
very high [2-3]. Opisthorchis viverrini infection is one of the important risk factors of CCA probably
through chronic inflammation-induced oxidative stress and nitrosative stress [4-5], since chronic
inflammation predisposes to several types of cancers. Activated inflammatory cells release a variety
of inflammatory cytokines such as IL-13, [FN—y, TNF-a and inflammatory mediators, including nitric
oxide and prostaglandin E2 which act as tumor promoters [6-7]. CCA is an aggressive malignancy
characterized by the resistance to the current chemotherapy and radiotherapy in vast majority of cases
[1]. Diagnosis of CCA is very difficult because of the nonspecific clinical manifestations and the lack
of appropriate biomarkers [1, 8]. Complete surgical excision with negative tumor margin, solitary
lesion, absence of lymph node involvement, and lack of vascular invasion are the best predictors for
long term survival [8]. However, current predictors of pathological and operative staging strategies
do not accurately predict long-term prognosis of CCA patients. The other markers for diagnosis or
treatment such as serum markers of CA 19-9 and CEA are of very limited value [1].

NAD(P)H:quinone oxidoreductase-1 (NQO1) is a ubiquitous flavoprotein that functions as an
antioxidant enzyme [9]. The enzyme catalyzes two electron reduction of quinones to hydroquinones,
thus avoids a one electron reduction and associated redox cycling which generates reactive oxygen
species (ROS) (Dinkova-Kostova, 2010). Functions of NQOI1 include xenobiotic detoxification,
superoxide scavenger and the maintenance of endogenous antioxidant vitamins [9]. The antioxidant
role of NQOI1 was suggested by evidences such that the disruption of NQO1 gene [10] or genetic
polymorphism increased the risk of chemical-induced toxicity and cancers [11-12]. Several lines of
evidences indicate that cancer chemoprevention afforded by regular intake of dietary phytochemicals
involves with induction of the phase II enzymes including NQO1 [13]. It is conceivable that NQO1
plays an important role in protecting normal cells against oxidative injury and carcinogenesis.

Over-expression of NQO1 mRNA in tumor tissue compared to the surrounding normal tissue
was reported in liver cancer [14], lung cancer [15], pancreatic cancer [16], and over-expression of
NQOI detected by immunohistochemistry in breast, ovary, thyroid, adrenal, colorectal and bladder
was also observed [17]. These circumstantial evidences suggest that over-expression of NQO1 may
confer cytoprotection for tumor cells against oxidative stress and cause cells resistant to anticancer
agents [18]. The treatment of CCA based on targeting NQO1 has been shown to be a potential
strategy to overcome the resistance in CCA [19]. In this study we analyzed NQO1 expression in CCA
tumor and apparently normal adjacent tissues and examined whether NQO1 expression could be a
prognostic marker of CCA in association with the overall survival.
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Materials and Methods
Subjects

Subjects were patients admitted at Sringarind Hospital, Khon Kaen University for the
treatment of cholangiocarcinoma. All patients have been diagnosed and confirmed by
histopathological examination. Their average age was (mean = SD) 56.1 + 9.4 years, with 27 males
and 16 females. Their survival time ranged from 36 days to 1,120 days, at which time the subjects
were still alive. In this study, nine patients (22.5%) received adjuvant chemotherapy after surgery.
Tumor tissues were collected from surgical resection of tumor mass for histopathological examination
and other tissue samples were kept in liquid nitrogen before uses for extraction of RNA and
enzymatic assay.

Tissue samples

Forty-three tissue sections from the specimen bank of the Liver Fluke and
Cholangiocarcinoma Research Center, Faculty of Medicine, Khon Kaen University. The study
protocol was approved by the Khon Kaen University Ethics Committee for Human Research. Written
informed consent was obtained from all patients. Among forty three samples, thirty samples were
available as the pair of tumorous and non-tumorous tissues. Samples of the same tissue section were
used for assays of NQOT1 activity and total mRNA. Patients who died within 2 weeks after operation
were excluded from this study.

Immunohistochemistry

CCA tissue sections were cut from archival paraffin blocks. Sections were deparaffinized in
xylene and rehydrated through descending alcohol series to distilled water. Endogenous peroxidase
activity was eliminated by placing sections in 3% hydrogen peroxide for 30 min. Sections were rinsed
in PBS for 10 min and then blocked in 5% milk in PBST for 20 min. Immunohistochemistry analysis
of NQO1 was performed using mouse monoclonal IgG against NQO1 (sc-32793, Santa Cruz, CA,
USA) 1:100 dilution for an overnight at 4°C, followed by Immunodetection with Envision system-
HRP labeled polymer anti-mouse (Dako) for 1 hr. Sections were counterstained with hematoxylin,
and photographed.

NQOL1 activity in tissues.

Tissues was thawed, cut into small pieces in ice-cold 1.15% (w/v) KCI in 0.1 M phosphate
buffer pH 7.4 and homogenized with Utra-Turrax homogenizer. Homogenates were centrifuged at
100,000 g at 4°C for 6 min. Finally, supernatant was collected for the cytosol fraction and the
microsomal pellet was resuspended by homogenizing the pellet in the same buffer. Cytosol and
microsomal fractions were preserved with 20% (v/v) glycerol. Aliquots of samples were stored at -
70°C until use.

NQOT activity was measured according to the previously described method [20] with slight
modifications [21]. Cytosol samples were assayed by coupling reaction using menadione and
MTT (3-(4,5-dmethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) as the substrate.
Tissue cytosol was added to reaction mixture containing with Tris 25 mM, pH 7.4, bovine serum
albumin 67 mg/mL, 0.015% tween-20, 50 uM FAD, 1 mM glucose-6-phosphate (G6P), 30 [IM
NADP, 2 unit/mL G6P-dehydrogenase, 0.03 mg/mL MTT and 0.24 uM menadione. The assay was
performed in the presence and absence of 50 pM dicoumarol. The enzyme activity was measured as a
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rate-kinetics at a wavelength of 620 nm, and the readings were made at 30 sec intervals for 5 min. The
initial velocity of dicoumarol-suppressible kinetics was calculated as the NQO1 activity using the
extinction coefficient of formazan of MTT of 11,300 M cm™.

RNA preparation and reverse transcription-polymerase chain reaction

Total RNA was extracted from tumor tissues using Trizol reagent following the
manufacturer’s instruction. Total RNA (1 pug) was reverse-transcribed in 20 pL containing 0.5 pg of
oligo(dT),5s primer, 20 U of RNasin® ribonuclease inhibitor and 200 U of ImProm-IT ™ reverse
trancriptase in 10 x PCR buffer, 3 mmol/LL MgCl,, and 1 mmol/L dNTPs. The first-strand cDNA was
synthesized at condition of 42°C for 60 min. The reverse transcription products were served as a
template for real-time PCR. PCR amplification was performed using specific primers for the NQOI1
using beta-actin as an internal control. The PCR primer sequences were: NQO1; forward primer: 5’
GGC AGA AGA GCA CTG ATC GTA 3’, NQOT; reverse primer: 5° TGA TGG GAT TGA AGT
TCA TGG C 3’, GenBank accession number BC007659.2, with the expected amplicon size of 159 bp,
beta-actin; forward primer: 5° TGC CAT CCT AAA AGC CAC 3’, beta-actin; reverse primer: 5’
TCA ACT GGT CTC AAG TCA GTG 3’, GenBank accession number NM_001101.3 with amplicon
size of 290 bp. The real-time PCR, based on SYBR Green, was carried out in a final volume of 20 uL
containing 1x SYBR Green master mix, 0.5 umol/L of each NQO1 or beta-actin primers. Thermal
cycling was performed for each gene in duplicate on cDNA samples in 96-wells reaction plate using
the ABI 7500 Sequence Detection system (Applied Biosystems). The negative control, set up by
substituting the template with deionized H,O and that routinely had a high Ct value which represented
the lower detection limit, was included in the experimental runs. Real-time PCR was conducted with
the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 55°C for
30 s and 72°C for 45 s. Assay was performed in triplicate. The relative expression ratio (R) of the
target genes was calculated based on the efficiency (E) and CT deviation and expressed as the ratio to
the reference gene. The corresponding real time PCR efficiencies were calculated according to the
equation E = 10 "*°P*1 A]l data were analyzed using Sequence Detector Software Version 1.4
(Applied Biosystems).

Statistical analysis

Data are expressed as mean £SD. Student’s z-test was used to determine significant
differences between tumor and normal tissues. The level of significance was preset at P<0.05. Cross
tabulations were analyzed with the chi-square test for association of NQO1 mRNA expression and the
pathological features of patients. The Kaplan-Meier survival curves were generated for patients who
having high and low expression of NQO1 mRNA, histological types of papillary type and other.
Hazard ratios and p-values for comparisons of patients having high and low NQO1 expression were
calculated based on multivariate Cox proportional hazards model, adjusting for their age, sex,
histological types, tumor residue and metastasis. The analyses were conducted by using Stata software
version 7.0

Results

Characteristics of patients
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Characteristics of subjects are shown in Table 1. There were 8 long survivors, and 6 out of 8
patients had a papillary type CCA by histopathology. Patients in this series were initially evaluated as
the candidates for complete excision. However, only 18 (42%) patients were proven to have been
achieved complete resection with negative margin (RO) by histopathology, while all the others have
extensive invasion and tumor residue at the surgical margin.

Table 2 Multivariate analysis by COX proportional hazards

Hazard
Variable ratio 95% CI p-value
Age

<57 1

>=57 2.74 1.23-6.07 0.013
Gender

Female 1

Male 1.02 0.49-2.42 0.84
Histological types

Papillary 1

Non-papillary 2.99 1.39-6.42 0.005
Metastasis

Presence 1

No evidences 1.25 0.56 -2.79 0.58
Surgical margin

RO 1

Not RO 2.61 1.11-6.14 0.027
NQOI1 mRNA expression

Low 1

High 2.43 1.12-5.28 0.025

NQOL1 activity and immunohistochemical localization in CCA tissue

NQOTI activity in tumor tissues was much higher than that in non-tumor adjacent tissues (p
<0.001) (Fig. 1). The median and 25% and 75% percentiles of NQO1 activities were 14.9, 1.0 and
20.8 nmol/min/mg protein for tumor tissues and 0.81, 0.44 and 1.21 nmol/min/mg protein for normal
tissues. There was no association between NQO1 activity and survival time or NQO1 mRNA
expression. The immunohistochemical staining in tumor and non-tumor areas are shown in Fig.2.
The normal issue showed liver parenchyma and small bile ducts only weakly stained with NQO1 in
cytosol (Fig.2B). NQOI1 is strongly stained in tumors with tubular type as well as papillary type of
adenocarcinoma (Fig 2 C and D).

NQOL1 expression and association with clinicopathologic variables

Expression levels of NQO1 mRNA were measured by reverse-transcription real-time PCR.
Subjects at the forth quartile of NQO1 expression were assigned to high expression group (13
subjects) and the rest were low expression group (30 subjects). There was no significant correlation
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between the level of NQOI1 and the histological type of tumors, and evidence of metastasis (Table 1).
The age of patients between NQO1 high and low groups was also of no difference.
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Figure 1. Activity of NQOL1 in tissues from normal and tumor sections of CCA
patients. Surgical liver specimens from CCA patients were sectioned for tumor and adjacent normal
tissues. Tissues were homogenized for preparation of cytosolic fraction to determine NQOI1 activity
by the enzymatic coupling assay. All samples were performed in triplicate assay. Small horizontal

bars on the right side of the plots represent the percentiles of 25", 50" and 75"

Figure 2 Immunohistochemical staining of NQO1 in CCA sections. A. The
negative control of NQO staining. B. The non-tumor tissue stained very weakly with NQO1, a: non-
tumor bile duct, b: liver parenchyma, and c: bile duct tumor stained strongly with NQO1. C. The well-
differentiated adenocarcinoma type. D. The papillary type. (Original magnification of x40 for A & C,
and 10X for B & D)
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Survival time analysis

The median survival time of the patients in this series was 267 days with 95% CI of 131 to
403 days. Using Kaplan-Meier and log-rank analysis, the median survival time of CCA patients with
the high and low expression of NQO1were of 149.0 days (95%CI: 102-196 days) and 342.0 days
(95%CI: 228 to 456 days), respectively. The median survival time of the patients having papillary
and non-papillary types by histology were 297 (95%CI: 219-375 days) and 157 day (95%CTI: 98-352
days), respectively. In the univariate analysis, none of variables was a significant predictor for
survival.

The multivariate Cox proportional hazard analysis was performed in patients to explore the
impact of NQO1 expression after adjusting for age, gender, histological type, metastasis and presence
of tumor residue. The levels of NQOI expression, histological type, gender and tumor residue at
surgical margin were significant predictors of the survival time of CCA patients (Fig. 3). CCA
patients with low expression of NQO1 have longer survival than who have high expression, with the
hazard ratio of 2.43 (p< 0.05) (Table 2). The prognosis of patients having papillary adenocarcinoma
was better than the patients having other histological types of CCA with the hazard ratio of over 2.99
(Table 2). The patients with residual tumor (surgical margin positive) were at risk with the hazard
ratio of 2.61 when compared with complete excision of tumor.

Figure 3 Cumulative survival curves for intrahepatic cholangiocarcinoma. A.
The survival function at mean of covariates. B. Survival function stratified by the levels of NQO1
mRNA expression. C. Survival function stratified by histological. D. Survival function type stratified
by surgical margin. Tumor tissues from surgical sections of cholangiocarcinoma patients were
prepared for total RNA and analyzed for NQO1 mRNA by reverse-transcription and real-time PCR.
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All samples were performed in triplicate assay. Patients with high NQO1 mRNA expression group or
histology of non-papillary type or surgical margin showing tumor residue had worse overall survival.

Discussion

NQOTI functions as xenobiotic metabolizing and antioxidant in normal cells. NQO1 gene is
one of the down-stream genes regulated by Nrf2 - antioxidant-response-element (Nrf2-ARE)
signaling pathway, which is an important target for cancer chemoprevention of various
phytochemicals [13]. However, in certain circumstances, NQO1 also functions to protect tumor cells,
as it is over-expressed in some cancers [14-15, 18]. Our results revealed that NQO1 expression by
immunohistochemical staining and NQO1 activity in tumor tissues were significantly higher than the
normal adjacent tissues. NQO1 mRNA expression in tumor tissue can be an independent predictor of
long-term survival.

In this study, NQO1 activity was very high in CCA tumor tissues compared to the normal
liver tissue. There was a wide variation in the activity of tumors, whereas there was much less in
normal tissues. However, there was lack of correlation between the activity and mRNA expression of
NQOI. The high expression might not directly represent the activity observed. Alternatively, NQO1
expression may represent the activity of Nrf2-ARE signaling system, where the pathway could
regulate a number of downstream genes including NQO1 and other antioxidant genes where they
provide cytoprotection and resistance to stress [22].

In a previous study, Strassburg et al [23] reported the expression of NQO1 and NQO?2 in bile
duct tumor was comparable to that of normal bile duct tissues. In contrast to our study, high NQO1
immunohistochemical staining was observed in CCA tissues, whereas surrounding tissues including
normal bile ducts and liver parenchyma were very weakly stained. Since Strassburg et al. [23]
observed in only four CCA patients and use of gall bladder as the representative normal biliary
tissues. The small sample size with different control specimen might cause the differences in results.

Recently Wakai et al. [24] reported that the loss of NQOI1 expression evaluated by
immunohistochemical technique was associated with the poor prognosis of intrahepatic CCA. This
report is in contrast with our finding where low NQO1 expression is associated with longer survival
than the high expression. The discrepancy of findings may be due to the different study populations.
CCA patients in our report were from the Northeast region of Thailand where liver fluke infection is
probably the most important causative agent of CCA [25-26]. On the other hand, Wakai et al. studied
on Japanese patients where opisthorchiasis is not a risk factor. Related to this, Jinawath et al [27]
reported that liver fluke-associated and non-liver fluke associated intrahepatic CCA showed
significantly different gene expression profiles in such that, xenobiotic metabolizing enzyme genes
were over-expressed in Thai CCA patients, whereas growth factor signaling genes were over
expressed in Japanese patients [27]. A larger population is deemed necessary to clarify an association
of NQOI1 and the prognosis of CCA. It also highlights the need to evaluate the biomarkers under
relevant circumstances.

Apart from NQOI, the present results revealed that histological type of CCA tissue could be a
significant and independent predictor associated with prognosis of the patients; i.e. the patients having
papillary type have better prognosis than those having non-papillary type. Our result is in agreement
with the previous report in CCA patients of Thailand [28]. Histological type and NQO1 expression
are independent parameters of patients’survival, as the histological type is not correlated with NQO1
expression level (Table 1). Residual tumor after surgical operation is usually regarded as the
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predictor of poor survival after surgery. The complete excision of tumor with surgical margin
negative (RO) is associated with long-term survival [29]. Our study is consistent with the concept of
patients without RO excision are at higher risk than those with RO operation.

In summary, NQOT1 acting as xenobiotic metabolizing and antioxidant enzyme was over-

expressed in the majority of CCA. Since NQOI is over-expressed in some other tumors, this enzyme

may provide protection to cancer cells. The high expression of NQO1 was associated with poor

prognosis. Histology of tumors of papillary type and complete surgical removal of tumor mass were

significantly associated with good prognosis. Further study with larger population is necessary to
clarify the inconsistency among the reports.
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Section 4

Phenethyl isothiocyanate induces apoptosis of cholangiocarcinoma cells through
interruption of glutathione and mitochondrial pathway

Introduction

Isothiocyanates (ITCs) are hydrolysis products of a group of naturally occurring thioglucoside
and glucosinolate compounds which are found in cruciferous vegetables and others including
broccoli, cauliflower, cabbage, brassicas, watercress, and kale [1]. The ITCs rather than their parent
compounds, the glycosinolates, are highly active. The ITCs including phenethyl isothiocyanate
(PEITC), sulforaphane and allyl isothiocyanate are very effective antioxidants and potent suppressors
of tumor growth [2]. The compounds possess dual effects of antioxidant activity and also generation
oxidative stress. The antioxidant is demonstrated by radical scavenging activity and indirectly by
induction the expression of antioxidant and cytoprotective enzymes, whereas the oxidative stress is
generated via several cellular mechanisms [1]. The antitumor activities in vitro and in vivo confer a
collective activity so-called cancer chemoprevention [3-5]. Several epidemiological studies have
suggested that dietary intake of cruciferous vegetables is inversely related to the development of
cancer [6]. PEITC, an isothiocyanate, found abundantly in cruciferous vegetables has been shown
effectively inhibit the growth of cancers of prostate, colon, lung, and leukemic cells [7-9]. Clinical
trials of PEITC on the treatment of lung cancer and leukemia are currently undertaken
(www.clinicaltrials.gov).

The cancer chemopreventive effects of PEITC are expressed via several cell signaling
pathways at multiple levels. The induction of reactive oxygen species (ROS) formation plays a
pivotal role in oxidation of cellular redox-sensitive molecules and disruption of the mitochondrial
function leading to the death of leukemic and prostate cancer cells [5, 10]. However, PEITC mediated
apoptosis of HepG2 or multiple myeloma cells were suggested to be independent of ROS formation
[11-12]. It is interesting to note that PEITC mediates apoptotic cell death of various drug-resistant
cancer cells including imatinib-, gleevec- and fludarabine-resistant leukemic cells, and prostate cancer
[10, 13-14]. Moreover, the effects of PEITC on multiple steps of cancer growth make this compound
highly versatile and promising candidate for cancer chemoprevention and chemotherapy.

Bile duct cancer or cholangiocarcinoma (CCA) is a highly malignant adenocarcinoma
originating from the cholangiocytes [15]. CCA is a rare type of cancer world-wide, however CCA is
the most common type of liver cancer in some regions in Asia, particularly the Mekong Basin sub-
region, where the incidence of CCA is highest in the world [16]. In the Western countries, the
incidence and the mortality rate of intrahepatic CCA are reportedly increasing at an alarming rate [15,
17]. The prognosis of CCA patients is very poor, because most patients are already in the advanced
stage at diagnosis. Chemotherapy and radiotherapy shows modest benefit for prolonged overall
survival in patients with unresected CCA [18]. Currently, there is no standard regimen of
chemotherapy for CCA [15]. Despite of many recent advances in cancer chemotherapy, management
of CCA is still an immense challenge and several strategies in sensitizing resistant CCA cells to
respond to chemotherapeutic drugs have been attempted [19-20].

The cancer chemopreventive effect of PEITC in CCA is still unknown. In this study, we
examined the inhibitory effect of PEITC on KKU-100, a CCA cell-line derived from human tumor
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tissue with poorly differentiated adenocarcinoma. To elucidate the possible mechanisms of the
effects of PEITC on CCA cells, ROS formation, GSH redox stress and mitochondrial function were
evaluated for PEITC-treated CCA cells. The results show that the PEITC-mediated killing of CCA
cells was not associated with the generation of superoxide anion. The disruption of GSH redox may
be an important step eliciting mitochondrial dysfunction, a common pathway leading to cell death.

Materials and methods
Chemicals and reagents

Phenethyl isothiocyanate (PEITC), 4-hydroxy-TEMPO (TEMPOL), N-acetyl-L-cysteine (NAC),
dihydroethidium (DHE), sulphorhodamine B (SRB) and buthionine sulfoximine (BSO), were
obtained from Sigma Chemical Co. (St. Louis, MO, USA). 1-Methyl-2 vinyl-pyridinium trifate
(M2VP) was obtained from Fluka Chemical (Buch, Switzerland). 5,5’,6, -tetrachloro-
1,17,3,3 tetraethylbenzimidazolyl carbocyanine iodide (JC-1) was obtained from Clayman Chemical
(Ann Arbor, MI, USA). Caspase 9 substrate I (Ac-LEHD-AFC), granzyme B substrate II caspase 8
(Z-IETD-AFC) and glutathione monoethylester (GSH-MEE) were purchased from Calbiochem (EMD
Millipore, Billerica, MA, USA). EnzCheck® Caspase-3 Assay kit#1 was purchased from Molecular
Probes (Eugene, OR, USA). Antibodies used for immunoblotting were from Santa Cruz
Biotechnology (Sandiego, CA, USA).

Cell cultures

A human CCA cell line, KKU-100 established in our institute [21], were grown in Ham’s F12
medium supplemented with 4 mM L-glutamine, 1 mM sodium pyruvate, 12.5 mM N-2-
hydroxyethylpiperazine-NO-2-ethanesulfonic acid (HEPES; pH 7.3), 100 U/mL penicillin, 100 pg/mL
streptomycin sulfate and 10% fetal calf serum and maintained under 5% CO;in air at 37°C. The cells
were subcultured every 2-3 days before cultured cell confluence using 0.25% trypsin—EDTA, and the
medium was changed after overnight incubation.

Cytotoxicity assay

CCA cells were seeded onto 96-well culture plates at a density of 7,500 cells/well. After an overnight
culture, the serum-free medium was replaced with an addition of PEITC, and the cells were cultured
for various time intervals. The cytotoxicity was examined by the SRB assay. In brief, cultured cells
were fixed with ice-cold trichloroacetic acid and stained with 0.4% SRB in 1% acetic acid for 30 min.
Excess dye was removed by rinsing several times with 1% acetic acid, and protein-bound dye was
dissolved with 10 mM Tris base solution for determination of absorbance with a microplate reader
with filter wavelength of 570 nm.

To determine cells undergone apoptosis, cultured cells were stained with fluorescent dyes as
previously described [19, 22]. In brief, the cells were washed once with phosphate-buffered saline
(PBS) and stained with acridine orange and ethidium bromide (AO/EB) in PBS with the trace amount
of hemoglobin. The cells were examined using a Nikon Eclipse TS100 inverted microscope with the
excitation and emission filters of 480 nm and 535 nm, respectively. The number of viable, apoptotic,
and necrotic cells which were stained with green fluorescence with intact nuclei, green fluorescence
with the appearance of cell shrinkage, nuclear condensation and fragmentation, and bright orange
fluorescence, respectively, were enumerated. The apoptotic cells were calculated as the percent
apoptotic cells over a total number of cells in the same area.
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Assays for ROS and glutathione

Intracellular ROS generation was measured by cell-permeable fluorescent probe, DHE, staining,
which is specific for superoxide anion. Briefly, 5x10 cells were seeded in 96 black well plates and
cultured overnight. Then, the medium was removed and the cells were washed with PBS, and were
treated with PEITC, 25 uM DHE with or without 2 mM NAC or 0.5 mM TEMPOL in serum-free
medium and kept under an atmosphere of 5% CO, at 37°C for 90 min. The fluorescence intensity was
read and quantified in a Gemini XPS fluorescent plate reader with excitation and emission wavelength
of 518 nm and 605 nm, respectively.

Glutathione was assayed by the method previously described [22] using 1-methyl-2-
vinylpyridinium trifate (M2VP) as a glutathione scavenger. In brief, cell lines were trypsinized and
washed three times with cold PBS and cell suspensions were reacted with M2VP (1 mM) for
determination of GSSG. Another aliquot of cell suspension was used for the assay of total GSH. The
cultured media were collected, centrifuged, and supernatants were saved for total GSH assay.

Measurement of mitochondrial transmembrane potential

The dissipation of the mitochondrial electrochemical potential gradient is known as an early event in
apoptosis. The assay of mitochondrial transmembrane potential (A¥,,) was performed according to the
previously described method [20] using the cationic, lipophilic dye, 5,5°,6, -tetrachloro- 1,1°,3,3’
tetraethylbenzimidazolyl carbocyanine iodide (JC-1) staining. The cells were seeded in 96 black well
plates at the density of 1x10* cells/well and cultured overnight before treatment with PEITC at varied
concentrations for 3 and 24 h. Images were captured by a fluorescence microscope with excitation
wavelength of 485 nm and long-pass emission wavelength of 535 nm. JC-1 forms J-aggregates in
healthy mitochondrial matrix, which can be visualized as red fluorescence. In depolarized
mitochondria, JC-1 effluxes to the cytoplasm and exists as monomers with green fluorescence. The
shift of red to green fluorescence is an indicative of depolarization of AY,,.

Western blot analysis

Whole cell lysates were prepared as described previously [19]. The protein was electrophoretically
separated on 10% SDS—polyacrylamide gel and was transferred to polyvinylidene difluoride (PVDF)
membranes by semi-dry blotting. The PVDF membranes were blocked with 5% (w/v) skimmed milk
powder in PBS and incubated overnight at 4 °C with primary antibodies including rabbit polyclonal
IgG against cytochrome c (sc-13560), Bax (sc-493) and AIF (sc-5586), and mouse monoclonal 1gG
against Bcl-XL (sc-8392) and B-actin (sc-1616). The primary antibody was removed and the blots
were incubated with the respective horseradish peroxidase-conjugated secondary antibodies (goat
anti-mouse or anti-rabbit IgG). The blots were incubated with ECL substrate solution. The densities
of bands of specific cytochrome c, Bcl-XL, Bax, AIF and B-actin were visualized and captured by
Imagequant™ 400.

Measurements of caspase activities
After treatment with PEITC for 3 and 6 h, the cultured cells were trypsinized, washed in PBS and

adjusted to 10° cells for each reaction. Cell pellets were stored frozen at -80°C for analysis at a later
time. Cell pellet was lysed with the cell lysis buffer and incubated on ice for 10 min. After

50



centrifugation to pellet the cellular debris, the supernatant was transferred to individual microplate
wells and processed according to the manufacturers’ instructions using Ac-LEHD-AFC as caspase 9
substrate, Z-IETD-AFC as caspase 8 substrate and Z-DEVD-AMC as caspase 3 substrate. The
fluorescent signals were read using Gemini XPS fluorescent plate reader with the excitation and
emission wavelengths of 400 and 505 nm, respectively, to assess caspase 9 and 8 activities, and 340
and 440 nm, respectively to caspase 3 activity.

Statistical analysis

All results were presented as the mean + S.E.M. Comparison between control and treated group was
performed with Student’s t-test or ANOV A with Student-Newman-Keuls test, where appropriate. The
level of significance was set at p<0.05.

Results
PEITC induced cytotoxicity and depletion of GSH

To examine the cytotoxic effect of PEITC, KKU-100 cells were exposed to various concentrations
(0.3, 1, 3, 10 and 30 uM) of PEITC for 24 and 48 h (Figure 1a). The viability of CCA cells reduced
rapidly after exposure to PEITC in a dose-response manner and the % cytotoxicity at 48 h was not
significantly different from that at 24 h. The IC50 values were not different between 24 and 48 h of
incubation (inset, Fig. 1a). Moreover, PEITC induced apoptosis very rapidly within the first 3 h and
in a dose dependent manner (Fig.1b). In contrast, PEITC induced only few number of necrotic cell
death at every time points (data not shown).

As cellular GSH is the major cellular redox buffer, the mechanism of PEITC-induced
cytotoxicity was suggested to be associated with disturbance of GSH [14]. GSH in KKU-100 cells
was decreased rapidly within first 3 h and continuously suppressed through 24 h of incubation (Fig.
1c). The efflux of total GSH from the cells into the medium was also determined to observe how
oxidative stress was handled by CCA cells. Total GSH levels in the medium were increased with time
of incubation and concordant with the decrease of cellular GSH levels (Fig. 1c).
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Fig 1. PEITC induced cytotoxicity and GSH depletion. KKU-100 cells were incubated with various
concentrations (0.3, 1, 3, 10, 30 uM) of PEITC for 24 and 48 h before the cytotoxicity of the cells was
determined by SRB assay (a) and the number of apoptotic cells was assessed by AO/EB method at 24 h of
incubation (b). GSH levels were measured in cell pellet as intracellular GSH (c) and in the medium as efflux
from the cells. Each value represents the mean + SEM of three experiments. *Significantly different from
controls, p<0.05.

Effects of Antioxidants on PEITC-induced ROS formation and GSH depletion

As PEITC suppressed cell growth and induced cell death in association with oxidative stress
manifested as GSH depletion, we evaluated whether the GSH redox stress was causally related with
the formation of superoxide anion by using TEMPOL, a superoxide scavenging agent and NAC, a
thiol antioxidant and redox reagent. Treatment of 3 or 10 uM of PEITC rapidly induced an increase
of fluorescent signals of superoxide formation within 90 min (Fig. 2a). Co-treatment of the cells with
PEITC and 0.5 mM TEMPOL or 2 mM NAC almost completely suppressed PEITC-induced ROS
formation in the cells. Treatment with NAC or TEMPOL alone did not change the basal ROS levels
when compared with controls. GSH in the cells was determined after concurrent treatment of PEITC
with TEMPOL or NAC. The PEITC (10 uM) suppressed the cellular GSH after incubation for 3 h. It
was only NAC that could completely stabilize GSH levels when cells were treated with PEITC (Fig.
2b). The treatment of TEMPOL could not protect losses of cellular GSH and even induced loss at low
concentration of PEITC.
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Fig. 2. Effect of antioxidants on superoxide formation and GSH levels KKU-100 cells were
incubated with PEITC at indicated concentrations [ 3 and 10 pM, shown as P3 and P10] with or without
TEMPOL (TEM, 0.5 mM) or N-acetylcystein (NAC, 2 mM) for 90 min. Superoxide formation was quantified
by dihydroethidium fluorescent method (a). The effects of TEM and NAC on PEITC-induced reduction of
cellular GSH were determined after incubation for 3 h (b). Each bar represents the meant SEM of three
experiments. *Significantly different from controls, p<0.05, T significantly different from PEITC treatment,
p<0.05.

Protective effect of TEMPOL and NAC on PEITC-induced cytotoxicity

To evaluate whether the cytotoxicity of PEITC was associated with the superoxide and GSH redox
stress, KKU-100 cell were concurrently treated with PEITC and TEMPOL or NAC. The presence of
TEMPOL could not suppress the cytotoxic effects of PEITC at any incubation periods, i.e. 3, 24 and
48 h. Rather, the concurrent treatment with TEMPOL tended to exacerbate the cytotoxic effect of
PEITC at 24-48 h of incubation (Fig. 3 upper panel). On the other hand, NAC significantly prevented
the cytotoxicity of PEITC (Fig. 3 upper panel) in association with the protection of cellular GSH (Fig.
2b).

PEITC-induced depolarization of mitochondrial transmembrane potential

To elucidate the underlying mechanisms of PEITC-induced cytotoxicity in relation to oxidative stress,
the effect of PEITC treatment on mitochondrial function was investigated. The mitochondrial
transmembrane potential (AY;,) was determined by JC-1 assay in cells treated PEITC for 3 and 24 h.
In control cells, mitochondria predominantly exhibited red fluorescence indicating the intact A¥,, (Fig
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3A, lower panel). PEITC rapidly depolarized AY,, as revealed by green fluorescence staining. The
depolarization of AY¥;, was apparent within the first 3 h of PEITC treatment and persisted up to 24 h.
When cells were concurrently treated with PEITC and antioxidants, NAC but not TEMPOL, showed
protective effect on the AY,, (Fig. 3¢ & d). Treatment with TEMPOL or NAC alone did not affect
AY,, (data not shown). The changes in A¥,, were correlated well with the cytotoxicity of PEITC.

Fig. 3. Effects of antioxidants on cytotoxicity and changes in mitochondrial transmembrane
potential KKU-100 cells were incubated with PEITC at indicated concentrations [P3 and P10 (uM)] with or
without TEMPOL (TEM, 0.5 mM) or N-acetylcystein (NAC, 2 mM) for 3, 24 and 48 h. The cytotoxicity was
assayed by SRB method (bar graph in upper panel). Each bar represents the mean + SEM of three experiments.
*Significantly different from control, p<0.05, T significantly different from PEITC treated group, p <0.05. The
AY,, was assessed using JC-1 staining method after the cells were treated with PEITC for 24 h. Fluorescent
images were captured by a fluorescence microscope. The experiment was done twice with similar results. The
representative images from one experiment are shown (images in lower panel).
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Effects of GSH replenishment and GSH depletion

Since there was a relationship between GSH depletion and cell death, we further evaluated whether
depletion of GSH by PEITC was an important cause of cell death. For this purpose, the cultured cells
were treated with BSO (0.5 mM), an inhibitor of GSH synthesis. Treatment with BSO caused a rapid
depletion of cellular GSH (data not shown), but did not induce any cytotoxic effect after incubation
for 24 h (Fig. 4 a). However, BSO strongly potentiated PEITC-induced cytotoxicity. The result
indicates that GSH depletion alone is insufficient to cause cell death. To demonstrate the protective
effect of NAC is related to GSH redox regulation, the cells were treated with GSH-MEE, a cell
permeable GSH concurrent with high concentration of PEITC to cause massive cell death. Treatment
with GSH-MEE could almost completely prevent cell death (Fig. 4b).

Fig. 4 Effects of GSH replenishment and GSH depletion on PEITC-induced cytotoxicity
Cultured cells of KKU-100 cells were treated with combination of PEITC and buthionine sulfoximine (BSO) for
24 h for 24 h (a) or PEITC with glutathione monoethylester (GSH-MEE) (b). Analysis of cell death was
performed by fluorescent staining method. Each bar represents the mean + SE of three experiments.
*Significantly different from controls, p<0.05

Effects of PEITC on cytochrome c, Bcl-2 proteins and caspase activity

The involvement of mitochondria in PEITC-induced cytotoxicity was examined further. After PEITC
treatment for 3 and 6 h, the remarkable release of cytochrome ¢ was observed (Fig.5, left panel) along
with increases in AIF and Bax levels, while Bcl-x1 expression was suppressed.
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Along with the cytochrome c release, the activation of caspases was observed. PEITC
treatment activated caspase-9 and -3, but not caspase 8, in KKU-100 cells (Fig.5, right panel).
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Fig. 5. PEITC induced the release of cytochrome ¢ and Bcl2 proteins, and activation of caspases
KKU-100 cells were treated with PEITC (10 uM) for 3 and 6 hours. The cytosol protein was analyzed for
cytochrome c, Bax, Bel-xl and AIF by Western immunoblotting using -actin as loading control. Values beneath
images indicated the relative protein intensity as a ratio of the treatment to the corresponding vehicle-treated
control. Each experiment was done at least twice with similar results, and the representative bands from one
experiment are shown (images at left panel). The total cell lysates were assayed for caspase activities using
specific fluorogenic substrates (bar graph at right panel), caspase-3 (a), caspase-8 (b) and caspase-9 (c). Each
bar represents the mean + SE of three experiments. *Significantly different from corresponding controls,
p<0.05.

Discussion

PEITC is a natural compound of isothiocyanate group. It has been advocated as a chemopreventive
agent for leukemia, pancreatic, prostate and lung cancers [2, 5, 14, 23]. The mechanism of actions of
PEITC is multifaceted, including ROS formation, interacting with redox-signaling and mitochondrial
proteins, leading to oxidative stress and mitochondrial damage [7, 9-10]. Although CCA is a
malignant tumor highly resistant to chemotherapy [18, 24], PEITC potently inhibited CCA cell
growth and induced apoptosis. The ROS was generated by PEITC, but it does not seem to play a
critical role in induction of cell death. On the other hand, GSH depletion and oxidative stress seems
to increase cellular redox stress and alter expression of Bcl-XL and Bax protein expressions with
subsequently initiating an intrinsic mitochondrial cell death pathway leading to the release of
cytochorome c, activation of caspase enzymes and ensuing cell death.

PEITC-induced GSH depletion in association with cell death is consistently observed in
various tumor cells [2, 14, 25]. GSH depletion might be caused by the increased ROS formation.
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Alternatively, GSH depletion by PEITC may be caused by rapid adduction of GSH. The PEITC
adducts efflux from the cells via multi-drug resistance associated protein 2 (MRP2), whereas PEITC
could reversibly be hydrolyzed and re-taken up into the cells to generate a wasting cycle of GSH [2].
This was consistent with the observed rapid increase of GSH efflux into the medium. However, GSH
depletion itself could not induce cell death, as BSO, which could deplete GSH by large, did not
induce cell death. However, depletion of GSH may sensitize the cells to the other concurrent effect of
PEITC leading to cell death. This is consistent with our results in that NAC and GSH-MEE can
almost completely abolish cytotoxicity of PEITC. Because, NAC is not an efficient radical scavenging
agent [26], it serves as a precursor for GSH synthesis. More importantly, GSH and NAC have been
shown to play critical roles in modulating a number of redox-sensitive enzyme, where these proteins
involve in cellular signaling for survival and cell death [27]. It is probable that PEITC may exert
multiple effects probably via redox stress in induction of cell death.

In these studies, TEMPOL, a superoxide scavenger [28], abolished superoxide anion without
cytoprotective effect. The role of ROS in PEITC-induced cell death may be cell type-specific,
because PEITC caused cell death of chronic lymphocytic and chronic myelogenous leukemic cells in
a ROS dependent manner [5, 14]. On the other hand, PEITC and its electrophilic adducts may cause
oxidative stress by interacting with an active cysteine thiol moiety of vital cellular molecules,
particularly redox regulating and signaling regulating proteins such as thioredoxin, 14-3-3 protein,
and HSP where those proteins are ultimately involved in the regulation of cell death [9]. Our results
suggested a mechanistic dissociation between superoxide production and cellular redox disturbance,
in the regulation of cell death.

Cellular GSH redox plays important roles in the complex process of apoptosis involving with
Bcl2 family proteins where Bcl2 proteins modulate the mitochondrial permeability transition (MPT)
and the activity of mitochondrial complexes [5]. The mode of action of PEITC to CCA cells, which is
common to some tumor cells, may be an induction of mitochondrial damage [5, 10]. The
mitochondrial dysfunction is evidenced by the loss of A¥,, which is closely related to the cytotoxic
effect of PEITC. The MPT pore is a protein pore that is formed in the inner membrane of
mitochondria under certain stimuli. The opening of the MPT pores lead to the loss of proton gradient
across the membrane rendering mitochondria into a depolarized state, whilst increasing the number of
MPT pores leads to apoptosis and necrosis [29]. As NAC prevented the loss of AY,, and protected
cell death, this suggests redox stress may an early event leading to mitochondrial damage, whereas
NAC may alleviate the redox stress.

In the present study, the release of cytochrome ¢ and AIF via mitochondrial outer membrane
paralleled with the altered levels of Bax and Bcl-xl. Bax is a multidomain proapoptotic Bcl2 family
protein which forms the MOMP upon activation [30]. The release of cytochrome c resulted in the
activation of caspase enzymes in KKU-100 cells. AIF, a caspase-independent effector of apoptosis, is
located in the inner membrane of mitochondria and released upon induction of apoptosis [31]. AIF is
activated by oxidative modifications and proteolysis. The release of AIF from mitochondria is
regulated by Bcl2 proteins including Bcl-x1 and Bax to form MOMP [31]. It is noted that, caspase 8
activity remained unchanged, suggesting that the induction of apoptosis of KKU-100 cells by PEITC
may be primarily mediated through the intrinsic mitochondrial pathway.

In summary, PEITC induced ROS-independent oxidative stress, GSH depletion, alteration of
Bcl2 proteins leading to mitochondrial dysfunction and cell death. The exact mechanism of alteration
of GSH affecting the changes in Bcl2 proteins remains to be elucidated. PEITC is an useful
chemopreventive agent where it provides multiple modes of actions to inhibit CCA cells.
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Section 5
Phenethyl isothiocyanate induces calcium mobilization and mitochondrial cell death

pathway in cholangiocarcinoma KKU-M214 cells

Background

Cholangiocarcinoma (CCA) is a malignancy originating from the bile ducts, usually
adenocarcinomatous, and is the second common primary liver cancer [1]. CCA is a rare cancer
worldwide, but the most common form of liver cancer in Mekong subregion countries, including
northeastern Thailand, Cambodia, Vietnam and Laos [2]. In the Western countries, the incidence and
the mortality rate of intrahepatic CCA have risen steeply and steadily over the last decades [3]. In
spite of tremendous efforts to improve the treatment, CCA is still notoriously difficult in diagnosis
and treatment [3]. Most of CCA patients are already in the advanced stage at diagnosis, and the
radical surgery is not feasible. Chemotherapy and radiotherapy could not improve the survival of
patients with unresectable CCA [3]. Despite of recent advances in chemotherapy for many cancers,
management of CCA with chemotherapeutic drugs and biologic agents has so far been unsatisfied.
The development of appropriate new chemotherapeutic drugs and new approaches for the treatment of
chemo-resistant cancer like CCA should be of the high priority.

Isothiocyanates (ITCs) are the hydrolysis products of a group of naturally occurring
thioglucoside and glucosinolate compounds found in cruciferous vegetables [4]. Among ITCs,
phenethyl isothiocyanate (PEITC), sulforaphane and benzyl isothiocyanate are known to have potent
biological activities. Recent epidemiological studies showed that intake of ITCs reduced the risk of
certain cancers, such as pancreatic and lung cancers [5-6]. PEITC can suppress tumor cells growth,
and induce apoptosis and cell cycle arrest [7]. Dietary intake of PEITC strongly inhibited
tumorigenesis in various animal models such as a prostate cancer xenografted model [8], colon and
lung tumors in transgenic mice models [9-10]. The effects of PEITC on tumor cells are multifaceted
including induction of reactive oxygen species (ROS) formation, depolarization of mitochondrial
transmembrane potential (AY,,) [11-12], activation of c-Jun N-terminal kinase (JNK) and p38 kinase-
mediated apoptotic pathway [7, 13], and induction of hyper-expression of death receptor-5 mediated
caspase 8 activation [14]. PEITC also can depress pro-survival signaling pathways of NF-xB and
PI3K/Akt [15], as PEITC inhibits IKK, IxkB and Akt phosphorylation leading to inhibit cell
proliferation and apoptosis.

The selective cytotoxic effects of ITCs on various cell types have less frequently been
reported. PEITC, benzyl ITC and sulforaphane showed the same ranges of IC50 values to MCF-7
breast cancer cells and MCF-12A, the non-cancer mammary epithelial cells, and also to HK-2 kidney
cells [16]. The selective toxicity of anticancer agents on the major organs may be the primary
concern in cancer chemotherapy. Although some functional distinction between cancer and normal
cells such as oxidative status have been suggested [17-18], it is yet to be translated into an effective
strategy to eliminate cancer cells while spare normal cells.

The effects of PEITC on multiple steps of cancer growth make this compound highly versatile
and promising candidate in cancer chemoprevention and chemotherapy. However, the exact
mechanisms of its chemopreventive effects are not fully understood. For the better understanding of
the anticancer mechanisms of PEITC, we evaluated the effects of PEITC on a bile duct cancer cell
line, KKU-M214 in relation to GSH redox stress and mitochondrial function. In this study, HeLa
[Chang liver] cells were used as the reference because our previous study showed that oxidative stress
caused the suppression of glutathione (GSH) redox in this cell line [19].
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Methods

Cell cultures

Human CCA cell line, KKU-M214 established in our institute and human HelLa [Chang liver] cells
were both kindly provided by Prof. Banchob Sripa, Department of Pathology, Faculty of Medicine,
Khon Kaen University. Cells were grown in Ham’s F12 medium supplemented with 12.5 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.3), 100 U/mL penicillin, 100 pg/mL
streptomycin sulfate and 10% fetal calf serum and maintained under 5% CO, in air at 37°C as
described previously [20]. The cells were subcultured every 2-3 days before confluence of the cells
using 0.25% trypsin—EDTA, and the medium was changed after an overnight incubation.

Cytotoxicity assay

KKU-M214 and Chang liver cells were seeded onto 96-well culture plates at a density of 7,500
cells/well. After an overnight culture, the serum-free medium was replaced with the media containing
PEITC, and the cells were cultured for various time intervals. The cytotoxicity was examined by the
sulphorhodamine B (SRB) assay. In brief, cultured cells were washed once with phosphate-buffered
saline (PBS), fixed with 100 ul of ice-cold trichloroacetic acid for 1h, and stained with 50 ul of 0.4%
SRB in 1% acetic acid for 30 min. The cells were then rinsed several times with 1% acetic acid, and
protein-bound dye was dissolved with 200 pl of 10 mM Tris base solution. The absorbance was
determined using a microplate reader with the filter wavelength of 540 nm.

To determine cells undergone apoptosis, cultured cells were stained with fluorescent dyes as
previously described with modifications [20-21]. In brief, the media was removed after PEITC
treatment and the cells were stained with acridine orange and ethidium bromide (AO/EB) in PBS. The
cells were examined using a Nikon Eclipse TS100 inverted microscope with the excitation and long-
pass emission filters of 480 nm and 535 nm, respectively. The fluorescent images were taken at 2
predetermined areas in each well with triplicate wells per concentration using a Nikon Coolpix digital
camera. The number of viable, apoptotic, and necrotic cells, which were stained with green
fluorescence with intact nuclei, green fluorescence with the appearance of cell shrinkage, nuclear
condensation and fragmentation, and bright orange fluorescence, respectively, were enumerated. The
apoptotic cells were calculated as the percent apoptotic cells over a total number of cells in the same
area.

Measurement of ROS

Intracellular ROS generation was measured using a cell-permeable fluorescent probe,
dihydroethidium (DHE). Briefly, 5x10* cells were seeded in 96 black well plates and cultured
overnight. Then, the medium was removed and the cells were washed with phosphate buffered saline
(PBS). They were then treated with PEITC and 25 uM DHE with or without 2 mM N-acetyl-L-
cysteine (NAC) or 0.5 mM 4-hydroxy-TEMPO (TEMPOL), in serum-free medium and kept in 5%
CO, atmosphere at 37°C for 90 min. The fluorescence intensity was read and quantified in a Gemini
XPS fluorescent plate reader with the excitation and emission wavelength of 518 nm and 605 nm,
respectively.

Glutathione Assay
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Total glutathione was measured essentially according to Tietze’s method [22]. Glutathione disulfide
(GSSG) was assayed by the method previously described [21] using 1-methyl-2 vinyl-pyridinium
trifate (M2VP) as a glutathione scavenger. Cultured cells were trypsinized and washed three times
with cold PBS. Cell suspensions were reacted with M2VP (1 mM) to determine GSSG. Aliquots of
untreated cell suspensions were used for the assay of total GSH. Protein concentration was assayed
using the Bradford’s dye binding method.

Calcium mobilization assay

Intracellular calcium level was measured using an assay kit (Fluofort® Calcium Assay, Enzo Life
Sciences, PA, USA). In brief, KKU-M214 and Chang cells were grown on 96 well plates at the
density of 10,000 cells/well and treated with 3 and 10 uM PEITC with/without 2 mM of NAC for 1 h.
Then, the media were removed and FluoForte® dye-loading solution was added according to the
manufacturer’s instruction. The plate was incubated at 37°C for 30 min and the fluorescent staining
was analyzed under a fluorescent microscope with the excitation and emission wavelengths of 485 nm
and 535 nm, respectively. Images of the cultured cells were captured and the integrated optical density
(IOD) of each image was analyzed by using the Image-Pro Plus (Media Cybernetics) software.

Measurement of mitochondrial transmembrane potential

The dissipation of the mitochondrial electrochemical potential gradient is known as an early event
leading to apoptosis. To measure the change in mitochondrial transmembrane potential (AY},), cells
were seeded in 96 black well plates at the density of 1x10* cells/well and cultured overnight before
treatment with various concentrations of PEITC for 3 and 24 h. The assay was performed according
to the method described previously [23] using the cationic, lipophilic dye, 5,5’,6, -tetrachloro-
1,17,3,3 tetraethylbenzimidazolyl carbocyanine iodide (JC-1) (Clayman Chemical) staining with some
modifications. The cultured plate was centrifuged at 1,000 rpm for 5 min at room temperature and the
cultured media was removed, loaded with JC-1 dye for 20 min, washed by centrifugation, incubated
in the assay buffer and A¥Ym was analyzed under a fluorescent microscope with the excitation
wavelength of 485 nm and emission wavelength of 535 nm. JC-1 forms J-aggregates in healthy
mitochondrial matrix, which can be visualized as red fluorescence. In depolarized mitochondria, JC-1
effluxes to the cytoplasm and exists as monomers with green fluorescence. The shift of red to green
fluorescence is an indicative of the depolarization of A,

Western blot analysis

Whole cell lysates were prepared as described previously [21]. PEITC-treated and control cells were
washed with PBS, collected, and lysed with cell lysis buffer at 4°C with vigorous shaking. After
centrifugation at 12,000 g for 30 min, the supernatant was collected and stored at -80°C until use.
The protein samples (30 pg protein/sample) were electrophoretically separated on 10% SDS—
polyacrylamide gel (SDS-PAGE). The proteins were transferred to polyvinylidene difluoride (PVDF)
membranes by semi-dry blotting at 10 V for 40 min. The PVDF membranes were blocked for 2 h at
4°C with 5% (w/v) skimmed milk powder in PBS containing 0.1% Tween-20. The PVDF membrane
was incubated overnight at 4°C with primary antibodies including rabbit polyclonal IgG against
cytochrome c (sc-13560, Santa Cruz BioTechnology, 1:1000 dilution,), mouse monoclonal IgG
against Bcl-x1 (sc-8392, 1:500 dilution), rabbit polyclonal IgG against Bax (sc-493,1:1000 dilution),
rabbit polyclonal IgG against AIF (sc-5586, 1:500 dilution), rabbit polyclonal IgG against p53 (sc-
6243, 1:500 dilution), goat polyclonal IgG against B-actin (sc-1616 HRP, 1:2500 dilution), in PBS
containing 0.1% Tween-20. The primary antibody was removed and the membranes were extensively
washed with PBS/Tween-20. The membranes were then incubated for 2 h at 4°C with 1:5,000 dilution
of respective horseradish peroxidase-conjugated secondary antibodies (goat anti-mouse or anti-rabbit
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IgG). After removal of the secondary antibody and PBS buffer washings, the blotted membranes were
incubated with ECL substrate solution (ECL™ Prime Western Blotting Detection Reagent). The
densities of the specific cytochrome c, Bcl-xl, Bax, AIF, p53 and B-actin bands were visualized and
captured using ImageQuant™ 400 (GE Healthcare).

Measurements of caspase activities
Caspase 8 and 9

After treatment with PEITC for 3 and 6 h, the cultured cells were trypsinized, and adjusted to 10° cells
for each reaction. Cell pellet was lysed with cell lysis buffer on ice for 10 min, centrifuged, and then
50ul of the supernatant was transferred to individual black microplate wells. The sample in each well
was mixed with 50 pl of 2x reaction buffer (containing 10% glycerol; 0.5 mM EDTA; 20 mM Hepes,
pH 7.0; DTT 10 mM) and fluorogenic Ac-LEHD-AFC, a caspase 9 substrate (50uM) or Z-IETD-AFC
(EMD Millipore), a caspase 8 substrate (S0uM). Reaction mixtures were incubated for 8 h at 37°C in
dark and fluorescent signals were read using the Gemini XPS fluorescent plate reader with the
excitation and emission wavelengths of 400 and 505 nm, respectively.

Caspase 3

Cell lysates were prepared as above and mixed with the reaction buffer (containing 0.2% CHAPS; 4
mM EDTA; 20 mM PIPES, pH 7.4; DTT 10 mM and 0.2 mM Z-DEVD-AMC), EnzCheck® Caspase-
3 Assay kit#1, (Molecular Probe). Reaction mixtures were incubated for 1 h at 30°C in dark and
fluorescent signals were read using the Gemini XPS fluorescent plate reader with the excitation and
emission wavelengths of 342 and 441 nm, respectively.

Statistical analysis

All the results were presented as the mean + SEM. Statistical comparison between control and treated
group was performed using Student’s t-test or One-way ANOVA with Student-Newmann-Keuls post-
hoc test, where appropriate. The level of significance was set at p<0.05.

Results
Cytotoxic effects of PEITC on CCA and Chang cells

KKU-M214 and Chang cells were exposed to PEITC at the indicated concentrations and the
cytotoxicity of PEITC was assessed at 24 and 48 h. Viability of both cell lines was reduced rapidly
after exposure to PEITC and the percent cytotoxicity remained similar level after 24 and 48 h
incubation (Fig. 1). The IC50 values were not different between 24 and 48 h of incubation (2.99 +
0.87 and 3.25 £ 0.19 uM), respectively, for KKU-M214 (Figure 1A), and (3.46 £ 0.20 and 3.39 + 0.75
uM) for Chang cells (Figure 1B). KKU-M214 was apparently more sensitive to PEITC than Chang
cells, especially at 24 h of incubation.

PEITC-induced apoptosis in relation to apoptosis-associated proteins expression

Induction of apoptotic cell death by PEITC was examined for KKU-M214 and Chang cells. PEITC
induced apoptosis of both cell lines very rapidly within 3 h in a dose dependent manner (Figure 2A &
B). In contrast, PEITC did not induce necrotic cell death at any time points examined (data not
shown). The induction of apoptotic cell death was associated with changes in apoptotic proteins, i.e.,
decrease of Bcl-xl and increase of Bax protein expression within 3 h. PEITC induced cytochrome ¢
release in Chang cells but not in KKU-M214 cells. Conversely, AIF was markedly increased in KKU-
M214 cells but not in Chang cells. Bcl-2 protein expression is known to be regulated partly by p53,
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but, in this study, no significant changes in p53 protein expression were observed at 3 h (Figure 2C) in
spite of significant changes in Bcl-x1, Bax and other apoptogenic proteins in both cells.
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Figure 1. Cytotoxic effects of PEITC on KKU-M214 and Chang cells. Cells were incubated with
various concentrations from 0.3 to 30 uM PEITC for 24 and 48 h. The cytotoxicity of PEITC in KKU-M214 (A)
and Chang cells (B) was examined by SRB assay. Each value represents the mean + SEM of three experiments.
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Figure 2 PEITC-induced apoptosis and release of proapoptogenic proteins. Chang and KKU-M214
cells were treated with PEITC 1, 3 or 10 uM (P1, P3 or P10, respectively) for 3 or 6 h. The number of apoptotic
cells was assessed by AO/EB method at 3 h of incubation (A). Each bar represents the mean + SEM of three
experiments. Significantly different from control, *p<0.05. Immunoblot analysis was performed using 30 pg of
protein and cytochrome c, Bax, Bcl-xl, AIF and p53 were detected by specific antibodies. -actin was used as
loading control (B & C). Value indicates the relative protein intensity as a ratio to the corresponding vehicle-
treated control. Each experiment was done at least twice with similar results, and the representative bands from
one experiment are shown
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PEITC-induced cell death via caspase -dependent and -independent pathways

As the increase of AIF and cytochrome c levels are known to be involved in the intrinsic death
pathway, their downstream caspase activities in mitochondrial pathway were evaluated along with
caspase-8 extrinsic pathways. The effects of PEITC on caspase 3, 8 and 9 activities in both cell lines
were measured at 3 and 6 h after treatment. Caspase-8 activity was unaltered in both cell lines (Figure
3A & B). While caspase-3 and -9 activities in KKU-M214 cells were unchanged after PEITC
treatment, they were significantly increased in PEITC-treated Chang cells (Figure 3C-F).
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Figure 3 Activation of caspases by PEITC. Cells were treated with 3 or 10 uM of PEITC (P3, P10), for
3 and 6 h. Caspase-3 (E & F), caspase-8 (A & B) and caspase-9 (C & D) activities were determined by
incubating the cell lysates with fluorogenic substrates specific for each caspase enzyme. Each bar represents the
mean+ SEM of three experiments. Significantly different from corresponding controls, *p<0.05.

PEITC-induced glutathione depletion

Previous reports [11-12] suggested that cytotoxicity of PEITC is related to oxidative stress. As GSH
is a major cellular antioxidant, we investigated the effect of PEITC on cellular GSH levels. After

65



exposure to PEITC, both KKU-M214 and Chang cells rapidly lost cellular GSH in a dose-dependent
manner as early as 3 h of incubation (Figure 4A & C). In KKU-M214 cells, GSH levels returned to, or
rose up even higher than, the control level at 24 h. GSH /GSSG ratio in KKU-M214 cells was
initially reduced and then returned to the control level by 24 h (Figure 4B). After treatment with 10
uM PEITC, only very few KKU-M214 cells were left alive at 24 h, then it was not possible to
determine the levels of GSH. In contrast to the rapid recovery of KKU-M214 cells, PEITC-mediated
depletion of GSH levels and depressed GSH redox ratios in Chang cells persisted even at 24 h of
incubation (Figure 4C & D).
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Figure 4 Effect of PEITC on intracellular GSH and redox ratio. KKU-M214 (A & B) and Chang
cells (C & D) were incubated with PEITC 1, 3 or 10 uM (P1, P3 or P10, respectively) for 3 and 24 h. Total GSH
contents were measured from cell pellets as intracellular GSH (A & C), and GSH and GSSG ratios (B & D)
were determined for GSH redox ratio. Each bar represents the mean + SEM of three experiments. Significantly
different from control, *p<0.05.

Effects of antioxidants on PEITC-induced oxidative stress

Since the results given above, PEITC treatment induced GSH depletion in both cell lines, we
examined whether this depletion was associated with the formation of reactive oxygen species (ROS).
We examined also the role of antioxidants on GSH depletion and ROS formation. For this purpose,
we used TEMPOL, a ROS scavenging agent, and NAC, a thiol modifier. As shown in Figure SA and
B, the basal level of superoxide in KKU-M214 cells was approximately 2-fold higher than that in
Chang cells. Treatment of the cells with 3 and 10 uM PEITC caused significant increase of ROS in
Chang cells, but only slight increase in KKU-M214 cells. Co-treatment of the cells with PEITC and
0.5 mM TEMPOL or 2 mM NAC completely normalized the ROS levels in both cell lines (Figure SA
& B). Moreover, treatment of NAC also largely prevented PEITC-induced losses of GSH in both cell
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lines at 3 h (Figure 5C & D) and this protective effect persisted up to 48 h of incubation (data not
shown). However, TEMPOL, which could completely neutralize ROS, could only partially prevented
GSH depletion in both cell lines.
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Figure 5 Effect of PEITC on ROS production and GSH depletion. KKU-M214 (A & C) and Chang
cells (B & D) were incubated with PEITC at indicated concentrations 3 and 10 uM (P3 & P10) with or without
TEMPOL (0.5 mM TEM) or NAC (2 mM). ROS formation was quantified by dihydroethidium method after
incubation for 90 min (A & B) and cellular GSH (C & D) was assayed at 3 h after incubation. Each bar
represents the mean + SEM of three experiments. Significantly different from control, *p<0.05, and
significantly different from PEITC treated group, #p<0.05.

PEITC-induced intracellular calcium mobilization

Oxidative stress is known to trigger the release of Ca** from some intracellular Ca®" storages,
particularly from the endoplasmic reticulum, resulting in the increase of cytosolic and mitochondrial
Ca®, which initiates cell death [24]. We examined the effects of PEITC on intracellular Ca*
mobilization in KKU-M214 and Chang cells. As shown in Figures 6A & B, PEITC induced rapid
Ca’* mobilization into cytosol within the first 1 hour of incubation, which was visualized by Ca**
fluorescent probe in KKU-M214 and Chang cells. NAC, a thiol modifier, could not inhibit Ca* flux
into cytosol in KKU-M214 cells (Figure 6 C), but could completely inhibit Ca** flux into cytosol in
Chang cells (Figure 6 D). This underlines the causal relationship between calcium flux and oxidative
stress.
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Figure 6 PEITC induced the mobilization of intracellular Ca** Cultured cells were treated with 3 or
10 uM of PEITC (P3 or P10) with NAC (2 mM) for 1 h. The mobilization of Ca®* into cytosol was analyzed by
fluorescence staining using Fluoforte dye with excitation and emission wavelength of 485 and 535 nm,
respectively. Representatives of images in each condition are shown (A & B). The integrated optical density
(IOD) of fluorescence in each condition was analyzed (C & D) from 10 images of two experiments. Each bar
represents the mean + SEM. Significantly different from control, *p<0.05 and significantly different from
PEITC treated group, # p <0.05.

PEITC-induced depolarization of the mitochondrial transmembrane potential

Since PEITC induced apoptotic cell death via Bcl2 protein family and other apoptogenic proteins, it is
likely that the cytotoxicity of PEITC would be associated with the mitochondrial pathway. We
examined the effect of PEITC on mitochondrial integrity by measuring the AY, using JC-1
fluorescent assay. In untreated control cells, mitochondria predominantly exhibited red fluorescence
due to accumulation of J-aggregates representing the intact A¥,. PEITC treatment rapidly
depolarized AY,, as shown by the green fluorescence of JC-1 monomeric forms present in the cytosol
(Figure 7). The effect was apparent within the first 1 hour of incubation and sustained up to 24 h in
both cells. The images of the cells treated with PEITC for 3 h are shown in Figure 7. The effects of
TEMPOL and NAC on the PEITC-induced AY,, changes were evaluated. As is expected, TEMPOL
did not prevent the depolarization of A¥,, in both cell lines. In contrast, NAC completely protected
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PEITC-induced mitochondrial depolarization in Chang cells, but this protective effect was not
apparent in KKU-M214 cells, despite that GSH in KKU-M214 cells was well maintained by NAC.

Figure 7 PEITC induced depolarization of the mitochondrial transmembrane potential. Cells
were treated with 3 or 10 uM (P3 or P10) of PEITC with TEMPOL (0.5 mM TEM) or NAC (2 mM NAC) for 3
h. The change in AY,, was examined using JC-1 staining method. Fluorescent images were captured by
fluorescence microscopy with the excitation wavelength of 485 nm and the emission wavelength of 535 nm.
The experiments were performed twice with similar results, representative images from one experiment were
shown.

Effect of cyclosporine on PEITC-induced cell death

Since the depolarization of A¥,, may be resulted from the opening of the mitochondrial
permeability transition (MPT) pores, we examined whether the opening of MPT was the primary
effect of PEITC to induce cell death. The results show that cyclosporine (Cs) (Sandimmune,
Novartis), a potent MPT inhibitor, could prevent the losses of AY,, (data not shown), but could not
prevent cell death in both cell types (Figure 8 A & B). These results suggested that the loss of AY,,
was not a critical event and might be secondary to the recruitment of Bcl2 protein members (Figure
2).

Effect of antioxidants on PEITC-induced cytotoxicity

It is apparent from the results given above that PEITC affected differently on KKU-M214 and Chang
cells over the induction of GSH redox stress, protection of Ca** efflux into cytosol and the protection
to the loss of AY,, by NAC. Therefore, the protective effects of antioxidants, TEMPOL or NAC, on
PEITC-induced cytotoxicity were assessed. Figure 8 (C & D) shows that, co-treatment of the cells
with PEITC and TEMPOL apparently could not protect cell death in both cell types, which was
consistent with the results of the inefficacy of TEMPOL to prevent depolarization of AY,, changes.
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Rather, treatment with TEMPOL exacerbated cell death in KKU-M214 cells (Figure 8 C). NAC,
which was unable to prevent the loss of A¥;, nor the Ca** mobilization in cytosol in KKU-M214 cells,
also could not protect PEITC-induced cell death. In contrast to the inefficacy to KKU-M214 cells,
NAC almost fully protected Chang cells from the cytotoxic effect of PEITC at any time points
examined after incubation (Figure 8 D).

Figure 8 Effects of Cs, NAC and TEMPOL on PEITC-induced cell death. Cells were treated with
3 or 10 uM of PEITC (P3 or P10) in combination with Cs (cyclosporine) (50 nM) for 24h (A and B).
Another experiments, cells were treated with NAC (2 mM) or TEMPOL (0.5 mM, TEM) for 3, 24 and 48 h (C
and D). Cell viability was assayed. Each bar or each value represents the mean + SEM of from three
experiments. Significantly different from control group, *p<0.05. and significantly different from PEITC treated
group, #p <0.05.
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Discussion

The chemopreventive properties of dietary cruciferous vegetables are well recognized from
the results of epidemiological and experimental studies [5-6, 9]. PEITC, one of the most promising
ITCs, has been extensively studied in vivo and in vitro, information of its effects on CCA cells is
lacking. Many strategies to enhance therapeutic outcomes in CCA treatment have been studied. For
example, addition of biologic agents to block various kinase enzymes, or to suppress cytoprotective
enzymes; NQOI and HO-1 in CCA cells could increase the susceptibility of CCA to
chemotherapeutic drugs [1, 20, 23]. In the present study, we demonstrated that PEITC could inhibit
CCA cell growth and rapidly induce apoptosis. PEITC exerts different effects on KKU-M214 and
Chang liver cells over cellular GSH redox and the release of mitochondrial apoptogenic molecules.
The different cytoprotective effect of NAC on PEITC-induced cell death of the two cell types may
reflect that the intracellular targets of PEITC are different in KKU-M214 and Chang liver cells.

Previous studies showed that PEITC induced cell death via several different mechanisms
depending on cell types. Induction of cell death was associated with activation of c-Jun-N-terminal
kinase (JNK) in DU145 but not in LnCaP cells [13] or with formation of ROS in PC3 and LnCaP, but
was independent of ROS in HepG2 and multiple myeloma cells [12, 25-26]. In this study, cytotoxic
effects of PEITC were explored using a CCA cell line, KKU-M214 cells and Chang liver cells, since
most chemotherapeutic agents have little selectivity over cancer cells from normal host cells. Our
findings of the lack of selective toxicity of PEITC over CCA and Chang cells is consistent with the
previous reports that various ITC killed cancer cells and non-cancer cells at the same order of
concentration [16].

Present study showed that PEITC could induce apoptosis of both KKU-M214 and Chang liver
cell lines in association with the decreased Bcl-x1 and increased Bax expressions. It is known that p53
plays an important role in physically and functionally interacting with Bcl-2 family members for their
translocation to mitochondria [27]. However, in the present study, the changes of the Bcl-2 protein
members were not associated with p53 expression. This may imply that the apoptotic signal from
PEITC to mitochondria is not transmitted via pS3 pathway. Alternatively, stress signals provoked by
PEITC may induce Bcl-2 family proteins via TNF family receptors, endoplasmic reticulum stress
pathway or others [14, 28]. It has been shown that PEITC sensitized HN22 oral carcinoma cells to
DRS5-mediated extrinsic death pathway [14]. We measured caspase 8 and 9 activities, which represent
the initiator caspases of the extrinsic and intrinsic death signaling pathways, respectively. From the
results of this study, PEITC-induced cell death appeared to be associated only with the intrinsic
mitochondrial pathway, as there was no change in the caspase 8 activity after PEITC treatment.

In the present study, the cytotoxicity of PEITC was mediated via caspase-independent and
caspase-dependent pathways for KKU-M214 and Chang cells, respectively. AIF is released from
mitochondria and translocated to the nucleus where it fulfills the lethal function. Similar to
cytochrome c, AIF play an important role in mitochondrial respiratory chain and is required for cell
survival [29]. However, AIF is not a widespread cell death effector and its contribution to the
execution of cell death is dependent upon the cell type, as well as the insulting signals [29]. PEITC
induced AIF release in U2 OS sarcoma [11] and KKU-M214 cells in the present study. On the other
hand, PEITC induced cytochrome c release in many cancer cells including MCF7, a breast cancer cell
line [30], HT29, a colon cancer cell line [30], PC3, a prostate cancer cell line [12] and Chang cells in
the present study. Our results showed that PEITC exerts its effects via AIF or cytochrome c
depending on the cell types.
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One of the prominent effects of PEITC is the induction of oxidative stress in cancer cells,
which is characterized by ROS formation, GSH depletion and protein oxidation [11-12]. Our results
only partially concurred with those previous reports. In the present study, PEITC induced GSH
depletion in both KKU-M214 and Chang cells. However, PEITC induced ROS formation and GSH
redox stress only in Chang cells but not in KKU-M214 cells (at least at 24 h of incubation). PEITC-
induced cytotoxicity on Chang cells was associated with the depression of cellular GSH redox, as the
replenishment of GSH by NAC could protect from cell killing by PEITC. This suggests PEITC-
induced cell death of Chang cells may be via GSH redox stress. On the other hand, KKU-M214 cells
seemed to handle PEITC-induced GSH redox stress rather well, because GSH levels were restored to
the control level, or overshoot higher than controls at 24 h. Moreover, the treatment with NAC did
not prevent PEITC-induced cell death of KKU-M214 cells. It is, therefore, the main mechanism of
PEITC-induced cytotoxicity in KKU-M214 may be not by GSH redox stress. Although the
cytotoxicity of PEITC against KKU-M214 and Chang cells was not much different in terms of the
potency and efficacy, the underlining mechanism of the expression of cytotoxicity of PEITC on those
two cells was obviously different because of the opposing results of the protective effect of NAC. It
is, therefore, important to investigate further whether CCA tissues in the patients have the similar
characteristics as the tumor cell responses to PEITC, before implementing NAC as an adjuvant.

PEITC is known to induce ROS formation, which is assumed to be a main mechanism of cell
killing action of PEITC on some tumor cells [11-12, 17]. However, in this study, ROS was not
causally related to GSH depletion or induction of cell death of KKU-M214 and Chang cells.
Treatment with TEMPOL, which could completely normalize the superoxide to the background level,
could not prevent cell death of both types of cells. Our results were consistent with the previous
report of the failure of using various radical scavengers to prevent PEITC-induced cell death [26].
These results suggest that the mechanism of PEITC to induce cell death may be unique. As the
possible mechanisms of PEITC, modifications of redox-sensitive proteins to form electrophiles
attracting some critical proteins should be considered [31].

Oxidative stress can trigger the mobilization of Ca®* into cytosol, where endoplasmic
reticulum is the important Ca®* storage [24]. We observed a rapid flux of Ca* into cytosol shortly
after PEITC treatment. The rapid increase of cytosolic Ca** may cause elevation of mitochondrial
Ca’* and decrease of Ca™ in endoplasmic reticulum, and such imbalance of Ca** may trigger a variety
of cascades leading to cell death. The lack of protective effect of NAC on cytosol Ca** flux in KKU-
M214 cells suggests that PEITC may exert the effect on the release of Ca** by cellular stress other
than the GSH redox system. On the other hand, in Chang cells, GSH redox disturbance may be
primarily involved in cytosolic Ca** flux.

In the present study, an increase of cytosolic Ca** was accompanied with the rapid loss of
AY,. The depolarization of AY, is resulted from the opening of MPT pores, which is formed in the
inner membrane of mitochondria [32]. The opening of MPT pores leads to diminish of ATP synthesis
and ensuing cell death. However, present study showed that cyclosporine, a MPT pore inhibitor could
not prevent PEITC-induced cell death, although it could prevent losses of the A¥;,. This may imply
that the depolarization of A¥,, is probably an associated event of PEITC treatment, but is not a direct
effect leading to cell death. Taken all these together, mitochondria may not be a primary target of the
increase of cytosolic Ca** flux for initiation of cell death. Instead, the increased cytosol Ca®* may
initiate the death signals in the cytosol by activation of a variety of Ca**-sensitive enzymes, such as
calpain, leading to the cleavage and targeting of Bax to mitochondria [24] to activate the
mitochondrial cell death pathway.
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Our study revealed that PEITC induces up-regulation of Bax and down regulation of Bcl-
XL. The formation of Bax pore and mitochondrial outer membrane permeabilization (MOMP) upon
activation may be the critical event leading to the release of proapoptogenic proteins, cytochrome c
and AIF, and ensuing cell death [33]. The mechanisms of the induction of cytosol Ca** mobilization
and activation of Bcl-2 proteins by PEITC remain to be elucidated. Since the precise mechanisms of
PEITC-induced cell death of KKU-M214 cells remain unclear, further study is needed to explore
novel mechanisms of the expression of cytotoxicity of PEITC.

Conclusion

In conclusion, the present results show that PEITC induced apoptosis of CCA cells and Chang
cells. This process may involve induction of oxidative stress and triggering of Ca®" flux, which leads
to mitochondrial cell death mechanisms. Effect of PEITC on redox status of GSH may be not
important for cell killing for CCA cells but it is important for maintaining cell functions in Chang
cells. The different effect of PEITC on different cell types was clearly shown by the cytoprotection
response to antioxidant, NAC. More study is needed using several CCA cell lines over the response
to PEITC. Taken together, the present results highlighted different responses of the cells to PEITC,
which may facilitate the new approaches in the study of PEITC for drug development for the
treatment of CCA.
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Abstract

Cancer cells acquire drug resistance via various mechanisms including enhanced cellular cytoprotective and antioxidant
activities. Heme oxygenase-1 (HO-1) is a key enzyme exerting potent cytoprotection, cell proliferation and drug resistance.
We aimed to investigate roles of HO-1 in human cholangiocarcinoma (CCA) cells for cytoprotection against
chemotherapeutic agents. KKU-100 and KKU-M214 CCA cell lines with high and low HO-1 expression levels, respectively,
were used to evaluate the sensitivity to chemotherapeutic agents, gemcitabine (Gem) and doxorubicin. Inhibition of HO-1
by zinc protoporphyrin IX (ZnPP) sensitized both cell types to the cytotoxicity of chemotherapeutic agents. HO-1 gene
silencing by siRNA validated the cytoprotective effect of HO-1 on CCA cells against Gem. Induction of HO-1 protein
expression by stannous chloride enhanced the cytoprotection and suppression of apoptosis caused by anticancer agents.
The sensitizing effect of ZnPP was associated with increased ROS formation and loss of mitochondrial transmembrane
potential, while Gem alone did not show any effects. A ROS scavenger, Tempol, abolished the sensitizing effect of ZnPP on
Gem. Combination of ZnPP and Gem enhanced the release of cytochrome c and increased p21 levels. The results show that
HO-1 played a critical role in cytoprotection in CCA cells against chemotherapeutic agents. Targeted inhibition of HO-1 may
be a strategy to overcome drug resistance in chemotherapy of bile duct cancer.
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Introduction effect [7]. It is induced by various stimuli such as hypoxia, UV-
radiation, heavy metals, chemotherapeutic drugs and oxidative
stress [8,9]. HO-1 catalyzes the first and rate-limiting step in the
degradation of heme to biliverdin, carbonmonoxide (CO) and
ferrous iron. Biliverdin is further converted to bilirubin by
biliverdin reductase. Biliverdin and bilirubin are the most potent
endogenous reactive oxygen species (ROS) scavengers [7]. CO is
also an efficient anti-inflammatory mediator in several models of
inflammation and tissue injury [10,11]. The increased expression
of HO-1 has been observed in several cancers including brain

Cholangiocarcinoma (CCA) is a malignant tumor of the bile
duct, which originates from the bile duct epithelial cells
(cholangiocytes). CCA is a devastating malignancy with poor
prognosis. CCA is a rare type of cancer worldwide, however
populations residing in the Southeast Asian region are at very high
risk. The important risk factors are liver fluke infection and
possible involvement from chronic infection with hepatitis B and C
viruses [1,2]. Early diagnosis and extensive surgery offers the only
Cl.lance for “prolonged life. UnforFunately, most patients are tumor, melanoma, chronic myeloid leukemia, and lymphosarcoma
diagnosed at the advanced stage of disease and current biomarkers . . oo .

O X o X [12], suggesting possible contribution of HO-1 to tumor
are of limited value [3,4]. Chemotherapy is a remaining option.
However, current chemotherapy has not been shown to
substantially improve survival in patients with unresected CCA
[3,5]. Many chemotherapeutic drugs as well as targeted chemo-
therapeutic agents have been tested as single agents or in
combinations. Nevertheless, drug resistance or drug inefficacy
remain major obstacles in the treatment of CCA [6]. It is apparent
that a new strategy of chemotherapeutic treatment is urgently
needed in management of the unresectable CCA.

Heme oxygenase-1 (HO-1) is one of the powerful cytoprotective
enzymes. HO-1 plays critical roles in physiological iron homeo-
stasis, antioxidant defense, anti-inflammatory and anti-apoptotic

progression through promotion of angiogenesis, metastases and
pro-proliferation [13]. HO-1 expression may contribute to
resistance to chemotherapeutic agents such as cisplatin, doxoru-
bicin and gemcitabine in some human cancers [9,14,15]. Thus,
some studies revealed that suppression of HO-1 activity or HO-1
knockdown by siRNA increased the chemosensitivity of AML
cells, pancreatic and lung cancer cells [9,14,16], but was not
effective in other cancer cells [17]. The inhibition of HO-1 by zinc
protoporphyrin IX (ZnPP) induced apoptotic cell death and this
may be associated with the increase in ROS production. Similarly,
HO-1 gene silencing by specific siRNA also induced ROS
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generation [17]. However, the exact mechanism of the sensitizing
effect to chemotherapeutic agents confered by suppression of HO-
1 is largely unknown. Mitochondria may be a primary target of
HO-1 inhibition, as ZnPP and triiodothyronine induced the
opening of the mitochondrial permeability transition (MPT) pore
leading to liver injury [18].

In the present study, we investigated whether HO-1 in CCA
cells plays a critical role in cytoprotection against chemothera-
peutic agents. The results show that inhibition of HO-1 induced
the sensitization of CCA cells to gemcitabine (Gem) and
doxorubicin (Dox). Inhibition of HO-1 could be a strategy to
enhance the response of CCA to chemotherapeutic drugs.

Materials and Methods

Cell lines and cell cultures

The human cholangiocarcinoma (CCA) cell lines; KKU-100
and KKU-M214 used in this study were kindly provided by Dr.
Banchob Sripa of Department of Pathology, Faculty of Medicine,
Khon Kaen University. Both cell lines were cultured in complete
media consisting of Ham’s F12 media, supplemented with 10%
fetal calf serum, 12.5 mM HEPES, pH 7.3, 100 U/ml penicillin
G and 100 pg/ml gentamicin. The cells were subcultured every 3
days using 0.25% trypsin-EDTA and the medium was renewed
after an overnight incubation. The cultured cells were changed to
incubate in serum-free defined Ham’s F12 medium immediately
before further treatment.

Cytotoxicity assay

Cytotoxicity was determined by fluorescent staining using
acridine orange and ethidium bromide (AO/EB) as described
previously [19]. KKU-100 (7,500 cells/well) and KKU-M214
(5,000 cells/well) cells were cultured in 96 well-plate and allowed
to attach overnight. On the next day, the medium was removed
and gemcitabine (Gemzar®, Eli Lilly, IN, USA: Gem) dissolved in
phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4), doxorubicin HCI
(Boryung Pharm, Seoul, South Korea: Dox) dissolved in DMSO
(100 mM) and further diluted with PBS, 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (Tempol), dissolved in PBS, zinc
protoporphyrin IX (ZnPP; HO-1 inhibitor), dissolved in DMSO
(50 mM) and further diluted with PBS or stannous chloride
(SnCly; HO-1 inducer) dissolved in PBS, or combinations of them
were added to the media culture to final concentrations as
indicated in results section and incubated for a designated period
of time. Then, cells were washed once with PBS and stained with
AO/EB. The cells were examined using a Nikon Eclipse T'S100
inverted microscope with excitation and long—pass emission filters
of 480 and 535 nm, respectively. The fluorescent images were
taken at predetermined areas with a Nikon Coolpix digital camera.
The numbers of viable, apoptotic and necrotic cells which were
stained with green fluorescence, bright orange fluorescence and
green fluorescence with appearance of cell shrinkage, condensa-
tion and fragmentation of the nuclei, respectively, were enumer-
ated. The cytotoxicity value was calculated as = (number of viable
cells in treatment wells)/(number of viable cells in control
cells) x100.

HO-1 small interfering RNA transfection

The transfection of HO-1 siRNA was performed using
siGENOME SMARTpool (M-006372-02-0005: Dharmacon,
CO, USA) at a final concentration of 200 nM and lipofectamine
2000 (Invitrogen, CA, USA) according to the manufacturers’
mstructions. HO-1 expression was specifically suppressed by
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mtroduction of siRNA against human HMOXI1 (Gene Id:
3162). - In brief, cells were grown in a 6-well plate to reach a
confluence of 70%. For each well, 100 pmoles of HO-1 siRNA
were mixed with 2 uL. of lipofectamine 2000 and 500 pL of
serum- and antibiotic-free Ham’s F12 medium was added. Cells
were exposed to the transfection mixture for 6 h. At the end of
incubation period, 1.5 mL of antibiotic-free Ham’s F12 complete
medium was added and the cells were cultured for an additional
18 h. The siGENOME non-targeting siRNA (D-001210-02-05:
Dharmacon), as a negative control was introduced to the cells
using the same protocol. Total RNA and protein were extracted
from cells 24 h after transfection using previously described
methods [20,21]. Efficiency of the transient transfection was
determined by real-time polymerase chain reaction (PCR) using
specific primers and Western blotting.

Cytotoxicity of Gem to HO-1 knock-down CCA cells was
performed. KKU-100 cells (7,500 Cells/well) were grown in 96-
well plate to reach the confluence of 70%. For each well, cells were
transfected with 3 pmoles of HO-1 siRNA reagent mixed with
0.06 pL of lipofectamine 2000 in serum- and antibiotic-free Ham’s
F12 medium. Cells were kept in the transfection mixture for 6 h.
Then, 100 pL of antibiotic-free Ham’s F12 complete medium was
added and the cells were kept for an additional 18 hours. Then,
cells were treated with varied concentrations of Gem for further
24 h and cytotoxicity assay was performed as described as above.

Real-time polymerase chain reaction

KKU-100 and KKU-M214 cells were seeded at the density of
1.5%10° cells/well in 6 well-plates and allowed to growth for 24 h.
Total RNA was isolated using a previously described method [20].
Total RNA (1 pg) was then reverse transcribed to single-stranded
¢DNA by the ImProm-II"™ reverse transcription system (Pro-
mega, WI, USA) at conditions of 42°C for 60 min. The reverse
transcription products served as a template for real-time PCR.
The primer sequences were as follows: HO-1: forward, 5'-CTG
ACC CAT GAC ACC AAG GAC-3’ and HO-1 reverse: 5'-AAA
GCC CTA CAG CAA CTG TCG-3', B-actin: forward 5'-AGT
GTA GCC CAG GAT GCC CTT-3" and B-actin: reverse, 5'-
GCC AAG GTC ATC CAT GAC AAC-3'. The PCR was
performed in a final volume of 15 pL containing cDNA template,
5 uM of each HO-1 primer or 2.5 pM of each B-actin primer in
SsoFast'™ EvaGreen Supermix with low Rox (Bio-Rad, CA,
USA). After an initial denaturation step at 95°C for 10 min, 40
cycles for HO-1 and B-actin were performed as follows:
denaturating for 15 sec at 95°C, annealing for 30 sec at 55°C
and extension for 45 sec at 72°C. To verify the purity of the
products, a melting curve analysis was performed after each run.
To quantify the relative expression of genes, the relative
quantitation using standard curve method was used. The amount
of HO-1 mRNA was expressed as a ratio to B-actin mRNA.

Western blot analysis

Western blot analysis was used to determine the expression
levels of HO-1, p21“P"WAF! - cviochrome C, and B-actin. KKU-
100 (7.5%10%) and KKU-M214 (6x10%) cells were cultured in
100 mm® dishes and treated with drug or drug combinations. The
cultured cells were washed with PBS, lysed with RIPA buffer
[150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris-HCI (pH 7.4), 50 mM glycerophosphate,
20 mM NaF, 20 mM EGTA, 1| mM DTT, 1 mM NazgVO, and
protease inhibitor cocktail (M221: Amresco, OH, USA) at 4°C for
15 min and transferred into a microtube. After vigorous vortex
mixing, the suspension was centrifuged at 12,000 xg for 20 min
and supernatant was collected and stored at —70°C until use. The
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protein samples were mixed with SDS loading buffer and
subjected to separation by electrophoresis in 8-10% SDS-
polyacrylamide gel. The bands were blotted onto a PVDF
membrane. The membranes were blocked for 1 h at room
temperature with 5% (w/v) skimmed milk powder in Tris buffered
saline (IT'BS) containing 0.1% Tween-20. The PVDF membrane
was incubated overnight at 4°C with primary antibodies of rabbit
polyclonal anti-human HO-1 (1:1000) (ADI-SPA-895: Enzo Life
Sciences, Switzerland), rabbit monoclonal anti-human p21“P/
WAFL (1:500) (#2947: Cell Signaling Technology, MA, USA),
mouse monoclonal anti-human cytochrome c (1:1000) (sc-13560)
and horseradish peroxidase (HRP)-goat polyclonal anti-human -
actin (1:2500) (sc-1616 HRP) in TBS. After washing with TBS the
blots were incubated for 1 h at room temperature with the HRP-
conjugated secondary antibodies (anti-rabbit IgG-HRP sc-2004,
anti-mouse IgG-HRP sc-2005, anti-goat IgG-HRP sc-2354). After
removal of the secondary antibody and TBS buffer washes, the
blots were incubated in ECL substrate solution (SuperSignal West
Pico Chemiluminescent Substrate: Thermoscientific, IL, USA).
The densities of the specific protein bands were visualized and
captured by ImageQuant™ 400.

Measurement of intracellular ROS accumulation

To monitor the intracellular accumulation of ROS, the
lucigenin-enhanced chemiluminescence method was used for
detecting superoxide anion according to the previously described
method [20]. Briefly, KKU-100 cells were cultured in 35-mm
dishes overnight. After treatment with compounds for 3 h,
cultured cells were rinsed, incubated in PBS containing lucigenin
and measured for luminescent signal in a 20/20 n Luminometer
(Turner Biosystem, CA, USA).

Measurement of mitochondrial transmembrane potential
To analyze the mitochondrial transmembrane potential (AY,,),
the lipophilic cationic fluorescent probe; JC-1 (Cayman Chemical,
MI, USA) was used as previously described [21]. KKU-100 cells
were seeded in a 96-well plate for an overnight before treatment
with compounds for 6 or 24 h. Cultured cells in the plate were
centrifuged at 1,500 rpm 25°C for 5 min and were loaded with
JC-1 dye for 30 min at 37°C. Then, cultured cells were rinsed,
incubated in JC-1 assay buffer and AV, was analysed in a
fluorescent microscope. JC-1 forms J-aggregates in cells with
healthy mitochondria, which can be detected with fluorescent
settings of excitation and emission wavelengths at 560 and
595 nm, respectively. Cells with depolarized mitochondria, JC-1
existed as ] monomers can be detected with excitation and
emission wavelengths at 485 and 535 nm, respectively. The
change of the orange fluorescence in healthy cultured cells to
green fluorescence is an indicative of depolarization of AY,,.

Statistical analysis

Data are expressed as mean * SEM of three separated
experiments. An analysis of variance was used to determine
significant differences between each experimental group. The level
of significance was set at P<<0.05.

Results

Basal HO-1 expression and inducible expression by
anticancer agents

The two cholangiocarcinoma cells, KKU-100 and KKU-M214,
were used to determine the basal expression levels of HO-1. The
mRNA and protein expressions of HO-1 were determined by real-
time PCR and Western blot analysis. At basal condition, KKU-
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100 showed the higher HO-1 mRNA and protein levels than
KKU-M214 cells (Fig. 1A-B). To examine whether anticancer
agent could induce HO-1 in CCA cells, two lines of cells were
incubated with 1 pM of Gem and the time-course of HO-1
protein expression was examined. Both KKU-100 and KKU-
M214 cells treated with Gem showed a rapid increased HO-1
protein expression within 3 h when compared with concurrent
controls and returned to control level by 24 h (Fig. 2).

Effect of HO-1 inhibition on the sensitivity of CCA cells to

anticancer agents

The cytoprotective effects of HO-1 in CCA cells to anticancer
agents were explored using high and low HO-1 expressing KKU-
100 and KKU-M214 cells cultured with HO-1 inhibitor. Both
cells were exposed to Gem (0.001-0.1 uM) in the presence of HO-
1 inhibitor, ZnPP (0.01 and 0.1 uM) for 24 h. As shown in Fig. 3A
and 3B, ZnPP rendered both CCA cells to be highly susceptible to
cytotoxic effect of Gem, which can be seen as the downward shift
of the dose-response curves of Gem in the presence of ZnPP.
Similar downward shift of the dose-response curves in the presence
of ZnPP was observed in KKU-100 cells to another chemother-
apeutic agent, Dox (Fig. 3C). The presence of ZnPP augmented
significantly Gem- or Dox-induced cell growth inhibition and
induction of apoptotic cell death in both cell lines (Fig. 3D, E and
F). ZnPP itself showed only a slight cytotoxicity at the
concentrations used in this study (data not shown).

HO-1 induction enhanced resistance of CCA cells to
anticancer agents

To validate the cytoprotective roles of HO-1, SnCly, a HO-1
inducer, was used in combination with Gem or Dox. KKU-100
and KKU-M214 cells were exposed to SnCly and changes in HO-
1 protein was evaluated by Western blot analysis. SnCl, (10 uM)
induced HO-1 protein expression with a similar pattern in both
cell types with maximal induction observed during 6-24 h

Figure 1. HO-1 mRNA and protein expressions in CCA cells. (A)
The basal mRNA expression of HO-1 in CCA cells; KKU-100 and KKU-
M214 cells. Total RNA of cells were collected and analysed by real-time
RT-PCR. The bars represent relative expression of HO-1 normalized with
B -actin. The expression of HO-1 in KKU-100 cells is much higher than
that of KKU-M214 cells, p<<0.05. (B) The basal protein expression of HO-
1 in KKU-100 and KKU-M214 cells. Total cell lysates were prepared and
subjected to Western blot analysis using B-actin as a loading control.
Image samples of HO-1 and f -actin are shown in the top panel of the
figure. HO-1 protein in KKU-100 cells is relatively higher than that of
KKU-M214 cells. The bars represent mean*SEM, each from three
separated experiments. *, p<0.05 vs KKU-100 group.
doi:10.1371/journal.pone.0034994.g001
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Figure 2. Time-course of HO-1 protein induction by Gem. (A) KKU-100 cells and (B) KKU-M214 cells were cultured for overnight and exposed
to Gem (1 uM) for 3, 6, 12 and 24 h. The cultured cells exposed to vehicle only were performed as concurrent control groups. Total cell lysates were
collected at the indicated time points and subjected to Western blot analysis using B-actin as a loading control. The relative expression of HO-1 was
normalized with B actin. The bars show the HO-1 expression in Gem-treated group and concurrent control group. The bars represent mean=*SEM,

each from three separated experiments. *,p<<0.05 vs concurrent controls.

doi:10.1371/journal.pone.0034994.g002

(Fig. 4A). KKU-100 and KKU-M214 cells were treated with Gem
(0.1 uM) or Dox (0.5 uM) with or without SnCly, for 24 h.
Induction of HO-1 was associated with increased cell viability
more than 2 fold after treatment with Gem or Dox (Fig. 4B).
Induction of HO-1 by SnCl, decreased the apoptotic and necrotic
cell death induced by Gem and Dox in both CCA cells (Fig. 4C).
SnCly alone was slightly toxic at the concentrations used in this
study (data not shown).

HO-1 gene silencing sensitized CCA cells to
chemotherapeutic agents

To further validate that HO-1 inhibition indeed induced
sensitization of CCA cells to anticancer agents, the effects of
HO-1 gene silencing to Gem was examined. Since both KKU-100
and KKU-M214 cells showed similar responses to HO-1 inhibitor
and inducer, KKU-100 cells were employed as a representative of
CCA cells. The levels of HO-1 mRNA (Fig. 5A) and immuno-
reactive HO-1 protein (Fig. 5B) were dramatically decreased 24 h
after transfection of HO-1 siRNA. Then, HO-1 knocked-down
KKU-100 cells were exposed to various concentrations of Gem
(0.001-0.1 uM) for further 24 h. The ICs5, concentration of Gem
in non-targeting control was 0.0360+£0.0042 uM, whereas that in
HO-1 knockdown cells was 0.0005%+0.0001 pM  (Fig. 5C)
(»p<<0.001), showing that the inhibition of HO-1 sensitizes KKU-
100 cells to be highly susceptible to Gem.

ZnPP induced intracellular ROS formation and
mitochondrial dysfunction

From the above experiments, HO-1 inhibition by ZnPP
enhanced the susceptibility of CCA cells to the cytotoxic effect
of Gem. To explore the underlying mechanisms of enhanced
cytotoxicity by the combination of Gem and ZnPP, the
intracellular ROS formation was assessed. Treatment with ZnPP
alone caused a remarkable increase in ROS formation as early as
3 h. The combination of ZnPP and Gem showed further increase

@ PLoS ONE | www.plosone.org

in ROS levels (Fig. 6A). Gem alone showed no effect on ROS
formation. To test whether the ROS was indeed responsible to
enhance the cytotoxicity of Gem, the superoxide dismutase (SOD)-
mimetic compound, Tempol, was used to scavenge Oy"~ induced
by combined ZnPP and Gem treatment. The concentrations of
Tempol to be used in studies were evaluated in a previous
experiment which had shown to inhibit ROS formation and
produce minimal toxicity. Moreover, it is verified that Tempol
(500 uM) does not inhibit HO-1 activity. ZnPP-enhanced
cytotoxicity of Gem was abolished by the presence of Tempol
(Fig. 6B). Tempol alone has little cytotoxicity to the cells. Since
ROS formation is thought to be involved in induction of cell killing
in association with mitochondrial pathway, KKU-100 cells were
treated with the combination of ZnPP and Gem and the AV,
were evaluated using JC-1 assay. Gem treatment alone had no
effect on the AV, (Fig. 6 C, inset b & f), whereas ZnPP and the
combination of ZnPP with Gem induced the depolarization of
AV, as evident by the change of red fluorescent staining in healthy
mitochondria (Fig. 6C, inset a & e) to green fluorescent staining in
depolarized mitochondria (Fig. 6C, inset c, d, g & h).

Combination of ZnPP and Gem altered the expression of

proteins related to cell proliferation and apoptosis

To investigate further the effects of combined Gem and ZnPP if
it was mediated via mitochondrial pathway, cytochrome c, release
from the mitochondria in response to pro-apoptotic stimuli, was
determined. The combined drug treatment exerted significant
increase in levels of cytochrome c protein when compared with the
controls. ZnPP or Gem alone did not induce the release (Fig. 7).
Since the combined Gem and ZnPP suppressed the tumor cell
growth, a protein related to cell proliferation; the p21 “P/WAF! yag
analyzed by Western blotting. Gem or ZnPP alone did not affect
the p219P"WAF! brotein expression, whereas the combination of
Gem and ZnPP caused marked induction of p21“P""VA*! and was
associated with marked antiproliferative effect.
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Figure 3. Inhibition of HO-1 activity enhances the cytotoxic effect of Gem. KKU-100 and KKU-M214 cells were treated with the varied
concentrations (0.001, 0.01 and 0.1 uM) of Gem (A,B,D and E) and (0.01, 0.1, 0.5 and 1 uM) of Dox (C and F) with or without 0.01 and 0.1 uM of ZnPP
(HO-1 inhibitor) for 24 h. KKU-100 and KKU-M214 cells were evaluated for cytotoxicity (A,B and C) and apoptosis (D,E and F) by fluorescent dye
staining. The cytotoxicity of the drugs are in concentration-response manner, whereas in co-treatment of drug and ZnPP, the concentration-response
curves are shifted downward, indicating enhancement of the response to drug combinations. The bars at the right panel show percent of apoptotic
cell death when cells were treated with anticancer drugs in combination with various concentrations of ZnPP (0.001-0.1 uM). The bars represent
mean=*SEM, each from three separated experiments. *, p<<0.05 vs drug alone (Gem and Dox).

doi:10.1371/journal.pone.0034994.g003

Discussion

HO-1 has a potent cytoprotective activity against noxious
stimuli in inflammatory diseases such as sepsis, inflammatory
bowel disease, or in various oxidative injuries [7]. Moreover, HO-
1 plays a protective role in normal tissues as well as in cancer cells
[22,23]. Our study demonstrated that HO-1 plays a critical role in
CCA cells in cytoprotection against anticancer agents, regardless
of the basal HO-1 expression levels of the cells. Inhibition of HO-1
by ZnPP or HO-1 siRNA could sensitize CCA cells to the
cytotoxicity of anticancer agents, whereas the induction of HO-1
exerted a cytoprotective and drug resistant effects. The sensitiza-
tion of CCA cells by HO-1 inhibition is probably involved with
generation of ROS, which leads to the loss of A¥m, and initiates
apoptotic cell death processes.

Altered expression of drug metabolizing enzymes, such as
UGTIA, UGT2B, SULTIC [24], NAT2 [25] and GSTO [26] have

been reportedly associated with intrahepatic cholangiocarcinoma
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in endemic area of liver fluke infection. However, there is still no
evidence to establish their roles in protecting cancer cells. Elevated
expression of HO-1 has been reported in various human tumors
including renal cell carcinoma, prostate tumors, bladder and
pancreatic cancers [15,27,28,29], with close association to the
disease states. In the present study, HO-1 induction by SnCl,
caused a significant cytoprotection against chemotherapeutic
agents regardless of basal HO-1 expression. On the other hand,
treatment with anticancer agent also strongly up-regulated HO-1
expression, implying that adaptive defense response in CCA cells is
induced to endure the drugs. These results suggest that role of
HO-1 in cytoprotection is very critical even in low basal level of
HO-1 expression. It should be noted that cytoprotective effect
conferred by HO-1 is not specific to Gem but also to Dox and
perhaps to some others, in spite of the different mechanisms of
actions of these anticancer agents. These results also suggest that
the resistance of CCA cells to anticancer agents is, at least in part,
due to induction of HO-1. Overall, the inhibition of HO-1 may
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Figure 4. Induction of HO-1 suppressed the cytotoxicity of Gem and Dox. (A) The time-course of HO-1 induction by SnCl, (10 uM) in KKU-
100 and KKU-M214 cells. The cells were cultured for overnight and exposed to SnCl, for 3, 6 and 24 h before whole cell lysates were collected and
HO-1 protein was determined by the Western blotting, using B-actin; as loading control. The HO-1 protein expression in KKU-100 and KKU-M214 cells
is relative stable during the first 6 h of exposure to SnCl,, whereas high HO-1 expression is evident during 6 to 24 h. The cytotoxicity of Gem (0.1 uM)
and Dox (0.5 uM) with or without SnCl, (10 uM) was determined in both cell lines after incubation for 24 h. The cell viability (B), apoptotic and
necrotic cells (C) were evaluated by fluorescent dye staining. Data represent mean=SEM, each from three separated experiments. ¥, p<<0.05 vs drug

alone.
doi:10.1371/journal.pone.0034994.g004

overcome the intrinsic as well as

chemotherapeutic agents.

acquired resistance to
Subsequently in this study, we investigated further as to how
HO-1 inhibition induces the sensitization in CCA cells to
anticancer agents. HO-1 possesses an indirect antioxidant effects
probably via generation of biliverdin/bilirubin, carbon monoxide,
and other oxidative stress responses [11,30]. Bilirubin is a potent
antioxidant by recycling between biliverdin and bilirubin during
the catalytic cycle of oxidation and reduction [11]. Inhibition of
HO-1 by ZnPP resulted in significant increase in ROS formation
[17,23,29]. Our results showed that ZnPP caused marked increase
in ROS levels in KKU-100 cells, whereas Gem treatment alone
did not induce ROS. Moreover, combination of ZnPP and Gem
enhanced more ROS production than ZnPP alone. Our study
further verified that ROS is essential for the chemosensitizing
effect, as scavenging of ROS by Tempol virtually abolished the
sensitizing effect of ZnPP. Moreover, these results imply that
inhibition of HO-1 increases the oxidative stress, where ROS may
be derived from the metabolism of the cells themselves [7,30].
The loss of AV, is regarded as an early event of mitochondrial
dysfunction. It is apparent that a small change in mitochondrial

@ PLoS ONE | www.plosone.org

permeability transition (MPT) could depolarize the mitochondria,
whilst increasing number of MPT leads to necrosis and apoptosis
[31]. The increase of ROS production in ZnPP treated groups was
associated with the loss of AY,,. Our recent study on chemopre-
ventive effect of curcumin has demonstrated a temporal
relationship of ROS formation, depolarization of mitochondria
and induction of apoptosis [32]. An inducer such as ROS may
attack and modify membrane proteins of MPT pores leading to
the aggregation of misfolded proteins creating regulated PT pores
[31]. In this circumstance, the cells are in a state of highly
susceptible to further attack by inducers of MPT. Role of ROS
induced by ZnPP in relation to mitochondrial function and
induction of apoptotic cell death is needed further clarification.
Alternatively, inhibition of HO-1 activity results in an increase
accumulation of protoporphyrin in mitochondria [33] and this
lead to depolarization of AV, and sensitize MPT to cytotoxic
agents. Protoporphyrin IX has been suggested to be a ligand of
peripheral benzodiazepine receptor, a component of MPT pores,
thereby sensitizes MPT [34,35]. The present study showed that
only the combination of ZnPP and Gem enhanced cell killing
effect, whilst ZnPP alone at sub-micromolar concentrations caused
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Figure 5. Knockdown of HO-1 by siRNA sensitized KKU-100 cells to Gem. The mRNA (A) and protein (B) levels of HO-1expression in KKU-100
cells are shown. KKU-100 cells were transfected with siRNA against HO-1 for 24 h and total RNA was prepared and analyzed by reverse transcription-
PCR. In similar experiments, cell lysates were collected and HO-1 was determined by the Western blotting in KKU-100 cells, using B-actin, as loading
control. (C) The cytotoxicity and IC50 of Gem in knocked down KKU-100 cells was determined. After transfection for 24 h, KKU-100 cells were treated
with varied concentrations of Gem (0.001, 0.01, 0.05 and 0.1 uM) for another 24 h. The cell viability was evaluated by fluorescent dye staining. Data
represent mean=SEM, each from three separated experiments. *, p<<0.05 vs non target knocked down cells.
doi:10.1371/journal.pone.0034994.9005

Figure 6. ZnPP induced the intracellular reactive oxygen generation, depolarization of mitochondrial transmembrane potential
and cytotoxcity. (A) The generation of ROS induced by ZnPP (0.1 uM) and combination of ZnPP and Gem (0.01 uM) for 3 h in KKU-100 cells as
measured by lucigenin-enhanced chemiluminescent method. ¥, p<<0.05 vs ZnPP alone and # vs Gem alone. (B) The ROS scavenger, Tempol
(500 uM), inhibited cytotoxicity of the combination of ZnPP (0.1 uM) and Gem (0.01 uM) in KKU-100 cells The cell viability was evaluated by
fluorescent dye staining. ¥, p<<0.05 vs the combination of ZnPP and Gem. Data represent mean=S.E.M., each from three independent experiments.
(C) The induction of depolarization of the mitochondrial transmembrane potential (Ay,,) using JC-1 fluorescent probe, in KKU-100 cells after
treatment with Gem+/—ZnPP for 6 h (a,b,c, &d) and 24 h (e,f,g & h). The healthy mitochondria, JC-1 forms J-aggregates and display strong red
fluorescent signal, whereas the depolarized mitochondria, JC-1 exists as monomers and show green fluorescent signal.
doi:10.1371/journal.pone.0034994.9g006
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Figure 7. Alteration of expression of proteins related to cell
proliferation and apoptosis. The Western blots of p21 and
cytochrome c protein expression in KKU-100 cells after treatment with
Gem (0.01 uM)+/—ZnPP (0.1 uM) for 24 h. The levels of p21 and
cytochrome ¢ were normalized with B-actin as a loading control. The
bars are mean=SEM, each from three independent experiments.
*p<<0.05 vs untreated controls.

doi:10.1371/journal.pone.0034994.g007

the release of ROS in association with loss of AV, but this was
still insufficient to induce cell death. Our study is in agreement
with recent reports, ZnPP alone shows no effect on MPT, however
ZnPP in combination with triiodothyronine induced oxidative
stress, MPT' opening and apoptotic cell death [18]. Furthermore,
effect of protoporphyrin IX at nanomolar range in enhanced
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rotenone-induced cytotoxicity is demonstrated to be due to MPT
opening, because the effects were inhibited by cyclosporine A, an
inhibitor of MPT [35].

The sensitizing effect is consistent with present experiment in
that no increased release of cytochrome ¢ by ZnPP or Gem alone,
whereas the drug combination increased release of cytochrome c.
It is noted that Gem alone may not exert cytotoxic effect via
mitochondrial pathway, as Gem did not induce changes of AV,
and cytochrome c levels. Gem is known to induce cell cycle arrest
and apoptosis by p53-dependent and independent pathways. [36].
Our study observed that combination of ZnPP and Gem induced
an increased level of the protein p21, which is a p53-dependent
downstream gene product, and a potent cyclin-dependent kinase
inhibitor. Gem or ZnPP alone did not exert any significant
changes in p21. It is probable that induction of mitochondrial
dysfunction induces p21 accumulation [37]. This is consistent with
a strong antiproliferation effect of Gem and ZnPP combination.

In summary, HO-1 plays an important role in cytoprotection in
both low and high HO-1 expressing CCA cells. Inhibition of HO-
1 induced ROS formation, which may initiate the loss of A\, and
sensitizes CCA cells to a cytotoxic effect of anticancer agents.
Thus, targeted suppression of HO-1 may be a strategy to
overcome drug resistance in cholangiocarcinoma chemotherapy.
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Abstract

Cholangiocarcinoma (CCA) isararetypeof liver cancer with avery poor prognosis. The prevalence of CCA
ismarkedly variablewith the highest incidence in the northeast Thailand, followed by other partsof Southeast
Asia and China. Currently, there is still no reliable biomarker for diagnosis or treatment. NADPH-quinone
oxidoreductase 1 (NQO1) isa xenaobiotic metabolizing enzyme detoxifying chemical stressorsand antioxidants,
thereby providing cytoprotection in normal tissues. However, NQOLisover-expressed in somecancer s, suggesting
rolesin carcinogenesisand tumor progression. I n thisstudy, we examined NQOJ1 activity in surgical specimens
from CCA patients and found much higher values than in the adjacent normal tissues. | mmunohistochemical
analysis revealed strong staining in tumor epithelial elements, whereas the non-tumor bile ducts and liver
parenchymawereweakly stained. NQO1 mRNA expression in tumor tissueswaswidely varied among 43 patients.
A significant association was observed between high level of NQO1 expression and short overall survival timehby
the Cox proportional hazard ratio of 2.40, p<0.05. By histological classification, non-papillary adenocarcinoma
was an independent predictor for poor prognosis with the hazard ratio of 2.79, p<0.05. NQOL1 expression may

serve asa prognostic biomarker for the CCA.

Keywords: NADPH-quinone oxidoreductase 1-drug metabolizing enzyme antioxidant-cytoprotection
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I ntroduction

Cholangiocarcinoma (CCA) is amalignant neoplasm
originating from the bile duct epithelium. Although CCA
is arare cancer worldwide, the incidence and mortality
rates have grown up in the US, United Kingdom, Japan
and Australia (Patel, 2011). The incidence of this cancer
isvery highin regions of northeast Thailand, Cambodia,
and Laos, where the prevalence of liver fluke infection
is very high (Sripa and Pairojkul, 2008; Kamsa-ard et
al., 2011). Opisthorchis viverrini infection is one of the
important risk factors of CCA probably through chronic
inflammation-induced oxidative stress and nitrosative
stress (Coussens and Werb, 2002; Pinlaor et al., 2004),
since chronic inflammation predisposes to several types
of cancers. Activated inflammatory cells release a variety
of inflammatory cytokines such as IL-13, IFN—y, TNF-a
and inflammatory mediators, including nitric oxide and
prostaglandin E2 which act as tumor promoters (Dijkstra
et al., 2004; Ohshima et al., 2005). CCA is an aggressive
malignancy characterized by the resistance to the current
chemotherapy and radiotherapy in vast majority of cases
(Patel, 2011). Diagnosis of CCA is very difficult because
of the nonspecific clinical manifestations and the lack of

appropriate biomarkers (Khan et al., 2005; Patel, 2011).
Complete surgical excision with negative tumor margin,
solitary lesion, absence of lymph node involvement,
and lack of vascular invasion are the best predictors for
long term survival (Khan et al., 2005). However, current
predictors of pathological and operative staging strategies
do not accurately predict long-term prognosis of CCA
patients. The other markers for diagnosis or treatment
such as serum markers of CA 19-9 and CEA are of very
limited value (Patel, 2011).

NAD(P)H:quinone oxidoreductase-1 (NQO1) is a
ubiquitous flavoprotein that functions as an antioxidant
enzyme (Siegel et al., 2004). The enzyme catalyzes two
electron reduction of quinones to hydroquinones, thus
avoids a one electron reduction and associated redox
cycling which generates reactive oxygen species (ROS)
(Dinkova-Kostova, 2010). Functions of NQO1 include
xenobiotic detoxification, superoxide scavenger and
the maintenance of endogenous antioxidant vitamins
(Siegel et al., 2004). The antioxidant role of NQO1 was
suggested by evidences such that the disruption of NQO1
gene (Radjendirane et al., 1998) or genetic polymorphism
increased the risk of chemical-induced toxicity and
cancers (Saldivar et al., 2005; Yang et al., 2012). Several
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lines of evidences indicate that cancer chemoprevention
afforded by regular intake of dietary phytochemicals
involves with induction of the phase Il enzymes including
NQOI1 (Surh et al., 2008). It is conceivable that NQO1
plays an important rolein protecting normal cells against
oxidative injury and carcinogenesis.

Over-expression of NQO1 mRNA in tumor tissue
compared to the surrounding normal tissue was reported
in liver cancer (Cresteil and Jaiswal, 1991), lung cancer
(Kolesar et al., 2002), pancreatic cancer (Logsdon et
al., 2003), and over-expression of NQOI1 detected by
immunohistochemistry in breast, ovary, thyroid, adrenal,
colorectal and bladder wasal so observed (Siegel and Ross,
2000). These circumstantial evidences suggest that over-
expression of NQO1 may confer cytoprotection for tumor
cells against oxidative stress and cause cells resistant to
anticancer agents (Danson et al., 2004). The treatment
of CCA based on targeting NQO1 has been shown to be
a potential strategy to overcome the resistance in CCA
(Buranrat et al., 2010). In this study we analyzed NQO1
expression in CCA tumor and apparently normal adjacent
tissues and examined whether NQO1 expression could be
a prognostic marker of CCA in association with the overall
survival.

Materialsand M ethods

Subjects

Subjects were patients admitted at Sringarind
Hospital, Faculty of Medicine, Khon Kaen University
for the treatment of cholangiocarcinoma. All patients
have been diagnosed and confirmed by histopathological
examination. Their average age was (mean+SD) 56.1+9 4
years, with 27 males and 16 females. Their survival
time ranged from 36 days to 1,120 days, at which time
some subjects were still alive. In this study, nine patients
(22.5%) received adjuvant chemotherapy after surgery.
Tumor tissues were collected from surgical resection of
tumor mass for histopathological examination and other
tissue samples were kept in liquid nitrogen before uses
for extraction of RNA and enzymatic assay.

Tissue samples

Forty-three tissue sections from the specimen bank
of the Liver Fluke and Cholangiocarcinoma Research
Center, Faculty of Medicine, Khon Kaen University. The
study protocol was approved by the Khon Kaen University
Ethics Committee for Human Research. Written informed
consent was obtained from all patients. Among forty
three samples, thirty samples were available as the pair
of tumorous and non-tumorous tissues. Samples of the
same tissue section were used for assays of NQO1 activity
and total mRNA. Patients who died within 2 weeks after
operation were excluded from this study.

Immunohistochemistry

CCA tissue sections were cut from archival paraffin
blocks. Sections were deparaffinized in xylene and
rehydrated through descending alcohol seriesto distilled
water. Endogenous peroxidase activity was eliminated
by placing sections in 3% hydrogen peroxide for 30 min.
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Sections were rinsed in PBS for 10 min and then blocked
in 5% milk in PBST for 20 min. Immunohistochemistry
analysis of NQO1 was performed using mouse monoclonal
IgG against NQO1 (sc-32793, Santa Cruz, CA, USA)
1:100 dilution for an overnight at 4°C, followed by
Immunodetection with Envision system-HRP labeled
polymer anti-mouse (Dako) for 1 hr. Sections were
counterstained with hematoxylin, and photographed.

NQOI activity in tissues

Tissues was thawed, cut into small pieces in ice-
cold 1.15% (w/v) KCI in 0.1 M phosphate buffer pH
7.4 and homogenized with Utra-Turrax homogenizer.
Homogenates were centrifuged at 100,000 g at 4°C for
60 min. Finally, supernatant was collected for the cytosol
fraction and the microsomal pellet was resuspended by
homogenizing the pellet in the same buffer. Cytosol and
microsomal fractions were preserved with 20% (v/v)
glycerol. Aliquots of samples were stored at -70°C until
use.

NQO1 activity was measured according to the
previously described method (Prochaska and Santamaria,
1988) with slight modifications (Prawan et al., 2009).
Cytosol samples were assayed by coupling reaction
using menadione and MTT (3-(4,5-dmethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, a tetrazole) as the
substrate. Tissue cytosol was added to reaction mixture
containing with Tris 25 mM, pH 7.4, bovine serum
albumin 67 mg/mL, 0.015% tween-20, 50 uM FAD, 1
mM glucose-6-phosphate (G6P), 30 uM NADP, 2 unit/
mL G6P-dehydrogenase, 0.03 mg/mL MTT and 0.24 uM
menadione. The assay was performed in the presence and
absence of 50 M dicoumarol. The enzyme activity was
measured as a rate-kinetics at a wavelength of 620 nm, and
the readings were made at 30 second intervals for 5 min.
The initial velocity of dicoumarol-suppressible kinetics
was calculated as the NQO1 activity using the extinction
coefficient of formazan of MTT of 11,300 M cm™.

RNA preparation and reverse transcription-polymerase
chain reaction

Total RNA was extracted from tumor tissues using
Trizol reagent following the manufacturer’s instruction.
Total RNA (1 pg) was reverse-transcribed in 20 uL
containing 0.5 ug of oligo(dT),  primer, 20 U of RNasin®
ribonuclease inhibitor and 200 U of ImProm-1I™ reverse
trancriptase in 10xPCR buffer, 3 mmol/L MgCL, and 1
mmol/L dNTPs. The first-strand cDNA was synthesized
at condition of 42°C for 60 min. The reverse transcription
products were served as a template for real-time PCR.
PCR amplification was performed using specific primers
for the NQOL1 using beta-actin as an internal control. The
PCR primer sequences were: NQOL; forward primer:
5 GGC AGA AGA GCA CTG ATC GTA 3’, NQO1;
reverse primer: 5° TGA TGG GAT TGA AGT TCA
TGG C 3’, GenBank accession number BC007659.2,
with the expected amplicon size of 159 bp, beta-actin;
forward primer: 5 TGC CAT CCT AAA AGC CAC 3,
beta-actin; reverse primer: 5 TCA ACT GGT CTC AAG
TCA GTG 3°,GenBank accession number NM_001101.3
with amplicon size of 290 bp. The real-time PCR, based
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on SYBR Green, was carried out in a final volume of 20
L containing 1x SYBR Green master mix, 0.5 gmol/L
of each NQO1 or beta-actin primers. Thermal cycling
was performed for each gene in duplicate on cDNA
samples in 96-wells reaction plate using the ABI 7500
Sequence Detection system (Applied Biosystems). The
negative control, set up by substituting the template with
deionized H,O and that routinely had a high Ct value
which represented the lower detection limit, wasincluded
in the experimental runs. Real-time PCR was conducted
with the following cycling conditions: 95°C for 10 min,
followed by 40 cycles of 95°C for 15 s, 55°C for 30 s
and 72°C for 45 s. Assay was performed in triplicate.
The relative expression ratio (R) of the target genes was
calculated based on the efficiency (E) and CT deviation
and expressed as the ratio to the reference gene. The
corresponding real time PCR efficiencies were calculated
according to the equation E=1001sleel All data were
analyzed using Sequence Detector Software Version 1.4
(Applied Biosystems).

Statistical analysis

Data are expressed as mean+SD. Student’s t-test was
used to determine significant differences between tumor
and normal tissues. The level of significance was preset
at p<0.05. Cross tabulations were analyzed with the chi-
square test for association of NQO1 mRNA expression and
the pathological features of patients. The Kaplan-Meier
survival curves were generated for patients who having
high and low expression of NQO1 mRNA, histological
types of papillary type and other. Hazard ratios and
p-valuesfor comparisons of patients having high and low
NQO1 expression were calculated based on multivariate
Cox proportional hazards model, adjusting for their age,
sex, histological types, tumor residue and metastasis. The
analyses were conducted by using Stata software version
7.0.

Results

Characteristics of patients

Characteristics of subjects are shown in Table 1.
There were 8 long survivors, and 6 out of 8 patients
had a papillary type CCA by histopathology. Patients
in this series were initialy evaluated as the candidates
for complete excision. However, only 18 (42%) patients
were proven to have been achieved complete resection
with negative margin (R0) by histopathology, while all
the others have extensive invasion and tumor residue at
the surgical margin.

NQOI activity and immunohistochemical localization in
CCA tissue

NQOL activity in tumor tissues was much higher than
that in non-tumor adjacent tissues (p<0.001) (Figure 1).
The median and 25% and 75% percentiles of NQO1
activities were 14.9, 1.0 and 20.8 nmol/min/mg protein
for tumor tissues and 0.81, 0.44 and 1.21 nmol/min/mg
protein for normal tissues. There was no association
between NQOI activity and survival time or NQO1 mRNA
expression. The immunohistochemical staining in tumor

Figurel. Activity of NQOLin Tissuesfrom Normal and
Tumor Sectionsof CCA Patients. Surgical liver specimens
from CCA patients were sectioned for tumor and adjacent
normal tissues. Tissues were homogenized for preparation of
cytosolic fraction to determine NQO1 activity by the enzymatic
coupling assay. All samples were performed in triplicate assay.
Small horizontal bars on the right side of the plots represent the
percentiles of 25™, 50" and 75™

Figure 2. Immunohistochemical Staining of NQO1
in CCA Sections. A) The negative control of NQO staining.
B) The non-tumor tissue stained very weakly with NQO1,
a: non-tumor bile duct, b: liver parenchyma, and c: bile duct
tumor stained strongly with NQO1. C) The well-differentiated
adenocarcinoma type. D) The papillary type. (Original
magnification of x40 for A & C, and 10X for B & D)

Table 1. The Characteristics of CCA Patientsin this
Study and in Relation to NQO1 Expression Levels

NQOL1 expression p-value

Characteristics No. Low High

Age (year+SD) 56+9 43 57.5+7.053.0+13.4 0.15

Gender Female 16 10 6 05
Male 27 20 7

Status Death 35 24 11 0.72
Alive 8 6 2

Gross type Mass forming 24 17 7 098
Periductal infiltrating 17 12 5
Intraductal growth 1 0 1

Histological type Papillary 22 16 6 066
Non-papillary 21 14 7
Well-differentiated 16
Moderately-differentiated 3
Poorly-differentiated 2

Metastasis Present 14 9 5 0.69
Not establish 27 19 8

Surgica margin - RO 18 13 5 077
Not RO 25 17 8
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Figure 3. Cumulative Survival Curvesfor I ntrahepatic
Cholangiocarcinoma. A) The survival function at mean of
covariates. B) Survival function stratified by the levels of NQO1
mRNA expression. C) Survival function stratified by histological.
D) Survival function type stratified by surgical margin. Tumor
tissues from surgical sections of cholangiocarcinoma patients
were prepared for total RNA and analyzed for NQO1 mRNA
by reverse-transcription and real-time PCR. All samples were
performed in triplicate assay. Patients with high NQO1 mRNA
expression group or histology of non-papillary type or surgical
margin showing tumor residue had worse overall survival

Table 2. Multivariate Analysis by COX Proportional
Hazards

Variable Hazard ratio 95%CI p-value
Age <57 1

=57 2.74 123-6.070.013
Gender Female 1

Male 102 049-2420.84
Histological types Papillary 1

Non-papillary 2.99 1.39-6.42 0.005
Metastasis Presence 1

No evidences 1.25 0.56-2.79 0.58
Surgical margin RO 1

Not RO 261 1.11-6.14 0.027
NQO1 mRNA expression Low 1

High 243 1.12-528 0.025

and non-tumor areas are shown in Figure 2. The normal
issue showed liver parenchymaand small bile ducts only
weakly stained with NQO1 in cytosol (Figure 2B). NQO1
isstrongly stained in tumors with tubular type as well as
papillary type of adenocarcinoma (Figure 2C and D).

NQOI expression and association with clinicopathologic
variables

Expression levels of NQO1 mRNA were measured
by reverse-transcription real-time PCR. Subjects at the
forth quartile of NQO1 expression were assigned to high
expression group (13 subjects) and the rest were low
expression group (30 subjects). There was no significant
correlation between thelevel of NQO1 and the histological
type of tumors, and evidence of metastasis (Table 1). The
age of patients between NQO1 high and low groups was
also of no difference.
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Survival time analysis

The median survival time of the patientsin this series
was 267 days with 95%CI of 131-403 days. Using Kaplan-
Meier and log-rank analysis, the median survival time of
CCA patients with the high and low expression of NQO1
were of 149.0 days (95%CI: 102-196 days) and 342.0
days 95%CI: 228-456 days), respectively. The median
survival time of the patients having papillary and non-
papillary types by histology were 297 (95%CI: 219-375
days) and 157 day (95%CI: 98-352 days, respectively. In
the univariate analysis, none of variables was a significant
predictor for survival.

The multivariate Cox proportional hazard analysis
was performed in patients to explore the impact of NQO1
expression after adjusting for age, gender, histological
type, metastasis and presence of tumor residue. Thelevels
of NQO1 expression, histological type, gender and tumor
residue at surgical margin were significant predictors of
the survival time of CCA patients (Figure 3). CCA patients
with low expression of NQO1 have longer survival than
who have high expression, with the hazard ratio of 2.43
(p<0.05). The prognosis of patients having papillary
adenocarcinomawas better than the patients having other
histological types of CCA with the hazard ratio of over
2.99 (Table 2). The patients with residual tumor (surgical
margin positive) were at risk with the hazard ratio of 2.61
when compared with complete excision of tumor.

Discussion

NQOI functions as xenobiotic metabolizing and
antioxidant in normal cells. NQOL1 gene is one of the
down-stream genes regulated by Nrf2-antioxidant-
response-element (Nrf2-ARE) signaling pathway, which
is an important target for cancer chemoprevention of
various phytochemicals (Surh et al., 2008). However, in
certain circumstances, NQO1 also functions to protect
tumor cells, as it is over-expressed in some cancers
(Cresteil and Jaiswal, 1991; Kolesar et al., 2002; Danson
et al., 2004). Our results revealed that NQO1 expression
by immunohistochemical staining and NQO1 activity in
tumor tissues were significantly higher than the normal
adjacent tissues. NQO1 mRNA expression in tumor tissue
can be an independent predictor of long-term survival.

In this study, NQOI1 activity was very high in CCA
tumor tissues compared to the normal liver tissue. There
was a wide variation in the activity of tumors, whereas
there was much less in normal tissues. However, there
was lack of correlation between the activity and mRNA
expression of NQOL. The high expression might not
directly represent the activity observed. Alternatively,
NQOL1 expression may represent the activity of Nrf2-ARE
signaling system, where the pathway could regulate a
number of downstream genesincluding NQO1 and other
antioxidant genes where they provide cytoprotection and
resistance to stress (Kensler and Wakabayashi, 2010).

In a previous study, Strassburg et al. (2002) reported
the expression of NQO1 and NQO?2 in bile duct tumor was
comparable to that of normal bile duct tissues. In contrast
to our study, high NQO1 immunohistochemical staining
was observed in CCA tissues, whereas surrounding
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tissuesincluding normal bile ductsand liver parenchyma
were very weakly stained. Since Strassburg et al. (2002)
observedinonly four CCA patientsand use of gall bladder
as the representative normal biliary tissues. The small
sample size with different control specimen might cause
the differences in results.

Recently Wakai et al. (2011) reported that the loss of
NQOI1 expression evaluated by immunohistochemical
technique was associated with the poor prognosis of
intrahepatic CCA. This report is in contrast with our
finding where low NQO1 expression is associated with
longer survival than the high expression. The discrepancy
of findings may be due to the different study populations.
CCA patients in our report were from the Northeast region
of Thailand where liver fluke infection is probably the
most important causative agent of CCA (Green et al.,
1991; TARC, 1994). On the other hand, Wakai et al.
(2011) studied on Japanese patientswhere opisthorchiasis
is not a risk factor. Related to this, Jinawath et al. (2006)
reported that liver fluke-associated and non-liver fluke
associated intrahepatic CCA showed significantly
different gene expression profiles in such that, xenobiotic
metabolizing enzyme genes were over-expressed in Thai
CCA patients, whereas growth factor signaling genes
were over expressed in Japanese patients (Jinawath et al.,
2006). A larger population is deemed necessary to clarify
an association of NQO1 and the prognosis of CCA. Tt
also highlights the need to evaluate the biomarkers under
relevant circumstances.

Apart from NQO1, the present results revealed that
histological type of CCA tissue could be a significant
and independent predictor associated with prognosis of
the patients; i.e. the patients having papillary type have
better prognosis than those having non-papillary type.
Our result is in agreement with the previous report in CCA
patients of Thailand (Subimerb et al., 2010). Histological
typeand NQOL1 expression are independent parameters of
patients'survival, asthe histological typeisnot correlated
with NQO1 expression level (Table 1). Residual tumor
after surgical operationisusually regarded asthe predictor
of poor survival after surgery. The complete excision of
tumor with surgical margin negative (RO) is associated
with long-term survival (Guglielmi et al., 2009). Our
study isconsistent with the concept of patientswithout RO
excision are at higher risk than those with RO operation.

In summary, NQO1 acting as xenobiotic metabolizing
and antioxidant enzyme was over-expressed in the
majority of CCA. Since NQO1 is over-expressed in some
other tumors, this enzyme may provide protection to
cancer cells. The high expression of NQO1 was associated
with poor prognosis. Histology of tumors of papillary
type and complete surgical removal of tumor mass were
significantly associated with good prognosis. Further
study with larger population is necessary to clarify the
inconsistency among the reports.
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Abstract Phenethyl isothiocyanate (PEITC) is a natural iso-
thiocyanate with anticancer activity against many drug-
resistant cancer cells. A body of evidence suggests that
PEITC enhances oxidative stress leading to cancer cell death.
Cholangiocarcinoma (CCA) is an aggressive bile duct cancer
with resistance to chemotherapeutic drugs. PEITC rapidly
kills KKU-100 CCA cells with concurrent induction of cellu-
lar glutathione depletion, superoxide formation, and loss of
mitochondrial transmembrane potential. The loss was associ-
ated with increased Bax and decreased Bcl-x1 proteins follow-
ed by the release of cytochrome c¢ and the activation of
caspase-9 and -3. Although TEMPOL could prevent superox-
ide formation, it did not prevent the disruption of glutathione
(GSH) redox, mitochondrial dysfunction, and cell death. On
the other hand, N-acetylcysteine could prevent the events and
cell death. It was concluded that disruption of GSH redox but
not superoxide formation may be an initial step leading to
mitochondrial injury. PEITC could be a promising chemopre-
ventive agent for CCA.

Keywords Phenethyl isothiocyanate - Cancer
chemoprevention - Cholangiocarcinoma - Mitochondrial
dysfunction - Glutathione

O. Tusskorn * A. Prawan * L. Senggunprai

V. Kukongviriyapan (<))

Department of Pharmacology, Faculty of Medicine, Khon Kaen
University, Khon Kaen, Thailand 40002

e-mail: veerapol@kku.ac.th

A. Prawan - L. Senggunprai * V. Kukongviriyapan
Liver Fluke and Cholangiocarcinoma Research Center, Khon Kaen
University, Khon Kaen, Thailand

U. Kukongviriyapan
Department of Physiology, Faculty of Medicine, Khon Kaen
University, Khon Kaen, Thailand

Abbreviations

BSO Buthionine sulfoximine

TEMPOL  4-hydroxy-TEMPO

CCA Cholangiocarcinoma

PEITC Phenethyl isothiocyanate

GSH Glutathione

GSSG Glutathione disulfide

A, Mitochondrial transmembrane
potential

NAC N-acetyl-L-cysteine

ROS Reactive oxygen species

SRB Sulforhodamine B

JC-1 5,5',6,'-Tetrachloro-1,1',3,3'-
tetraethylbenzimidazolyl-
carbocyanine iodide

MOMP Mitochondrial outer membrane
permeabilization

Introduction

Isothiocyanates (ITCs) are hydrolysis products of a group of
naturally occurring thioglucoside and glucosinolate compounds
which are found in cruciferous vegetables and others including
broccoli, cauliflower, cabbage, brassicas, watercress, and kale
(Cheung and Kong 2010). The ITCs rather than their parent
compounds, the glucosinolates, are highly active. The ITCs
including phenethyl isothiocyanate (PEITC), sulforaphane,
and allyl isothiocyanate are very effective antioxidants and
potent suppressors of tumor growth (Hayes et al. 2008). The
compounds possess dual effects of antioxidant activity and also
generation oxidative stress. The antioxidant is demonstrated by
the radical scavenging activity and indirectly by induction of the
expression of antioxidant and cytoprotective enzymes, whereas
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the oxidative stress is generated via several cellular mechanisms
(Cheung and Kong 2010). The antitumor activities in vitro and
in vivo confer a collective activity so-called cancer chemopre-
vention (Keum et al. 2003; Khor et al. 2008; Xiao et al. 2010).
Several epidemiological studies have suggested that dietary
intake of cruciferous vegetables is inversely related to the
development of cancer (Chan et al. 2005). PEITC, an isothio-
cyanate, found abundantly in cruciferous vegetables has been
shown effectively inhibit the growth of cancers of prostate,
colon, lung, and leukemic cells (Chiao et al. 2004; Cheung
et al. 2008; Mi et al. 2011b). Clinical trials of PEITC on the
treatment of lung cancer and leukemia are currently undertaken
(www.clinicaltrials.gov).

The cancer chemopreventive effects of PEITC are expressed
via several cell signaling pathways at multiple levels. The in-
duction of reactive oxygen species (ROS) formation plays a
pivotal role in oxidation of cellular redox-sensitive molecules
and disruption of the mitochondrial function leading to the death
of leukemic and prostate cancer cells (Xiao et al. 2010; Kluza
et al. 2011). However, PEITC-mediated apoptosis of HepG2 or
multiple myeloma cells was suggested to be independent of
ROS formation (Rose et al. 2003; Mi et al. 2011a). It is interest-
ing to note that PEITC mediates apoptotic cell death of various
drug-resistant cancer cells including imatinib-, Gleevec-, and
fludarabine-resistant leukemic cells and prostate cancer
(Trachootham et al. 2008; Mukherjee et al. 2009; Kluza et al.
2011). Moreover, the effects of PEITC on multiple steps of
cancer growth make this compound highly versatile and prom-
ising candidate for cancer chemoprevention and chemotherapy.

Bile duct cancer or cholangiocarcinoma (CCA) is a highly
malignant adenocarcinoma originating from the cholangiocytes
(Patel 2011). CCA is a rare type of cancer worldwide; however,
CCA is the most common type of liver cancer in some regions
in Asia, particularly the Mekong Basin subregion, where the
incidence of CCA is highest in the world (Sripa et al. 2012). In
the Western countries, the incidence and the mortality rate of
intrahepatic CCA are reportedly increasing at an alarming rate
(Khan et al. 2005; Patel 2011). The prognosis of CCA patients
is very poor because most patients are already in the advanced
stage at diagnosis. Chemotherapy and radiotherapy show mod-
est benefit for prolonged overall survival in patients with
unresected CCA (Hezel and Zhu 2008). Currently, there is no
standard regimen of chemotherapy for CCA (Patel 2011).
Despite of the many recent advances in cancer chemotherapy,
management of CCA is still an immense challenge, and several
strategies in sensitizing resistant CCA cells to respond to che-
motherapeutic drugs have been attempted (Buranrat et al. 2010;
Kongpetch et al. 2012).

The cancer chemopreventive effect of PEITC in CCA is still
unknown. In this study, we examined the inhibitory effect of
PEITC on KKU-100, a CCA cell line derived from human
tumor tissue with poorly differentiated adenocarcinoma. To
elucidate the possible mechanisms of the effects of PEITC on
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CCA cells, ROS formation, glutathione (GSH) redox stress,
and mitochondrial function were evaluated for PEITC-treated
CCA cells. The results show that the PEITC-mediated killing of
CCA cells was not associated with the generation of superoxide
anion. The disruption of GSH redox may be an important step
eliciting mitochondrial dysfunction, a common pathway lead-
ing to cell death.

Materials and methods
Chemicals and reagents

PEITC, 4-hydroxy-TEMPO (TEMPOL), N-acetyl-L-cysteine
(NACQ), dihydroethidium (DHE), sulforhodamine B (SRB),
and buthionine sulfoximine (BSO) were obtained from
Sigma Chemical Co. (St. Louis, MO, USA). 1-Methyl-2-
vinylpyridinium triflate (M2VP) was obtained from Fluka
Chemical (Buch, Switzerland). 5,5',6,'-Tetrachloro-1,1’,3,3'-
tetracthylbenzimidazolyl-carbocyanine iodide (JC-1) was
obtained from Clayman Chemical (Ann Arbor, MI, USA).
Caspase-9 substrate I (Ac-LEHD-AFC), granzyme B sub-
strate II caspase 8 (Z-IETD-AFC), and glutathione monoethyl
ester (GSH-MEE) were purchased from Calbiochem (EMD
Millipore, Billerica, MA, USA). EnzCheck® Caspase-3
Assay kit#1 was purchased from Molecular Probes (Eugene,
OR, USA). Antibodies used for immunoblotting were from
Santa Cruz Biotechnology (Sandiego, CA, USA).

Cell cultures

A human CCA cell line, KKU-100 established in our institute
(Sripa et al. 2005), were grown in Ham’s F12 medium
supplemented with 4 mM L glutamine, 1 mM sodium pyruvate,
12.5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; pH 7.3), 100 U/mL penicillin, 100 pg/mL streptomy-
cin sulfate, and 10 % fetal calf serum and maintained under 5 %
CO, in air at 37 °C. The cells were subcultured every 2—
3 days before cultured cell confluence using 0.25 % trypsin—
EDTA, and the medium was changed after overnight incubation.

Cytotoxicity assay

CCA cells were seeded onto 96-well culture plates at a density
of 7,500 cells/well. After an overnight culture, the serum-free
medium was replaced with an addition of PEITC, and the cells
were cultured for various time intervals. The cytotoxicity was
examined by the SRB assay. In brief, cultured cells were fixed
with ice-cold trichloroacetic acid and stained with 0.4 % SRB in
1 % acetic acid for 30 min. Excess dye was removed by rinsing
several times with 1 % acetic acid, and protein-bound dye was
dissolved with 10 mM Tris base solution for determination of
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absorbance with a microplate reader with filter wavelength of
570 nm.

To determine if cells have undergone apoptosis, cul-
tured cells were stained with fluorescent dyes as previous-
ly described (Buranrat et al. 2010; Suphim et al. 2010). In
brief, the cells were washed once with phosphate-buffered
saline (PBS) and stained with acridine orange and
ethidium bromide (AO/EB) in PBS with the trace amount
of hemoglobin. The cells were examined using a Nikon
Eclipse TS100 inverted microscope with the excitation and
emission filters of 480 and 535 nm, respectively. The
number of viable, apoptotic, and necrotic cells which were
stained with green fluorescence with intact nuclei, green
fluorescence with the appearance of cell shrinkage, nuclear
condensation and fragmentation, and bright orange fluores-
cence, respectively, were enumerated. The apoptotic cells
were calculated as the percent apoptotic cells over a total
number of cells in the same area.

Assays for ROS and glutathione

Intracellular ROS generation was measured by cell-permeable
fluorescent probe, DHE, staining, which is specific for super-
oxide anion. Briefly, 5x 10* cells were seeded in 96 black well
plates and cultured overnight. Then, the medium was re-
moved, and the cells were washed with PBS and were treated
with PEITC, 25 uM DHE with or without 2 mM NAC or
0.5 mM TEMPOL in serum-free medium and kept under an
atmosphere of 5 % CO, at 37 °C for 90 min. The fluorescence
intensity was read and quantified in a Gemini XPS fluorescent
plate reader with excitation and emission wavelength of 518
and 605 nm, respectively.

Glutathione was assayed by the method previously
described (Suphim et al. 2010) using M2VP as a gluta-
thione scavenger. In brief, cell lines were trypsinized
and washed three times with cold PBS, and cell sus-
pensions were reacted with M2VP (1 mM) for determi-
nation of GSSG. Another aliquot of cell suspension was
used for the assay of total GSH. The cultured media
were collected, centrifuged, and supernatants were saved
for total GSH assay.

Measurement of mitochondrial transmembrane potential

The dissipation of the mitochondrial electrochemical potential
gradient is known as an early event in apoptosis. The assay of
mitochondrial transmembrane potential (A%;,,) was performed
according to the previously described method (Kongpetch
et al. 2012) using the cationic, lipophilic dye, JC-1 staining.
The cells were seeded in 96 black well plates at the density of
1x10* cells/well and cultured overnight before treatment with
PEITC at varied concentrations for 3 and 24 h. Images were
captured by a fluorescence microscope with excitation

wavelength of 485 nm and long-pass emission wavelength
of 535 nm. JC-1 forms J-aggregates in healthy mitochondrial
matrix, which can be visualized as red fluorescence. In
depolarized mitochondria, JC-1 effluxes to the cytoplasm
and exists as monomers with green fluorescence. The shift
of red to green fluorescence is an indicative of depolarization
of AW,,.

Western blot analysis

Whole cell lysates were prepared as described previous-
ly (Buranrat et al. 2010). The protein was electropho-
retically separated on 10 % SDS—polyacrylamide gel
and was transferred to polyvinylidene difluoride (PVDF)
membranes by semidry blotting. The PVDF membranes were
blocked with 5 % (w/v) skimmed milk powder in PBS and
incubated overnight at 4 °C with primary antibodies including
rabbit polyclonal IgG against cytochrome ¢ (sc-13560), Bax
(sc-493) and AIF (sc-5586), and mouse monoclonal IgG
against Bcl-x1 (sc-8392) and (3-actin (sc-1616). The primary
antibody was removed, and the blots were incubated with the
respective horseradish peroxidase-conjugated secondary anti-
bodies (goat anti-mouse or anti-rabbit IgG). The blots were
incubated with ECL substrate solution. The densities of bands
of specific cytochrome c, Bel-x1, Bax, AIF, and 3-actin were
visualized and captured by ImageQuant™ 400.

Measurements of caspase activities

After treatment with PEITC for 3 and 6 h, the cultured cells
were trypsinized, washed in PBS, and adjusted to 10° cells for
each reaction. Cell pellets were stored frozen at —80 °C for
analysis at a later time. Cell pellet was lysed with the cell lysis
buffer and incubated on ice for 10 min. After centrifugation to
pellet the cellular debris, the supernatant was transferred to
individual microplate wells and processed according to the man-
ufacturers’ instructions using Ac-LEHD-AFC as caspase-9 sub-
strate, Z-IETD-AFC as caspase-8 substrate, and Z-DEVD-AMC
as caspase-3 substrate. The fluorescent signals were read using
Gemini XPS fluorescent plate reader with the excitation and
emission wavelengths of 400 and 505 nm, respectively, to assess
caspase-9 and -8 activities, and 340 and 440 nm, respectively to
caspase-3 activity.

Statistical analysis

All results were presented as the mean+SEM. Comparison
between control and treated group performed with stu-
dent’s ¢ test or ANOVA with student—Newman—Keuls test
where appropriate. The level of significance was set at
p<0.05.
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Results
PEITC induced cytotoxicity and depletion of GSH

To examine the cytotoxic effect of PEITC, KKU-100 cells
were exposed to various concentrations (0.3, 1, 3, 10, and
30 uM) of PEITC for 24 and 48 h (Fig. 1a). The viability of
CCA cells reduced rapidly after exposure to PEITC in a dose—
response manner and the percentage of cytotoxicity at 48 h
was not significantly different from that at 24 h. The IC50
values were not different between 24 and 48 h of incubation
(inset, Fig. 1a). Moreover, PEITC induced apoptosis very
rapidly within the first 3 h and in a dose-dependent manner
(Fig.1b). In contrast, PEITC induced only few number of
necrotic cell death at every time points (data not shown).

As cellular GSH is the major cellular redox buffer, the mech-
anism of PEITC-induced cytotoxicity was suggested to be asso-
ciated with disturbance of GSH (Trachootham et al. 2008). GSH
in KKU-100 cells was decreased rapidly within the first 3 h and
continuously suppressed through 24 h of incubation (Fig. 1c).
The efflux of total GSH from the cells into the medium was also
determined to observe how oxidative stress was handled by
CCA cells. Total GSH levels in the medium were increased with
time of incubation and concordant with the decrease of cellular
GSH levels (Fig. 1c).
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Fig. 1 PEITC induced cytotoxicity and GSH depletion. KKU-100 cells
were incubated with various concentrations (0.3, 1, 3, 10, 30 uM) of
PEITC for 24 and 48 h before the cytotoxicity of the cells was determined
by SRB assay (a) and the number of apoptotic cells was assessed by AO/
EB method at 24 h of incubation (b). GSH levels were measured in cell
pellet as intracellular GSH (c¢) and in the medium as efflux from the cells.
Each value represents the mean + SEM of three experiments. Significant-
ly different from controls, ¥*p<0.05
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Effects of antioxidants on PEITC-induced ROS formation
and GSH depletion

As PEITC suppressed cell growth and induced cell death in
association with oxidative stress manifested as GSH deple-
tion, we evaluated whether the GSH redox stress was causally
related with the formation of superoxide anion by using
TEMPOL, a superoxide scavenging agent and NAC, a thiol
antioxidant and redox reagent. Treatment of 3 or 10 uM of
PEITC rapidly induced an increase of fluorescent signals of
superoxide formation within 90 min (Fig. 2a). Co-treatment of
the cells with PEITC and 0.5 mM TEMPOL or 2 mM NAC
almost completely suppressed PEITC-induced ROS forma-
tion in the cells. Treatment with NAC or TEMPOL alone
did not change the basal ROS levels when compared with
controls. GSH in the cells was determined after concurrent
treatment of PEITC with TEMPOL or NAC. The PEITC
(10 uM) suppressed the cellular GSH after incubation for
3 h. It was only NAC that could completely stabilize GSH
levels when cells were treated with PEITC (Fig. 2b). The
treatment of TEMPOL could not protect losses of cellular
GSH and even induced loss at low concentration of PEITC.

Protective effect of TEMPOL and NAC on PEITC-induced
cytotoxicity

To evaluate whether the cytotoxicity of PEITC was associated
with the superoxide and GSH redox stress, KKU-100 cells
were concurrently treated with PEITC and TEMPOL or NAC.
The presence of TEMPOL could not suppress the cytotoxic
effects of PEITC at any incubation periods, i.e., 3, 24, and
48 h. Rather, the concurrent treatment with TEMPOL tended
to exacerbate the cytotoxic effect of PEITC at 24-48 h of
incubation (Fig. 3, upper panel). On the other hand, NAC
significantly prevented the cytotoxicity of PEITC (Fig. 3, up-
per panel) in association with the protection of cellular GSH
(Fig. 2b).

PEITC-induced depolarization of mitochondrial
transmembrane potential

To elucidate the underlying mechanisms of PEITC-induced
cytotoxicity in relation to oxidative stress, the effect of PEITC
treatment on mitochondrial function was investigated. The
mitochondrial transmembrane potential (A¥,,) was deter-
mined by JC-1 assay in cells treated with PEITC for 3 and
24 h. In control cells, mitochondria predominantly exhibited
red fluorescence indicating the intact A¥,, (Fig. 3a, lower
panel). PEITC rapidly depolarized A¥,,, as revealed by green
fluorescence staining. The depolarization of A¥,, was appar-
ent within the first 3 h of PEITC treatment and persisted up to
24 h. When cells were concurrently treated with PEITC and
antioxidants, NAC but not TEMPOL showed protective effect
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Fig. 2 Effect of antioxidants on superoxide formation and GSH levels
KKU-100 cells were incubated with PEITC at indicated concentrations
[3 and 10 uM, shown as P3 and P10] with or without TEMPOL (TEM;
0.5 mM) or N-acetyl-L-cysteine (NAC; 2 mM) for 90 min. Superoxide
formation was quantified by dihydroethidium fluorescent method (a). The
effects of TEMPOL and NAC on PEITC-induced reduction of cellular
GSH were determined after incubation for 3 h (b). Each bar represents the
mean £ SEM of three experiments. Significantly different from controls,
*p<0.05 and significantly different from PEITC treatment, 1p<0.05

on the AY,, (Fig. 3c, d). Treatment with TEMPOL or NAC
alone did not affect A¥,, (data not shown). The changes in
AW, were correlated well with the cytotoxicity of PEITC.

Effects of GSH replenishment and GSH depletion

Since there was a relationship between GSH depletion and cell
death, we further evaluated whether depletion of GSH by
PEITC was an important cause of cell death. For this purpose,
the cultured cells were treated with BSO (0.5 mM), an inhib-
itor of GSH synthesis. Treatment with BSO caused a rapid
depletion of cellular GSH (data not shown) but did not induce
any cytotoxic effect after incubation for 24 h (Fig. 4a).
However, BSO strongly potentiated PEITC-induced

Fig. 3 Effects of antioxidants on cytotoxicity and changes in mitochon-
drial transmembrane potential KKU-100 cells were incubated with
PEITC at indicated concentrations [P3 and P10 (uM)] with or without
TEMPOL (TEM) (0.5 mM) or NAC (2 mM) for 3, 24, and 48 h. The
cytotoxicity was assayed by SRB method (bar graph in upper panel).
Each bar represents the mean + SEM of three experiments. Significantly
different from control, *p<0.05 and significantly different from PEITC-
treated group, Tp<0.05. The A¥,, was assessed using JC-1 staining
method after the cells were treated with PEITC for 24 h. Fluorescent
images were captured by a fluorescence microscope. The experiment was
done twice with similar results. The representative images from one
experiment are shown (images in lower panel)

cytotoxicity. The result indicates that GSH depletion alone is
insufficient to cause cell death. To demonstrate if the protec-
tive effect of NAC is related to GSH redox regulation, the cells
were treated with GSH-MEE, a cell-permeable GSH concur-
rent with high concentration of PEITC to cause massive cell
death. Treatment with GSH-MEE could almost completely
prevent cell death (Fig. 4b).

Effects of PEITC on cytochrome ¢, Bcl-2 proteins,
and caspase activity

The involvement of mitochondria in PEITC-induced cytotox-
icity was examined further. After PEITC treatment for 3 and
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Fig. 4 Effects of GSH replenishment and GSH depletion on PEITC-
induced cytotoxicity. Cultured cells of KKU-100 cells were treated with
combination of PEITC and buthionine sulfoximine (BSO) for 24 h (a) or
PEITC with glutathione monoethyl ester (GSH-MEE) (b). Analysis of
cell death was performed by fluorescent staining method. Each bar
represents the mean = SEM of three experiments. Significantly different
from controls, *p<0.05

6 h, the remarkable release of cytochrome ¢ was observed
(Fig. 5, left panel) along with the increases in AIF and Bax
levels, while Bel-x1 expression was suppressed.

Along with the cytochrome c release, the activation of
caspases was observed. PEITC treatment activated caspase-9
and -3, but not caspase 8, in KKU-100 cells (Fig. 5, right
panel).

Discussion
PEITC is a natural compound of isothiocyanate group. It has
been advocated as a chemopreventive agent for leukemia,

pancreatic, prostate, and lung cancers (Mi et al. 2007; Hayes
et al. 2008; Trachootham et al. 2008; Xiao et al. 2010). The
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mechanism of actions of PEITC is multifaceted, including
ROS formation, interacting with redox signaling and mito-
chondrial proteins, leading to oxidative stress and mitochon-
drial damage (Cheung et al. 2008; Kluza et al. 2011; Mi et al.
2011b). Although CCA is a malignant tumor highly resistant
to chemotherapy (Eckel and Schmid 2007; Hezel and Zhu
2008), PEITC potently inhibited CCA cell growth and induced
apoptosis. The ROS was generated by PEITC, but it does not
seem to play a critical role in the induction of cell death. On the
other hand, GSH depletion and oxidative stress seem to in-
crease cellular redox stress and alter expression of Bcl-x1 and
Bax protein expressions with subsequently initiating an intrin-
sic mitochondrial cell death pathway leading to the release of
cytochorome c, activation of caspase enzymes, and ensuing
cell death.

PEITC-induced GSH depletion in association with cell death
is consistently observed in various tumor cells (Lee et al. 2002;
Hayes et al. 2008; Trachootham et al. 2008). GSH depletion
might be caused by the increased ROS formation. Alternatively,
GSH depletion by PEITC may be caused by rapid adduction of
GSH. The PEITC adducts efflux from the cells via multidrug
resistance-associated protein 2 (MRP2), whereas PEITC could
reversibly be hydrolyzed and retaken up into the cells to gen-
erate a wasting cycle of GSH (Hayes et al. 2008). This was
consistent with the observed rapid increase of GSH efflux into
the medium. However, GSH depletion itself could not induce
cell death, as BSO, which could deplete GSH by large, did not
induce cell death. However, depletion of GSH may sensitize the
cells to the other concurrent effect of PEITC leading to cell
death. This is consistent with our results that NAC and GSH-
MEE can almost completely abolish cytotoxicity of PEITC.
Because NAC is not an efficient radical scavenging agent
(Parasassi et al. 2010), it serves as a precursor for GSH synthe-
sis. More importantly, GSH and NAC have been shown to play
critical roles in modulating a number of redox-sensitive en-
zymes, where these proteins involve in cellular signaling for
survival and cell death (Lee et al. 2012). It is probable that
PEITC may exert multiple effects probably via redox stress in
induction of cell death.

In these studies, TEMPOL, a superoxide scavenger
(Krishna et al. 1996), abolished superoxide anion without
cytoprotective effect. The role of ROS in PEITC-induced cell
death may be cell type-specific because PEITC caused cell
death of chronic lymphocytic and chronic myelogenous leu-
kemic cells in a ROS-dependent manner (Trachootham et al.
2008; Xiao et al. 2010). On the other hand, PEITC and its
electrophilic adducts may cause oxidative stress by interacting
with an active cysteine thiol moiety of vital cellular molecules,
particularly redox regulating and signaling regulating proteins
such as thioredoxin, 14-3-3 protein, and HSP where those
proteins are ultimately involved in the regulation of cell death
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Fig. 5 PEITC induced the release of cytochrome ¢ and Bcl2 proteins,
and activation of caspases KKU-100 cells were treated with PEITC
(10 uM) for 3 and 6 h. The cytosol protein was analyzed for cytochrome
¢, Bax, Bel-xl, and AIF by Western immunoblotting using f3-actin as
loading control. Values beneath images indicated the relative protein
intensity as a ratio of the treatment to the corresponding vehicle-treated
control. Each experiment was done at least twice with similar results, and

(Mi et al. 2011b). Our results suggested a mechanistic disso-
ciation between superoxide production and cellular redox
disturbance, in the regulation of cell death.

Cellular GSH redox plays important roles in the complex
process of apoptosis involving with Bcl2 family proteins
where Bcl2 proteins modulate the mitochondrial permeability
transition (MPT) and the activity of mitochondrial complexes
(Xiao etal. 2010). The mode of action of PEITC to CCA cells,
which is common to some tumor cells, may be an induction of
mitochondrial damage (Xiao et al. 2010; Kluza et al. 2011).
The mitochondrial dysfunction is evidenced by the loss of
AW, which is closely related to the cytotoxic effect of PEITC.
The MPT pore is a protein pore that is formed in the inner
membrane of mitochondria under certain stimuli. The opening
of the MPT pores leads to the loss of proton gradient across
the inner membrane rendering mitochondria into a
depolarized state while increasing the number of MPT pores
leads to apoptosis and necrosis (Kim et al. 2003). As NAC
prevented the loss of A¥,, and protected cell death, this
suggests that redox stress may be an early event leading to
mitochondrial damage, whereas NAC may alleviate the redox
stress.

In the present study, the release of cytochrome ¢ and AIF via
mitochondrial outer membrane paralleled with the altered
levels of Bax and Bcl-xl. Bax is a multidomain proapoptotic

the representative bands from one experiment are shown (images at left
panel). The total cell lysates were assayed for caspase activities using
specific fluorogenic substrates (bar graph at right panel), caspase-9 (a),
caspase-8 (b), and caspase-3 (¢). Each bar represents the mean + SEM of
three experiments. Significantly different from corresponding controls,
*p<0.05

Bcl2 family protein which forms the mitochondrial outer mem-
brane permeabilization (MOMP) upon activation (Chipuk and
Green 2008). The release of cytochrome c resulted in the
activation of caspase enzymes in KKU-100 cells. AIF, a
caspase-independent effector of apoptosis, is located in the
inner membrane of mitochondria and released upon induction
of apoptosis (Norberg et al. 2010). AIF is activated by oxidative
modifications and proteolysis. The release of AIF from
mitochondria is regulated by Bcl2 proteins including Bel-x1
and Bax to form MOMP (Norberg et al. 2010). It is noted that,
caspase-8 activity remained unchanged, suggesting that
the induction of apoptosis of KKU-100 cells by PEITC may
be primarily mediated through the intrinsic mitochondrial
pathway.

In summary, PEITC induced ROS-independent oxidative
stress, GSH depletion, and alteration of Bcl2 proteins leading
to mitochondrial dysfunction and cell death. The exact mech-
anism of alteration of GSH affecting the changes in Bcl2
proteins remains to be elucidated. PEITC is a useful chemo-
preventive agent where it provides multiple modes of actions
to inhibit CCA cells.
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Phenethyl isothiocyanate induces calcium
mobilization and mitochondrial cell death
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Abstract

Background: Phenethyl isothiocyanate (PEITC) is a cancer chemopreventive agent from cruciferous vegetables.
Cholangiocarcinoma (CCA) is a chemo-resistant cancer with very poor prognosis. We evaluated the effects of PEITC
on induction of apoptotic cell death in relation to cellular glutathione (GSH) and mitochondrial function of a CCA
cell line, KKU-M214.

Methods: Cytotoxic effects of PEITC on a CCA cell line, KKU-M214, and a reference cell line, Chang cells were
evaluated. To delineate mechanisms of cell death, the following parameters were measured; GSH and superoxide
levels as the oxidative status parameters, apoptosis related proteins levels using Western blotting. Cellular free
calcium level and mitochondrial transmembrane potential were also measured.

Results: PEITC induced apoptotic cell death of both KKU-M214 and Chang cells. After PEITC treatment, both cells
showed decrease of Bcl-xI and increase of Bax levels. While KKU-M214 cells released AlF, Chang cells released
cytochrome ¢, with subsequent activation of caspase 3 and 9, upon PEITC treatment. PEITC induced superoxide
formation in both cells, although it seemed not play a role in cell death. PEITC caused GSH redox stress in different
ways in two cell types, because N-acetylcysteine (NAC) prevented redox stress in Chang but not in KKU-M214 cells.
The loss of mitochondrial transmembrane potential was induced by PEITC concurrent with GSH stress, but was not
a primary cause of cell death. The rapid increase of free calcium level in cytosol was associated with cell death in
both cell lines. These events were prevented by NAC in Chang cells, but not in KKU-M214 cells.

Conclusion: PEITC induced cell death KKU-M214 cells and Chang cells via increase of cellular calcium mobilization and
activation of mitochondrial cell death pathway. The effects of PEITC on the redox stress was mediated via different ways
in CCA and Chang cells because NAC could prevent redox stress in Chang cells, but not in KKU-M214 cells. The multiple
effects of PEITC may be useful for the development of novel chemotherapy for CCA.
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Background
Cholangiocarcinoma (CCA) is a malignancy originating
from the bile ducts, usually adenocarcinomatous, and is
the second common primary liver cancer [1]. CCA is a
rare cancer worldwide, but the most common form of
liver cancer in Mekong subregion countries, including
northeastern Thailand, Cambodia, Vietnam and Laos
[2]. In the Western countries, the incidence and the
mortality rate of intrahepatic CCA have risen steeply
and steadily over the last decades [3]. In spite of tremen-
dous efforts to improve the treatment, CCA is still
notoriously difficult in diagnosis and treatment [3]. Most
of CCA patients are already in the advanced stage at
diagnosis, and the radical surgery is not feasible.
Chemotherapy and radiotherapy could not improve the
survival of patients with unresectable CCA [3]. Despite
of recent advances in chemotherapy for many cancers,
management of CCA with chemotherapeutic drugs and
biologic agents has so far been unsatisfied. The develop-
ment of appropriate new chemotherapeutic drugs and
new approaches for the treatment of chemo-resistant
cancer like CCA should be of the high priority.
Isothiocyanates (ITCs) are the hydrolysis products of a
group of naturally occurring thioglucoside and glucosino-
late compounds found in cruciferous vegetables [4].
Among ITCs, phenethyl isothiocyanate (PEITC), sulfo-
raphane and benzyl isothiocyanate are known to have po-
tent biological activities. Recent epidemiological studies
showed that intake of ITCs reduced the risk of certain
cancers, such as pancreatic and lung cancers [5,6]. PEITC
can suppress tumor cells growth, and induce apoptosis
and cell cycle arrest [7]. Dietary intake of PEITC strongly
inhibited tumorigenesis in various animal models such as
a prostate cancer xenografted model [8], colon and lung
tumors in transgenic mice models [9,10]. The effects of
PEITC on tumor cells are multifaceted including induc-
tion of reactive oxygen species (ROS) formation,
depolarization of mitochondrial transmembrane potential
(A¥,n) [11,12], activation of c-Jun N-terminal kinase
(JNK) and p38 kinase-mediated apoptotic pathway [7,13],
and induction of hyper-expression of death receptor-5
mediated caspase 8 activation [14]. PEITC also can de-
press pro-survival signaling pathways of NF-kB and PI3K/
Akt [15], as PEITC inhibits IKK, IxB and Akt phosphoryl-
ation leading to inhibit cell proliferation and apoptosis.
The selective cytotoxic effects of ITCs on various cell
types have less frequently been reported. PEITC, benzyl
ITC and sulforaphane showed the same ranges of ICs,
values to MCF-7 breast cancer cells and MCEF-12A, the
non-cancer mammary epithelial cells, and also to HK-2
kidney cells [16]. The selective toxicity of anticancer agents
on the major organs may be the primary concern in cancer
chemotherapy. Although some functional distinction be-
tween cancer and normal cells such as oxidative status
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have been suggested [17,18], it is yet to be translated into
an effective strategy to eliminate cancer cells while spare
normal cells.

The effects of PEITC on multiple steps of cancer growth
make this compound highly versatile and promising can-
didate in cancer chemoprevention and chemotherapy.
However, the exact mechanisms of its chemopreventive
effects are not fully understood. For the better under-
standing of the anticancer mechanisms of PEITC, we eval-
uated the effects of PEITC on a bile duct cancer cell line,
KKU-M214 in relation to GSH redox stress and mito-
chondrial function. In this study, HeLa [Chang liver] cells
were used as the reference because our previous study
showed that oxidative stress caused the suppression of
glutathione (GSH) redox in this cell line [19].

Methods

Cell cultures

Human CCA cell line, KKU-M214 established in our
institute and human HeLa [Chang liver] cells were both
kindly provided by Prof. Banchob Sripa, Department of
Pathology, Faculty of Medicine, Khon Kaen University.
Cells were grown in Ham’s F12 medium supplemented
with 12.5 mM N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid (HEPES; pH 7.3), 100 U/mL penicillin,
100 pg/mL streptomycin sulfate and 10% fetal calf serum
and maintained under 5% CO, in air at 37°C as
described previously [20]. The cells were subcultured
every 2-3 days before confluence of the cells using
0.25% trypsin—EDTA, and the medium was changed
after an overnight incubation.

Cytotoxicity assay

KKU-M214 and Chang liver cells were seeded onto 96-
well culture plates at a density of 7,500 cells/well. After an
overnight culture, the serum-free medium was replaced
with the media containing PEITC, and the cells were
cultured for various time intervals. The cytotoxicity was
examined by the sulphorhodamine B (SRB) assay. In brief,
cultured cells were washed once with phosphate-buffered
saline (PBS), fixed with 100 pl of ice-cold trichloroacetic
acid for 1 h, and stained with 50 pl of 0.4% SRB in 1%
acetic acid for 30 min. The cells were then rinsed several
times with 1% acetic acid, and protein-bound dye was
dissolved with 200 pl of 10 mM Tris base solution. The
absorbance was determined using a microplate reader with
the filter wavelength of 540 nm.

To determine cells undergone apoptosis, cultured cells
were stained with fluorescent dyes as previously de-
scribed with modifications [20,21]. In brief, the medium
was removed after PEITC treatment and the cells were
stained with acridine orange and ethidium bromide
(AO/EB) in PBS. The cells were examined using a Nikon
Eclipse TS100 inverted microscope with the excitation
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and long-pass emission filters of 480 nm and 535 nm,
respectively. The fluorescent images were taken at 2 pre-
determined areas in each well with triplicate wells per
concentration using a Nikon Coolpix digital camera. The
number of viable, apoptotic, and necrotic cells, which
were stained with green fluorescence with intact nuclei,
green fluorescence with the appearance of cell shrinkage,
nuclear condensation and fragmentation, and bright or-
ange fluorescence, respectively, were enumerated. The
apoptotic cells were calculated as the percent apoptotic
cells over a total number of cells in the same area.

Measurement of ROS

Intracellular ROS generation was measured using a cell-
permeable fluorescent probe, dihydroethidium (DHE).
Briefly, 5 x 10* cells were seeded in 96 black well plates
and cultured overnight. Then, the medium was removed
and the cells were washed with phosphate buffered sa-
line (PBS). They were then treated with PEITC and
25 uM DHE with or without 2 mM N-acetyl-L-cysteine
(NAC) or 0.5 mM 4-hydroxy-TEMPO (TEMPOL), in
serum-free medium and kept in 5% CO, atmosphere at
37°C for 90 min. The fluorescence intensity was read
and quantified in a Gemini XPS fluorescent plate reader
with the excitation and emission wavelength of 518 nm
and 605 nm, respectively.

Glutathione assay

Total glutathione was measured essentially according to
Tietze’s method [22]. Glutathione disulfide (GSSG) was
assayed by the method previously described [21] using
1-methyl-2 vinyl-pyridinium trifate (M2VP) as a gluta-
thione scavenger. Cultured cells were trypsinized and
washed three times with cold PBS. Cell suspensions were
reacted with M2VP (1 mM) to determine GSSG. Ali-
quots of untreated cell suspensions were used for the
assay of total GSH. Protein concentration was assayed
using the Bradford’s dye binding method.

Calcium mobilization assay

Intracellular calcium level was measured using an assay kit
(FluoForte® Calcium Assay, Enzo Life Sciences, PA, USA).
In brief, KKU-M214 and Chang cells were grown on 96
well plates at the density of 10,000 cells/well and treated
with 3 and 10 uM PEITC with/without 2 mM of NAC for
1 h. Then, the media were removed and FluoForte® dye-
loading solution was added according to the manufac-
turer’s instruction. The plate was incubated at 37°C for
30 min and the fluorescent staining was analyzed under a
fluorescent microscope with the excitation and emission
wavelengths of 485 nm and 535 nm, respectively. Images
of the cultured cells were captured and the integrated op-
tical density (IOD) of each image was analyzed by using
the Image-Pro Plus (Media Cybernetics) software.
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Measurement of mitochondrial transmembrane potential
The dissipation of the mitochondrial electrochemical
potential gradient is known as an early event leading to
apoptosis. To measure the change in mitochondrial trans-
membrane potential (AY?,,), cells were seeded in 96 black
well plates at the density of 10,000 cells/well and cultured
overnight before treatment with various concentrations of
PEITC for 3 and 24 h. The assay was performed according
to the method described previously [23] using the cationic,
lipophilic dye, 5,5',6, -tetrachloro-1,1",3,3 "tetraethylbenzi-
midazolyl carbocyanine iodide (JC-1) (Clayman Chemical)
staining with some modifications. The cultured plate was
centrifuged at 1,000 rpm for 5 min at room temperature
and the cultured medium was removed, loaded with JC-1
dye for 20 min, washed by centrifugation, incubated in the
assay buffer and AY,, was analyzed under a fluorescent
microscope with the excitation wavelength of 485 nm and
emission wavelength of 535 nm. JC-1 forms J-aggregates
in healthy mitochondrial matrix, which can be visualized
as red fluorescence. In depolarized mitochondria, JC-1
effluxes to the cytoplasm and exists as monomers with
green fluorescence. The shift of red to green fluorescence
is an indicative of the depolarization of AY,.

Western blot analysis

Whole cell lysates were prepared as described previ-
ously [21]. PEITC-treated and control cells were
washed with PBS, collected, and lysed with cell lysis
buffer at 4°C with vigorous shaking. After centrifuga-
tion at 12,000 g for 30 min, the supernatant was
collected and stored at —80°C until use. The protein
samples (30 pg protein/sample) were electrophoretically
separated on 10% SDS—polyacrylamide gel (SDS-PAGE).
The proteins were transferred to polyvinylidene difluoride
(PVDF) membranes by semi-dry blotting at 10 V for
40 min. The PVDF membranes were blocked for 2 h at
4°C with 5% (w/v) skimmed milk powder in PBS con-
taining 0.1% Tween-20. The PVDF membrane was in-
cubated overnight at 4°C with primary antibodies
including rabbit polyclonal IgG against cytochrome c
(sc-13560, Santa Cruz BioTechnology, 1:1000 dilution),
mouse monoclonal IgG against Bel-xI (sc-8392, 1:500
dilution), rabbit polyclonal IgG against Bax (sc-493,1:1000
dilution), rabbit polyclonal IgG against AIF (sc-5586,
1:500 dilution), rabbit polyclonal IgG against p53 (sc-
6243, 1:500 dilution), goat polyclonal IgG against f-actin
(sc-1616 HRP, 1:2500 dilution), in PBS containing 0.1%
Tween-20. The primary antibody was removed and the
membranes were extensively washed with PBS/Tween-20.
The membranes were then incubated for 2 h at 4°C with
1:5,000 dilution of respective horseradish peroxidase-
conjugated secondary antibodies (goat anti-mouse or anti-
rabbit IgG). After removal of the secondary antibody
and PBS buffer washings, the blotted membranes were
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incubated with ECL substrate solution (ECL™ Prime
Western Blotting Detection Reagent). The densities of
the specific cytochrome c, Bcl-x1, Bax, AIF, p53 and B-actin
bands were visualized and captured using ImageQuant™
400 (GE Healthcare).

Measurements of caspase activities

Caspase 8 and 9

After treatment with PEITC for 3 and 6 h, the cultured
cells were trypsinized, and adjusted to 10° cells for each
reaction. Cell pellet was lysed with cell lysis buffer on ice
for 10 min, centrifuged, and then 50 pl of the super-
natant was transferred to individual black microplate
wells. The sample in each well was mixed with 50 pl of
2x reaction buffer (containing 10% glycerol; 0.5 mM
EDTA; 20 mM HEPES, pH 7.0; DTT 10 mM) and
fluorogenic Ac-LEHD-AFC, a caspase 9 substrate
(50 uM) or Z-IETD-AFC (EMD Millipore), a caspase 8
substrate (50 uM). Reaction mixtures were incubated for
8 h at 37°C in dark and fluorescent signals were read
using the Gemini XPS fluorescent plate reader with the
excitation and emission wavelengths of 400 and 505 nm,
respectively.

Caspase 3

Cell lysates were prepared as above and mixed with the
reaction buffer (containing 0.2% CHAPS; 4 mM EDTA;
20 mM PIPES, pH 7.4; DTT 10 mM and 0.2 mM Z-
DEVD-AMC), EnzCheck® Caspase-3 Assay kit#1 (Mo-
lecular Probe). Reaction mixtures were incubated for 1 h
at 30°C in dark and fluorescent signals were read using
the Gemini XPS fluorescent plate reader with the excita-
tion and emission wavelengths of 342 and 441 nm,
respectively.

Statistical analysis

All the results were presented as the mean + SEM.
Statistical comparison between control and treated
group was performed using Student’s t-test or One-
way ANOVA with Student-Newmann-Keuls post-hoc
test, where appropriate. The level of significance was
set at p <0.05.

Results

Cytotoxic effects of PEITC on CCA and Chang cells
KKU-M214 and Chang cells were exposed to PEITC at
the indicated concentrations and the cytotoxicity of
PEITC was assessed at 24 and 48 h. Viability of both cell
lines was reduced rapidly after exposure to PEITC and
the percent cytotoxicity remained similar level after 24
and 48 h incubation (Figure 1). The IC5, values were not
different between 24 and 48 h of incubation (2.99 +0.87
and 325%0.19 pM), respectively, for KKU-M214
(Figure 1A), and (3.46 £0.20 and 3.39 £0.75 puM) for
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Chang cells (Figure 1B). KKU-M214 was apparently
more sensitive to PEITC than Chang cells, especially at
24 h of incubation.

PEITC-induced apoptosis in relation to apoptosis-
associated proteins expression

Induction of apoptotic cell death by PEITC was exam-
ined for KKU-M214 and Chang cells. PEITC induced
apoptosis of both cell lines very rapidly within 3 h in a
dose dependent manner (Figure 2A & B). In contrast,
PEITC did not induce necrotic cell death at any time
points examined (data not shown). The induction of
apoptotic cell death was associated with changes in
apoptotic proteins, i.e., decrease of Bcl-xl and increase of
Bax protein expression within 3 h. PEITC induced cyto-
chrome c release in Chang cells but not in KKU-M214
cells. Conversely, AIF was markedly increased in KKU-
M214 cells but not in Chang cells. Bcl-2 protein expres-
sion is known to be regulated partly by p53, but, in this
study, no significant changes in p53 protein expression
were observed at 3 h (Figure 2C) in spite of significant
changes in Bcl-xl, Bax and other apoptogenic proteins in
both cells.

PEITC-induced cell death via caspase-dependent and
-independent pathways

As the increase of AIF and cytochrome c levels are
known to be involved in the intrinsic death pathway,
their downstream caspase activities in mitochondrial
pathway were evaluated along with caspase-8 extrinsic
pathways. The effects of PEITC on caspase 3, 8 and 9 ac-
tivities in both cell lines were measured at 3 and 6 h
after treatment. Caspase-8 activity was unaltered in both
cell lines (Figure 3A & B). While caspase-3 and -9 activ-
ities in KKU-M214 cells were unchanged after PEITC
treatment, they were significantly increased in PEITC-
treated Chang cells (Figure 3C-F).

PEITC-induced glutathione depletion

Previous reports [11,12] suggested that cytotoxicity of
PEITC is related to oxidative stress. As GSH is a major
cellular antioxidant, we investigated the effect of PEITC
on cellular GSH levels. After exposure to PEITC, both
KKU-M214 and Chang cells rapidly lost cellular GSH in
a dose-dependent manner as early as 3 h of incubation
(Figure 4A & C). In KKU-M214 cells, GSH levels
returned to, or rose up even higher than, the control
level at 24 h. GSH /GSSG ratio in KKU-M214 cells was
initially reduced and then returned to the control level
by 24 h (Figure 4B). After treatment with 10 uM PEITC,
only very few KKU-M214 cells were left alive at 24 h,
then it was not possible to determine the levels of GSH.
In contrast to the rapid recovery of KKU-M214 cells,
PEITC-mediated depletion of GSH levels and depressed
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mean + SEM of three experiments.
A\

Figure 1 Cytotoxic effects of PEITC on KKU-M214 and Chang cells. Cells were incubated with various concentrations from 0.3 to 30 uM
PEITC for 24 and 48 h. The cytotoxicity of PEITC in KKU-M214 (A) and Chang cells (B) was examined by SRB assay. Each value represents the

GSH redox ratios in Chang cells persisted even at 24 h
of incubation (Figure 4C & D).

Effects of antioxidants on PEITC-induced oxidative stress

Since the results given above, PEITC treatment in-
duced GSH depletion in both cell lines, we exam-
ined whether this depletion was associated with the

formation of reactive oxygen species (ROS). We ex-
amined also the role of antioxidants on GSH deple-
tion and ROS formation. For this purpose, we used
TEMPOL, a ROS scavenging agent, and NAC, a
thiol modifier. As shown in Figure 5A and B, the
basal level of superoxide in KKU-M214 cells was ap-
proximately 2-fold higher than that in Chang cells.

results, and the representative bands from one experiment are shown.

Figure 2 PEITC-induced apoptosis and release of proapoptogenic proteins. KKU-M214 and Chang cells were treated with PEITC 1, 3 or

10 uM (P1, P3 or P10, respectively) for 3 or 6 h. The number of apoptotic cells was assessed by AO/EB method at 3 h of incubation (A). Each bar
represents the mean + SEM of three experiments. Significantly different from control, *p < 0.05. Immunoblot analysis was performed using 30 pg

of protein and cytochrome ¢, Bax, Bcl-xI, AIF and p53 were detected by specific antibodies. 3-actin was used as loading control (B & C). Value in-
dicates the relative protein intensity as a ratio to the corresponding vehicle-treated control. Each experiment was done at least twice with similar
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Figure 3 Activation of caspases by PEITC. Cells were treated with 3 or 10 uM of PEITC (P3, P10), for 3 and 6 h. Caspase-3 (E & F), caspase-8
(A & B) and caspase-9 (C & D) activities were determined by incubating the cell lysates with fluorogenic substrates specific for each caspase
enzyme. Each bar represents the mean + SEM of three experiments. Significantly different from corresponding controls, *p < 0.05.

Treatment of the cells with 3 and 10 uM PEITC
caused significant increase of ROS in Chang cells,
but only slight increase in KKU-M214 cells. Co-
treatment of the cells with PEITC and 0.5 mM
TEMPOL or 2 mM NAC completely normalized the
ROS levels in both cell lines (Figure 5A & B). More-
over, treatment of NAC also largely prevented
PEITC-induced losses of GSH in both cell lines at
3 h (Figure 5C & D) and this protective effect per-
sisted up to 48 h of incubation (data not shown).
However, TEMPOL, which could completely neutralize
ROS, could only partially prevented GSH depletion in
both cell lines.

PEITC-induced intracellular calcium mobilization

Oxidative stress is known to trigger the release of Ca*
from some intracellular Ca®* storages, particularly from
the endoplasmic reticulum, resulting in the increase of
cytosolic and mitochondrial Ca®*, which initiates cell
death [24]. We examined the effects of PEITC on intra-
cellular Ca®* mobilization in KKU-M214 and Chang
cells. As shown in Figures 6A & B, PEITC induced rapid
Ca®* mobilization into cytosol within the first 1 hour of
incubation, which was visualized by Ca®* fluorescent
probe in KKU-M214 and Chang cells. NAC, a thiol
modifier, could not inhibit Ca** flux into cytosol in
KKU-M214 cells (Figure 6C), but could completely
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Figure 4 Effect of PEITC on intracellular GSH and redox ratio. KKU-M214 (A & B) and Chang cells (C & D) were incubated with PEITC 1, 3 or
10 uM (P1, P3 or P10, respectively) for 3 and 24 h. Total GSH contents were measured from cell pellets as intracellular GSH (A & C), and GSH and
GSSG ratios (B & D) were determined for GSH redox ratio. Each bar represents the mean + SEM of three experiments. Significantly different from
control, *p < 0.05.

Figure 5 Effect of PEITC on ROS production and GSH depletion. KKU-M214 (A & C) and Chang cells (B & D) were incubated with PEITC at in-
dicated concentrations 3 and 10 uM (P3 & P10) with or without TEMPOL (0.5 mM TEM) or NAC (2 mM). ROS formation was quantified by dihy-
droethidium method after incubation for 90 min (A & B) and cellular GSH (C & D) was assayed at 3 h after incubation. Each bar represents the
mean + SEM of three experiments. Significantly different from control, *p < 0.05, and significantly different from PEITC treated group, #p < 0.05.
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Figure 6 PEITC induced the mobilization of intracellular Ca%* . Cultured cells were treated with 3 or 10 uM of PEITC (P3 or P10) with NAC

(2 mM) for 1 h. The mobilization of Ca®* into cytosol was analyzed by fluorescence staining using Fluoforte dye with excitation and emission
wavelength of 485 and 535 nm, respectively. Representatives of images in each condition are shown (A & B). The integrated optical density (IOD)
of fluorescence in each condition was analyzed (C & D) from 10 images of two experiments. Each bar represents the mean + SEM. Significantly
different from control, *p < 0.05 and significantly different from PEITC treated group, #p <0.05.

inhibit Ca®* flux into cytosol in Chang cells (Figure 6D).
This underlines the causal relationship between calcium
flux and oxidative stress.

PEITC-induced depolarization of the mitochondrial
transmembrane potential

Since PEITC induced apoptotic cell death via Bcl-2 pro-
tein family and other apoptogenic proteins, it is likely
that the cytotoxicity of PEITC would be associated with
the mitochondrial pathway. We examined the effect of
PEITC on mitochondrial integrity by measuring the
AY,, using JC-1 fluorescent assay. In untreated control
cells, mitochondria predominantly exhibited red fluores-
cence due to accumulation of J-aggregates representing
the intact AY,,. PEITC treatment rapidly depolarized
AY,, as shown by the green fluorescence of JC-1 mono-
meric forms present in the cytosol (Figure 7). The effect
was apparent within the first 1 hour of incubation and
sustained up to 24 h in both cells. The images of the
cells treated with PEITC for 3 h are shown in Figure 7.
The effects of TEMPOL and NAC on the PEITC-

induced AY;, changes were evaluated. As was expected,
TEMPOL did not prevent the depolarization of A¥,, in
both cell lines. In contrast, NAC completely protected
PEITC-induced mitochondrial depolarization in Chang
cells, but this protective effect was not apparent in
KKU-M214 cells, despite that GSH in KKU-M214 cells
was well maintained by NAC.

Effect of cyclosporine on PEITC-induced cell death

Since the depolarization of AY,, may be resulted from
the opening of the mitochondrial permeability transition
(MPT) pores, we examined whether the opening of
MPT was the primary effect of PEITC to induce cell
death. The results show that cyclosporine (Cs) (Sandim-
mune, Novartis), a potent MPT inhibitor, could prevent
the losses of AY,, (data not shown), but could not pre-
vent cell death in both cell types (Figure 8A & B). These
results suggested that the loss of A¥,,, was not a critical
event and might be secondary to the recruitment of Bcl-
2 protein members (Figure 2).
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Figure 7 PEITC-induced depolarization of the mitochondrial transmembrane potential. Cells were treated with 3 or 10 uM (P3 or P10) of
PEITC with TEMPOL (0.5 mM TEM) or NAC (2 mM NAQ) for 3 h. The change in AY,, was examined using JC-1 staining method. Fluorescent images
were captured by fluorescence microscopy with the excitation wavelength of 485 nm and the emission wavelength of 535 nm. The experiments

were performed twice with similar results, representative images from one experiment were shown.

Effect of antioxidants on PEITC-induced cytotoxicity

It is apparent from the results given above that PEITC
affected differently on KKU-M214 and Chang cells over
the induction of GSH redox stress, protection of Ca**
efflux into cytosol and the protection to the loss of AY,, by
NAC. Therefore, the protective effects of antioxidants,
TEMPOL or NAC, on PEITC-induced cytotoxicity were
assessed. Figure 8 (C & D) shows that, co-treatment of the
cells with PEITC and TEMPOL apparently could not
protect cell death in both cell types, which was consistent

with the results of the inefficacy of TEMPOL to prevent
depolarization of AY¥,, changes. Rather, treatment with
TEMPOL exacerbated cell death in KKU-M214 cells
(Figure 8C). NAC, which was unable to prevent the loss of
A¥,, nor the Ca** mobilization in cytosol in KKU-M214
cells, also could not protect PEITC-induced cell death. In
contrast to the inefficacy to KKU-M214 cells, NAC almost
fully protected Chang cells from the cytotoxic effect of
PEITC at any time points examined after incubation
(Figure 8D).

Figure 8 Effects of Cs, NAC and TEMPOL on PEITC-induced cell death. Cells were treated with 3 or 10 uM of PEITC (P3 or P10) in
combination with Cs (cyclosporine) (50 nM) for 24 h (A and B). Another experiments, cells were treated with NAC (2 mM) or TEMPOL (0.5 mM,
TEM) for 3, 24 and 48 h (C and D). Cell viability was assayed. Each bar or each value represents the mean + SEM of three experiments.
Significantly different from control group, *p < 0.05. and significantly different from PEITC treated group, #p <0.05.
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Discussion

The chemopreventive properties of dietary cruciferous
vegetables are well recognized from the results of epi-
demiological and experimental studies [5,6,9]. PEITC,
one of the most promising ITCs, has been extensively
studied in vivo and in vitro, information of its effects on
CCA cells is lacking. Many strategies to enhance thera-
peutic outcomes in CCA treatment have been studied.
For example, addition of biologic agents to block various
kinase enzymes, or to suppress cytoprotective enzymes;
NQOI1 and HO-1 in CCA cells could increase the sus-
ceptibility of CCA to chemotherapeutic drugs [1,20,23].
In the present study, we demonstrated that PEITC could
inhibit CCA cell growth and rapidly induce apoptosis.
PEITC exerts different effects on KKU-M214 and Chang
liver cells over cellular GSH redox and the release of
mitochondrial apoptogenic molecules. The different
cytoprotective effect of NAC on PEITC-induced cell
death of the two cell types may reflect that the intracel-
lular targets of PEITC are different in KKU-M214 and
Chang liver cells.

Previous studies showed that PEITC induced -cell
death via several different mechanisms depending on cell
types. Induction of cell death was associated with activa-
tion of c-Jun-N-terminal kinase (JNK) in DU145 but not
in LnCaP cells [13] or with formation of ROS in PC3
and LnCaP, but was independent of ROS in HepG2 and
multiple myeloma cells [12,25,26]. In this study, cyto-
toxic effects of PEITC were explored using a CCA cell
line, KKU-M214 cells and Chang liver cells, since most
chemotherapeutic agents have little selectivity over can-
cer cells from normal host cells. Our findings of the lack
of selective toxicity of PEITC over CCA and Chang cells
is consistent with the previous reports that various ITC
killed cancer cells and non-cancer cells at the same
order of concentration [16].

Present study showed that PEITC could induce
apoptosis of both KKU-M214 and Chang liver cell lines in
association with the decreased Bcl-xl and increased Bax
expressions. It is known that p53 plays an important role
in physically and functionally interacting with Bcl-2 family
members for their translocation to mitochondria [27].
However, in the present study, the changes of the Bcl-2
protein members were not associated with p53 expression.
This may imply that the apoptotic signal from PEITC to
mitochondria is not transmitted via p53 pathway. Alterna-
tively, stress signals provoked by PEITC may induce Bcl-2
family proteins via TNF family receptors, endoplasmic
reticulum stress pathway or others [14,28]. It has been
shown that PEITC sensitized HN22 oral carcinoma cells
to DR5-mediated extrinsic death pathway [14]. We
measured caspase 8 and 9 activities, which represent the
initiator caspases of the extrinsic and intrinsic death
signaling pathways, respectively. From the results of this
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study, PEITC-induced cell death appeared to be associated
only with the intrinsic mitochondrial pathway, as there
was no change in the caspase 8 activity after PEITC
treatment.

In the present study, the cytotoxicity of PEITC was
mediated via caspase-independent and caspase-dependent
pathways for KKU-M214 and Chang cells, respectively.
AIF is released from mitochondria and translocated to the
nucleus where it fulfills the lethal function. Similar to
cytochrome ¢, AIF play an important role in mitochondrial
respiratory chain and is required for cell survival [29].
However, AIF is not a widespread cell death effector and
its contribution to the execution of cell death is dependent
upon the cell type, as well as the insulting signals [29].
PEITC induced AIF release in U2 OS sarcoma [11] and
KKU-M214 cells in the present study. On the other hand,
PEITC induced cytochrome c release in many cancer cells
including MCF7, a breast cancer cell line [30], HT29, a
colon cancer cell line [30], PC3, a prostate cancer cell line
[12] and Chang cells in the present study. Our results
showed that PEITC exerts its effects via AIF or cyto-
chrome ¢ depending on the cell types.

One of the prominent effects of PEITC is the induction
of oxidative stress in cancer cells, which is characterized
by ROS formation, GSH depletion and protein oxidation
[11,12]. Our results only partially concurred with those
previous reports. In the present study, PEITC induced
GSH depletion in both KKU-M214 and Chang cells. How-
ever, PEITC induced ROS formation and GSH redox stress
only in Chang cells but not in KKU-M214 cells (at least at
24 h of incubation). PEITC-induced cytotoxicity on Chang
cells was associated with the depression of cellular GSH
redox, as the replenishment of GSH by NAC could protect
from cell killing by PEITC. This suggests PEITC-induced
cell death of Chang cells may be via GSH redox stress. On
the other hand, KKU-M214 cells seemed to handle
PEITC-induced GSH redox stress rather well, because
GSH levels were restored to the control level, or overshoot
higher than controls at 24 h. Moreover, the treatment with
NAC did not prevent PEITC-induced cell death of KKU-
M214 cells. It is, therefore, the main mechanism of
PEITC-induced cytotoxicity in KKU-M214 may be not by
GSH redox stress. Although the cytotoxicity of PEITC
against KKU-M214 and Chang cells was not much differ-
ent in terms of the potency and efficacy, the underlining
mechanism of the expression of cytotoxicity of PEITC on
those two cells was obviously different because of the
opposing results of the protective effect of NAC. It is,
therefore, important to investigate further whether CCA
tissues in the patients have the similar characteristics as
the tumor cell responses to PEITC, before implementing
NAC as an adjuvant.

PEITC is known to induce ROS formation, which is
assumed to be a main mechanism of cell killing action
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of PEITC on some tumor cells [11,12,17]. However, in
this study, ROS was not causally related to GSH deple-
tion or induction of cell death of KKU-M214 and Chang
cells. Treatment with TEMPOL, which could completely
normalize the superoxide to the background level, could
not prevent cell death of both types of cells. Our results
were consistent with the previous report of the failure of
using various radical scavengers to prevent PEITC-
induced cell death [26]. These results suggest that the
mechanism of PEITC to induce cell death may be
unique. The possible mechanisms of PEITC could be
such as, modifications of redox-sensitive proteins or
forming electrophiles attracting some critical proteins
[31].

Oxidative stress can trigger the mobilization of Ca®*
into cytosol, where endoplasmic reticulum is the import-
ant Ca* storage [24]. We observed a rapid flux of Ca**
into cytosol shortly after PEITC treatment. The rapid in-
crease of cytosolic Ca®>* may cause elevation of mito-
chondrial Ca** and decrease of Ca®* in endoplasmic
reticulum, and such imbalance of Ca®* may trigger a var-
iety of cascades leading to cell death. The lack of pro-
tective effect of NAC on cytosol Ca** flux in KKU-M214
cells suggests that PEITC may exert the effect on the re-
lease of Ca”* by cellular stress other than the GSH redox
system. On the other hand, in Chang cells, GSH redox
disturbance may be primarily involved in cytosolic Ca**
flux.

In the present study, an increase of cytosolic Ca®* was
accompanied with the rapid loss of AY,. The
depolarization of AY¥,, is resulted from the opening of
MPT pores, which is formed in the inner membrane of
mitochondria [32]. The opening of MPT pores leads to
diminish of ATP synthesis and ensuing cell death. How-
ever, present study showed that cyclosporine, a MPT
pore inhibitor could not prevent PEITC-induced cell
death, although it could prevent losses of the AY,,. This
may imply that the depolarization of AY,, is probably an
associated event of PEITC treatment, but is not a direct
effect leading to cell death. Taken all these together,
mitochondria may not be a primary target of the in-
crease of cytosolic Ca®* flux for initiation of cell death.
Instead, the increased cytosol Ca®* may initiate the
death signals in the cytosol by activation of a variety of
Ca**-sensitive enzymes, such as calpain, leading to the
cleavage and targeting of Bax to mitochondria [24] to ac-
tivate the mitochondrial cell death pathway.

Our study revealed that PEITC induces up-regulation of
Bax and down regulation of Bcl-xl. The formation of Bax
pore and mitochondrial outer membrane permeabilization
(MOMP) upon activation may be the critical event leading
to the release of proapoptogenic proteins, cytochrome c
and AIF, and ensuing cell death [33]. The mechanisms of
the induction of cytosol Ca®* mobilization and activation
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of Bcl-2 proteins by PEITC remain to be elucidated. Since
the precise mechanisms of PEITC-induced cell death of
KKU-M214 cells remain unclear, further study is needed
to explore novel mechanisms of the expression of cytotox-
icity of PEITC.

Conclusion

In conclusion, the present results show that PEITC in-
duced apoptosis of CCA cells and Chang cells. This
process may involve induction of oxidative stress and
triggering of Ca”* flux, which leads to mitochondrial cell
death mechanisms. Effect of PEITC on redox status of
GSH may be not important for cell killing for CCA cells
but it is important for maintaining cell functions in
Chang cells. The different effect of PEITC on different
cell types was clearly shown by the cytoprotection re-
sponse to antioxidant, NAC. More study is needed using
several CCA cell lines over the response to PEITC.
Taken together, the present results highlighted different
responses of the cells to PEITC, which may facilitate the
new approaches in the study of PEITC for drug develop-
ment for the treatment of CCA.
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REVIEW

Genetic Polymorphism of Drug Metabolizing Enzymes in
Association with Risk of Bile Duct Cancer

Veerapol Kukongviriyapan

Abstract

Cholangiocarcinoma (CCA) is the most common cancer in endemic areas of liver fluke infection. Although
the liver fluke is recognized as a carcinogenic agent in cholangiocarcinogenesis, other factors may play important
roles in bringing about the high prevalence of the cancer in populations of this region. Drug metabolizing
enzymes (DME) are essential for detoxification of toxic and carcinogenic chemicals. Moreover, DME can play an
alternative role by activating chemicals to more toxic metabolites. The large variation of DME activity among
individuals is partly due to polymorphism of the genes encoding enzymes. Defective or variant alleles of DME
genes may modify the risk of cancer in those who are exposeed to carcinogenic agents. The focus in this review
is on DME genes which have been reported to be associated with CCA risk. These include CYP1A2, arylamine-
N-acetyltransferase-1 (NAT1) and NAT2, NADPH-quinone oxidorecutase-1 (NQO1), glutathione-S-transferase
M1 (GSTM1), GSTT1, GSTO1 and methylenetetrahydrofolate reductase (MTHFR). Mutant alleles which have
been reportedly associated with an increased risk include CYP1A2*1F,GSTT1 null, GSTO1 and MTHFR 677C>T,
whereas, slow NAT2 and NQO1*2 decrease risk and NAT1 variants and GSTM1 null have no effect. These genes
modify the risk of cancer potentially by interaction and exposure with certain environmental conditions, thereby
altering the metabolism of causative agents.

Keywords: Pharmacogenetics - drug metabolizing enzymes - cholangiocarcinoma - CYP1A2 - glutathione-S-transferase
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Introduction

Cancer resulting from exposure to chemicals in the
environment is well established. A long list of human
carcinogenic chemicals is reported by various world
authorities, such as the International Agency for Research
on cancer (IARC), Globally Harmonized System and
the American Conference of Governmental Industrial
Hygienists (ACGIH) or WHO. The discovery of chemical
carcinogenesis in modern time was described by an
eminent English surgeon, Sir Percivall Pott in 1775 over
the occurrence of cancer of the scrotum in chimney
sweeps. His report suggested that the occupational
exposure to soot since their childhood period was the
causative agent of cancer (Klaassen, 2007). The socio-
economic conditions and child labor during the industrial
revolution in England were important factors relating
to incidence of the cancer, as this cancer in chimney
sweeps did not happen in the European continent. Other
occupational and environmental exposure to chemicals
in relation to cancers have been emerging, for instance,
aromatic hydrocarbons, aromatic and heterocyclic amines,
and also various natural products, such as mycotoxins,

aflatoxins and plant toxins such as cycasin (Loeb and
Harris, 2008).

Epidemiological studies provide the first clues and
evidence of carcinogenicity of chemicals which are
supported by laboratory studies using various in vitro
and in vivo models. It has been estimated that about 75%
of carcinogenic chemicals required metabolic activation
to reactive electrophilic intermediates, such as benzo[a]
pyrene, B-naphthylamine or IQ to be mutagenic and
carcinogenic, whereas only 25% are directly carcinogenic,
such as TCDD (Nebert and Dalton, 2006). Indeed, a
number of complex metabolic pathways are involved
in metabolic activation and metabolic detoxification of
carcinogenic chemicals. The reactions are conducted
largely by a drug metabolizing enzyme (DME) system
which is made up of phase I, and phase Il enzymes. Phase
| enzymes catalyze oxidation, reduction and hydrolysis of
xenobiotics resulting in formation of a functional group
(-OH, -NH2, -SH, or -COOH), whereas phase Il enzymes
involve conjugation reactions including glucuronidation,
acetylation, sulfation and methylation of chemicals
producing more water-soluble metabolites readily for
renal and biliary excretion (Parkinson, 1996).
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DME play important roles in metabolic activation of
procarcinogenic compounds including phase | enzymes,
for instance some CYP isoforms, such as CYP1AL,
1A2, 2E1, 2A6 and 2A13. A number of the phase Il
enzymes namely, arylamine-N-acetyltransferases (NAT),
sulfotransferases (SULT), glutathione-S-transferases
(GST) and UDP-glucuronosyl-transferases (UGT) may
also participate in metabolic activation of particular
carcinogenic compounds. Some DME act predominately
as drug detoxifying enzymes include, GSTs, NADPH-
quinone oxidoreductase-1 (NQO1), UGTs, epoxide
hydrolase (EHs). It has been noted that the role of DME in
metabolic activation or detoxification is not absolute, but
depending on type of compounds and metabolic pathways.

Examples of carcinogenic chemicals and roles of
DME in activation are shown in Table 1. The activation
of reactive metabolites usually involves the formation of
unstable electrophilic groups by oxidation or reduction by
CYPs. CYP1A1, and 1B1 which participate in metabolic
activation of polycyclic aromatic hydrocarbons, such as
benzo[a]pyrene yielding epoxide intermediates and those
epoxides are further converted to dihydrodiol and then to
highly reactive epoxide derivatives by epoxide hydrolase
and CYP2B1, respectively (Parkinson, 1996) (Table 1).
Alternatively, CYP1A2 carries out the N-hydroxylation
of arylamines and heterocyclic amines food mutagens;
MelQ or PhIP, and reactions follow with O-esterification
by acetate or sulfate via transferase enzymes, i.e.
NAT and SULT, resulting in unstable electrophilic
intermediates (Kim and Guengerich, 2005). Moreover,
CYP1A2 also metabolizes aflatoxin B1 to the reactive
epoxides. CYP2E1 mainly metabolizes small aliphatic and
aromatic molecules such as ethanol, vinyl halides, aniline,
N-nitrosomethylamine and yields strong electrophilic
compounds. The tobacco-specific nitrosamines, i.e.
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
and N”’-nitrosonornicotine (NNN) are activated to their
carcinogenic metabolites by hepatic CYP2E1, 2A6
and lung CYP2A13. CYP2A13 is not expressed in the
liver but expressed in the lung and is highly efficient in
metabolizing NNN, NNK and aflatoxin B1. The reactive
electrophiles react rapidly with nucleophilies in the
vicinity; e.g. nucleic acids, proteins and lipids, forming
adducts, causing the lost of functional molecules and

leading to cytotoxicity, cell death or cell transformation.
A schematic of possible events in metabolic activation
and detoxification of reactive metabolites, which lead to
cell injury, cell death, transformation and carcinogenesis,
is shown in Figurel.

Drug Metabolizing Enzymes and
Cholangiocarcinogenesis

Cancers of the bile duct in populations of northeast
Thailand, and neighboring countries are associated with
liver fluke infection (Kurathong et al., 1985; IARC,
1994). An animal model of opischorchiasis-induced
cholangiocarcinoma suggests that the concurrent
exposure to carcinogens with liver fluke infection may
be necessary to enhance the carcinogenesis process of
cholangiocarcinoma (Thamavit et al., 1978). Carcinogenic
agents identified in relation to cancer in this region so
far include nitroso compounds, tobacco, mycotoxins,
heterocyclic amines from food mutagens, ethanol and
hepatitis viruses (Srivatanakul et al., 1991b; Mitacek
et al., 2008; Shin et al., 2010). N-nitrosodimethylamine
(NDMA\) induces liver damage and liver cancer, however,
when administered in liver fluke-infected hamster, NDMA

Human exposure

‘/Carcinogel'nic chemicals

Direct carcinogens  Indirect carcinogens

Phase | /Il detoxification
Excretion
Phase | /Il metabolic activation
y
Reactive electrophilic intermediates
Phase | /Il detoxification
L Excretion
v
Interaction with DNA, RNA, lipid, protein
P
DNA damage o  biomolecules damage
l ;-b DNA, protein, etc repair, cell
l: death, necrosis /apoptosis

Mutations, altered gene expression
Transformation, carcinogenesis
Figure 1. Sequence of Events in Metabolic

Transformation of Chemicals Leading to Cell Death,
Transformation and Carcinogenesis

Table 1. Carcinogenic Agents, Cancer Sites and Enzymes in Metabolic Pathways

Chemical

Cancer sites

Activating enzymes Reference

1. Polycyclic aromatic hydrocarbons (PAH);
benzo[a]pyrene, dibenz[a,h]anthracene,
chrysene, 3-methylcholanthrene

2. Polyhalogenated aromatic hydrocarbon;
dioxins, polychlorinated biphenyls (PCBs)
3. Heterocyclic amines: food mutagens;
MelQ, PhIP, arylamnes: benzidine, 2-naphthylamine, 2-aminofluorene
4. Nitroso compounds: N-nitrosodimethylamine (NDMA) Liver

5. Tobacco-specific: NNN, NNK Lung

6. Mycotoxins; aflatoxins,

Lung, skin, bladder CYP1Al, I1B1, EHs

Liver, biliary tract

Colon, bladder

Liver, lung

Shimada,2006; coal tar, tobacco;
Irigaray and Belpomme, 2010
CYPIAL, 1B1 Shimada, 2006;

Irigaray and Belpomme, 2010
Williams et al., 2001;
Suzuki et al., 2008

Kushida et al., 2000

Wang et al., 2003;

Zhu et al., 2006

Guengerich et al., 1998;
Chen et al., 2006

CYP1A2, 1A1, 1B1,NQOI1,
NAT1, NAT2, SULTs
CYP2EI1, CYP2AG6,
CYP2A13,NQO1, EHs

CYP1A2,CYP3A4,
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specifically induces cholangiocarcinoma (Thamavit et
al., 1978). NDMA was found to be a food contaminant
in region of the high prevalence of liver fluke infection.
Moreover, subjects with liver fluke infection showed
much higher endogenous nitrosation rate than subjects
without liver fluke infection, as assessed by ingestion
of proline and measurement of nitrosation product of
N-nitrosothioproline (Srivatanakul et al., 1991a). It is
possible that endogenous nitrosation may be another
source of formation of mutagenic nitroso-compounds.
NDMA and other nitro-compounds, aflatoxins, and many
other agents are required for metabolic activation to yield
ultimate reactive carcinogenic compounds. It has been
suggested that metabolic capacity of DME in individuals
may contribute to susceptibility to toxic responses of
carcinogenic agents.

Genetic polymorphism of drug metabolizing
enzymes

It is well-known that there is considerable individual
variation in activity of DME and the variation may
be accountable for individual susceptibility to toxic
chemicals. It is apparent that variability in gene encoding
DME often affect outcome to a large extent in drug
efficacy and toxicity (Eichelbaum et al., 2006). Most
genes exist in many physical forms or alleles, and those
alleles differ in certain nucleotides positions (or single
nucleotide polymorphism: SNP) on coding and non-
coding regions of the genes. The presence of several forms
or polymorphism of DME genes result in a variation of
DME activity or phenotype polymorphism. Phenotypes
of DME in individuals may be classified as: 1. absent or
very low enzymatic activity, which are designated as Slow
metabolizers, resulting from the presence of the severe
defective alleles including gene deletion, nonsense, frame
shift or missense mutations in both alleles, 2. Intermediate
metabolizers, the presence of only one active allele, 3.
Rapid metabolizers, the presence of two active alleles,
and 4. Ultra-rapid metabolizers, the presence of multiple
copy of active alleles. Frequency of allelic variants of
given genes could vary widely resulting in inter-individual
variation in a population and variation among populations
in susceptibility to toxic chemicals and carcinogenesis.

Allele frequency of important alleles of DME among
populations is shown in Table 2.

Polymorphism of DME and

Cholangiocarcinoma

Epidemiological studies have shown that liver fluke
infection is a major risk factor in cholangiocarcinoma.
However, as not all subjects with liver fluke infection
develop cancer, some individuals may be more susceptible
to develop this disease. The individual susceptibility has
been related to polymorphism in DME genes. As exposure
to carcinogenic compounds is probably related to cancer
risk, genetic polymorphism of DME genes may contribute
to individual susceptibility. Candidate DME genes
have been identified based on the discovery of tumor-
specific mutations through genotyping of CCA patients.
Epidemiological studies and meta-analyses have revealed
several tumor susceptible genes and identified associated
risk factors of tumor development (Prawan et al., 2005; Ko
etal., 2006; Marahatta et al., 2006; Songserm et al., 2012).
The susceptibility genes are usually weakly associated
with cancer or have low penetrance in causing cancer.

Environmental factors may also play crucial part
in carcinogenesis. Non-genetic factors associated with
increased cancer risk include consumption of food
contaminated with liver fluke (Opisthorchis viverrini),
HBV or HCV infection, alcoholic drinking, processed
meat, whereas consumption of vegetables and fruits
decreased the risk. Following is a discussion of
polymorphism of DME genes in association with the
risk of CCA.

Polymorphism of CYP1A1/2 and CYPIBI

CYP1Al and CYP1B1 participated in reactions
of substrate molecules of planar shape, such as PAH
found in tobacco smoking, pollutants from combustion
of fossil fuel. The heterocyclic amines, food mutagens
formed during the pyrolysis of creatine, amino acids and
proteins such as AIAs, IQ, MelQ, MelQx and PhIP, and
aromatic amines, such as naphthylamine and benzidine
are metabolized by CYP1A2. All have been shown to
be carcinogenic in animals. CYPIA2 is expressed in
the liver, while CYPIAI and CYPIBI are expressed at

Table 2. Polymorphism of DME Genes in Populations. Allelic Variants of Some DME Genes and their Association
with Phenotypic Characteristics, and Allele Frequency in Various Populations

Gene Variant alleles Phenotype activity Variant allele frequency (%)
Thai Chinese Caucasian African

CYPIA2 CYPIA2*1F Higher inducibility 72.3 67 72.3 61
CYP2A6 CYP2A6%4,%7, %9 %10 Absence or reduced 41 37.3 155 25.6
NAT2 NAT2%5, *6, *7 Slow acetylation 56.7 49 75 63
NAT1 NATI1*3,%10,%11,*14 Unchanged 49.6 50 21 51.5
NQOI NQOI*2 Reduced activity 58.7 41.4 18 16
GSTM1 GSTM1 null Absence 67.2 44 53.5 26.1
GSTTI GSTTI null Absence 39.2 51 17.5 22
GSTO1 GSTOI1*A140D Unchanged 13 17 33.4 8.1
MTHFR MTHFR C677T Reduced activity 311 32.8 42 13

*Data from; Kukongviriyapan et al., 2003a; Kukongviriyapan et al., 2003b; Prawan et al., 2005; Marahatta et al., 2006; Peamkrasatam
et al., 2006; Ginsberg et al., 2009; Chutinet et al., 2012; Songserm et al., 2012
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extra-hepatic tissues (Landi et al., 1999). All these CYPs
are highly inducible by PAHs, some drugs and many
phytochemicals via Ah receptor (Landi et al., 1999). To
date, at least 11 allelic variants and several subvariants
have been described in CYP1AI gene (www.cypalleles.
ki.se/, access date Aug 16, 2012).

There are at least 133 SNPs described for CYPIAI
and 23 are nonsynonymous mutations, however, for most
their effect is not known. Some of SNPs in CYPIAI i.e
2455 A>G, CYP1AI*2B, and *2C, have been suggested
to influence the inducibility. About 10% of the Caucasian
population has a highly inducible form of the CYPIAI,
that might present risk to individuals with high inducibility
for tobacco smoke-induced lung cancer (Nakachi et al.,
1993). In smokers with 2455A>G SNP, more PAH-DNA
adducts were observed in white blood cells compared with
smokers without SNP. Apart from lung cancer, CYP1AI*1
is associated with breast cancer risk in individuals who
are exposed to polychlorinated biphenyls, known as
potent CYPIAI inducers, by increased metabolism
forming reactive hydroxylated metabolites (Moysich
et al., 1999; Modugno et al., 2003). However, there is
still no reports concerning CYP1A1 polymorphism and
cholangiocarcinoma.

For CYPIA2, its expression is distinct from CYPIAI,
and the enzymes have considerable overlapping substrate
specificity. A number of SNPs are observed on the 5’
flanking region in introns and exons, however, no common
alleles have been described that cause any important change
in gene expression and enzymatic activity. CYPI1A2*1C,
*]F and *1K are alleles that have received much interest,
in that CYPIA2*IF is suggested to be highly inducible
and CYPIA2*1C, *1K to be reduced in activity (Nakajima
et al., 1999). However, there are still many conflicting
reports over the inducibility phenotype of CYPIA2*IF.
This may be partly because that only SNP -163C>A in
CYPIA2*IF is also present in haplotypes with SNPs
-739C>T and 729C>T in CYP1A2*1K, where this allele is
suggested to be a reduced activity allele (www.cypalleles.

ki.se/, access date Aug 16, 2012). Allele frequency of
CYPIA2*IF is relatively high in most populations,
i.e. about 60-70%. In Thai populations, the frequency
has been reported to be 72% (Prawan et al., 2005).
Furthermore, our study reported that the male population
with wild type CYP1A2*1A genotype had lower risk of
developing CCA when compared with males who carried
the CYPIA2*1F/*1F genotype with odds ratio of 0.28:
95% CI: 0.08-0.94. Individuals with wild type genotype
also have lower risk of breast cancer when compared
with -163A/A, which is consistent with the observation
of lower plasma estrogen levels in premenopausal women
with -163C/C genotype (Le Marchand et al., 2005a).
A significant effects of CYPIA2*1F or combination of
CYPIA2*]F and NAT1*10 or *11 on the increased risk for
pancreatic cancer was observed among non-smokers (Li
etal., 2006). Similarly, light smokers with CYP1A2*1 and
NAT?2 slow acerylator genotypes were at the highest risk of
lung cancer (Osawa et al., 2007). The high inducibility of
CYPIA2 genotype may confer cancer risk in individuals
who are exposed to carcinogenic chemicals.

Polymorphism of arylamine-N-acetyltransferases
Arylamine-N-acetyltransferases (NATs) are phase Il
enzyme genes that catalyze the transfer of acetyl group
to various substrates including endogenous compounds,
drugs and food mutagens. There are 2 isoforms of
enzymes encoded from 2 different but related genes,
i.e. NATI and NAT2 (Sim et al., 2008). Individuals who
carry defective NAT2 genotypes or slow acetylators
are likely to develop peripheral neuropathy when use
of isoniazid for the treatment of tuberculosis. Other
adverse drug reactions with use of sulfasalazine and
hydrazine were observed. NATI is composed of at least
20 alleles with various subvariants (http://louisville.edu/
medschool/pharmacology/consensus-human-arylamine-
n-acetyltransferase-gene-nomenclature/). NATI*3, *10,
*]1 common genotypes do not cause any consistent
changes in enzymatic activity when compared with the

Table 3. Polymorphism of DME and Association with Risk of CCA and Other Cancers

Gene Variant allele CCA risk Other cancer risk References
CYPIA2 CYPIA2*IF T(male)* T panceas (smokers) Prawan et al., 2005; Li et al., 2006;
(-163C>A) Tung, breast (non-smokers) Osawa et al., 2007,

NAT2 Slow acetylators \ Thladder (smokers), Garcia-Closas et al., 2005; Agundez, 2008;
{colon, THCC (non viral hepatitis) ~ Walker et al., 2009

NAT1 Variant alleles Lad T panceas (smokers), Prawan et al., 2005; Li et al., 2006;
Thladder (slow NAT2+smokers), Agundez, 2008;
colon, «HCC

NQOI NQOI#2 (609C>T) Threast, Tcolon (Caucasian), Menzel etal., 2004; Zeekpudsa et al., 2009;
{bladder, {lung Yang et al., 2012; Yu et al., 2012

GSTMI1  GSTM1 null - THCC, Tcolon, Tlung, Egan et al., 2004; Honjo et al., 2005;

T (Ov+ve) Thbladder White et al., 2008; Mo et al., 2009;

(combination with GSTT1 null), Economopoulos and Sergentanis, 2010;
Tprostate, “breast Safarinejad et al.,2011; Li et al., 2012

GSTTI  GSTTI null Te THCC, 7T panceas, <*colon (Caucasian),
«prostate, <~*breast

GSTOl  GSTOI*A140D 0 T breast (advanced), Marahatta et al., 2006;
Thladder (high As exposure), Pongstaporn et al., 2009;
TALL, THCC Escobar-Garcia et al., 2012;

MTHFR MTHFR 677C>T T {Colon, T panceas (Caucasian), Le Marchand et al., 2005b; Ko et al., 2006;

(raw fish intake)

Mazaki et al., 2011; Songserm et al., 2012
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wild type NATI*4 (Sim et al., 2008). On the other hand,
there are at least 18 alleles of NAT2 and 27 alleles of
NAT reported to date. The defective NAT?2 alleles consist
of several SNPs forming SNP haplotypes designated as
NAT2*5, *6 and *7. These are common defective alleles
in most populations. Asian populations, including Thais,
have lower frequencies of slow acetylator genotype
and phenotype when compared with Caucasian and
African populations, i.e. about 20-35% vs 60% and 40%,
respectively (Kukongviriyapan et al., 2003a). The major
defective alleles in Asian populations are NAT2*6 and
*7, while those found in Caucasians and Africans are
NAT2*5 and *6. The important NATI allele, NAT1*10,
has been reported to have prevalence of 43.8% in Asian
populations including Thais at about 40-50%, whereas
that in white Caucasians is about 20% (Kukongviriyapan
et al., 2003b) (Table 2).

Polymorphism of NAT2 was reported to be associated
with risk of CCA, in which some slow acetylator
genotypes, i.e. NAT2*6 and *7 are at lower risk (OR: 0.26,
95%Cl: 0.15-0.44). However, NAT1*10 is not associated
with cancer risk (Kukongviriyapan et al., 2003b).
Further epidemiological studies in larger populations and
environmental exposure to identify putative carcinogenic
chemicals in relation to NAT2 metabolism may be
beneficial to reduce the risk of CCA in populations in
this region.

Moreover, slow acetylators of NAT2 have been shown
to be associated with increased risk of bladder cancer
among smokers, but not of those with NATI (Garcia-
Closas et al., 2005). On the other hand, rapid acetylator
genotypes are at increased risk of colon cancer among
smokers and individuals who consumed red meat (Walker
et al., 2009). A study in patients with hepatocellular
carcinoma who were not related to viral hepatitis showed
a minor, but relevant association with slow NAT2 status
(Agundez, 2008). It is noted that an association of risk
of various cancers with NAT2 is strongly modified
by environmental exposure, particularly, heterocyclic
amines and aromatic amines from food and occupational
chemicals.

Polymorphism of NADPH-quinone oxidoreductase- 1
NADPH-quinone oxidoreductase-1 (NQO1) is
the cytosolic enzyme that catalyzes the two-electron
reduction of nitroaromatic, quinones and quinine-imines,
to hydroquinones, thereby promoting detoxification and
preventing the formation of reactive oxygen species.
Moreover, NQOI1 also plays a role in regenerating
antioxidant forms of ubiquinone and tocopherol (vitamin
E) after free radical attack (Dinkova-Kostova and Talalay,
2010).NQO1, a highly inducible enzyme, is regulated by
the Nrf2-ARE signaling pathway suggesting important
functions as an antioxidant and cytoprotection in the
defense of oxidative stress and prevention of cancer. This
is consistent with recent studies showing that defective in
NQOI gene is associated with increased risk of cancers
(Yang et al., 2012). Using immunohistochemisty, NQO1
staining is found in vascular endothelium in most tissues,
i.e. respiratory, colon, and breast epithelium, thyroid
follicle, and weakly expressed in the liver, bile duct

and myocardium (Siegel and Ross, 2000). Interestingly,
NQOL is found highly expressed in various solid tumors,
i.e. thyroid, breast, colon and lung suggesting its role in
carcinogenesis, probably by conferring cytoprotection for
tumors (Siegel and Ross, 2000). CCA tissues also showed
high activity of NQO1, when compared with normal liver
tissues (Buranrat et al., 2012). It is reasonable to suggest
that inhibition of NQOI is a novel approach to enhance
anticancer agent sensitivity in cancers (Buranrat et al.,
2010).

Polymorphism of human NQOI gene is constituted
from more than 300 SNPs (http://www.genecards.org/cgi-
bin/carddisp.pl?gene=NQO1). The most common allele is
NQOI%#2,anonsynonymous mutation at 609C>T (P187S)
which causes reduced activity due to a rapid degradation
of the mutant protein (Siegel et al., 1999). Allele frequency
of NQO1 among Asian populations is relatively high i.e.
50%, and low in Caucasian and African populations, i.e.
18% and 16%, respectively (Table 2). Carriers of NQO1%*2
allele are at greater risk of cancers of the gastrointestinal
tract as compared to ones who carry NQO1*1, the wild
type allele (Yang et al., 2012) which is similar to breast
cancer (Menzel et al., 2004). On the other hand, our
preliminary study in patients with cancers of the bile duct
suggested that NQOI 609T allele was associated with
lower risk of CCA (Zeekpudsa et al., 2009), in the other
words, 609C wild type genotype presented a risk of CCA
(adjusted odds ratio: 2.57 (95% CI: 1.39-4.74) and the risk
was even higher in patients who also carried null alleles
of GSTT1 genotype. The increased risk of cancers in wild
type NQOI genotype might suggest a role in metabolic
activation of carcinogenic agents in exposed populations.

Polymorphism of glutathione-S-transefrases

Human glutathione-S-transferase (GST) enzymes have
been discovered as over 16 cytosolic isoforms. They are
divided into 7 main classes, o (alpha, GSTA), » (kappa
GSTK), u(mu, GSTM), o (omega, GSTO), 7 (Pi, GSTP),
0 (theta, GSTT), and T (zeta, GSTZ). Moreover, there
are also mitochobndrial and microsomal forms (now
designated as MAPEG). Cytosolic and mitochondrial
GST share some similarity in their structure, but not with
MAPEG. Cytosolic GSTs represent the largest family
and are of interest to biomedical research, because they
are relevant to several drug targets including anticancer
agents, and environmental toxicants, carcinogens and by-
products of oxidative stress (Hayes et al., 2005).

The GSTs play central role in xenobiotic detoxification,
resulting more water-soluble conjugates facilitating
excretion via the MRP efflux pumps or undergo further
metabolism to mercapturic acid derivatives (Hayes et al.,
2005). Metabolism by GSTs, thereby, confers cellular
protection from environmental and oxidative stress, yet
is also implicated in resistance to anticancer agents. Drug
resistant tumor cell lines have been shown to have over
expression of GST genes, which leads to an increase of
drug-glutathione conjugation with subsequent excretion
(Lo and Ali-Osman, 2007). Apart from catalyzing GSH
conjugation reactions for chemicals, GSTs also function
as ligand-binding proteins with cellular protein, such as
JNK, ASK, PKC in cell signaling, apoptosis and drug
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sensitivity (Lo and Ali-Osman, 2007). The polymorphism
of GST isoforms that has been reported in association with
cholangiocarcinoma included GSTM, GSTO and GSTT.

GSTM subfamily consists of 5 isoforms (M1- M5).The
GSTM1 is the most studied isoform, where loss of function
is ascribed to a homozygous deletion of this gene resulting
in the GSTM 1 null or GSTM1*0 allele. The GSTM null
has been reported to be associated with various cancer risk
(Hayes et al., 2005). The allele frequency of GSTM1*0 in
Thais is about 67% (Table 2) whereas in other populations
itis lower. Additionally, GSTT consists of two subfamilies:
GSTTI and GSTT2. Polymorphisms exist within both
genes particularly, the gene deletion type, GSTT1*0 or
GSTTI1 null. A number of reports implicated GSTT1 null
and GSTM null in association with risk of various cancers.
In a meta-analysis of hepatocellular carcinoma, a study
suggested that a small excessive risk of liver cancer in
individuals with GSTM1 null and possibly with GSTT1
null genotypes as well (White et al., 2008). In a study of
lung cancer, GSTM 1 genotype was associated with cancer
risk and smoking may enhance a greater risk of cancer
(Lietal.,2012). In an analysis of 42 studies in colorectal
cancer, GSTM 1 null allele exhibited a small excessive risk
of colorectal cancer (pooled odds ratio 1.15, 95%ClI: 1.06-
1.25) in Caucasian but not Chinese populations a similar
result to GSTT1 null that exhibited increased cancer risk in
Caucasian population with pooled odds ratio 1.31, 95%ClI:
1.12-1.54 (Economopoulos and Sergentanis, 2010). In
contrast, a large population study previously showed that
GSTM1 null and GSTT1 null or the combination did not
present risk of breast cancer (Egan et al., 2004). In a case-
control study in an endemic area of liver fluke infection in
northeast Thailand, genetic polymorphism of GSTM1 and
GSTTI alone did not present a risk for CCA. However,
elevated serum anti-Opischorchis viverrini (liver fluke)
indicating previous liver fluke infection was correlated
with an increase in CCA risk (adjusted odds ratio 10.3,
95% CI: 1.31-81.63) and the risk was even amplified in
subjects with GSTM1 null genotype with adjusted odds
ratio 23.5, 95%CI:3.33-97.40 (Honjo et al., 2005).

The omega class of GST contains 2 members, GSTO1
and GTSO2. Substrates of GSTO do not usually overlap
with other classes of GSTs. The enzymes act as small
stress response proteins involved in redox regulation and
possess dehydroascorbate reductase activity (Schmuck
et al., 2005). No synonymous mutations on GSTOI
causes amino acid change of A140D and E208K, but
these polymorphisms do not alter specific activity of
the recombinant enzyme. GSTOI-1 may play important
roles in arsenic metabolism and non-enzymatic effects,
in that polymorphism of GSTO1-A140D and E208K
are associated with higher expression of IL-1, IL-8,
TGF- and Apaf-1 which, thereby, could increase risk
of inflammatory diseases (Escobar-Garcia et al., 2012).
GSTO1 polymorphism has been suggested to be associated
with increased risk of chronic obstructive pulmonary
diseases, acute lymphoblastic leukemia (Pongstaporn et
al., 2009), hepatocellular carcinoma and breast cancer
(Marahatta et al., 2006). GSTOI A140D polymorphism
has been suggested to a risk factor for cholangiocarcinoma
in endemic areas of liver fluke infection (Marahatta et
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al., 2006).

Polymorphism of Methylenetetrahydrofolate reductase

The enzyme methylenetetrahydrofolate reductase
(MTHFR) plays a central role in folate metabolism, by
regulation of the synthesis of thymidylate and purines, and
supply of methyl groups for the synthesis of methionine
and DNA methylation (Powers, 2005). Polymorphism of
MTHFR gene at 677C>T generates a change of amino acid
from alanine to valine resulting in a thermolabile enzyme
with decreased activity. The defective allele frequency
in Thais is comparable with other Asian and European
populations (Table 2) (Chutinet et al., 2012; Songserm
et al., 2012). The second common mutation in coding
region of MTHFR is 1298A>C, which causes a glutamic
acid to alanine substitution with decreased enzymatic
activity. The prevalence of this allele in Thai populations
is 28.1% (Songserm et al., 2012). The polymorphism of
MTHFR in coding region causing decreased MTHFR
activity has been suggested to be associated with increased
homocysteine levels and abnormal DNA methylation, an
important epigenic feature of DNA, which is associated
with a number of diseases, including, hypertension,
neuro-behavioral abnormalities and cancers (Powers,
2005; Cheng et al., 2010; Kim et al., 2012). It should
be noted that the levels of folate and homocysteine are
strong modifying factors of the diseases, as low folate
and hyperhomocysteinaemia are known to be causally
related to cancers and cardiovascular diseases (Powers,
2005; Kim et al., 2012).

The common MTHFR 677C>T allele was investigated
in a large case-control study in association with colorectal
cancer. The TT genotype was associated with decreased
risk with adjusted odds ratio 0.77, 95%CI: 0.58-1.03,
especially at high levels of folate and low levels of ethanol
intake (Le Marchand et al., 2005b; Powers, 2005). In
contrast, MTHFR 677C>T or T genotype had a tendency to
have a higher risk to develop pancreatic cancer, especially
in the condition of depletion of folate, vitamin B6, B12
(Mazaki et al., 2011). An analysis for CCA risk in Thai
popluations, showed that MTHFR 677TT and 1298TT
genotypes alone did not present significant risk, however,
the risk was significantly elevated in individuals with high
intake of raw fresh water fish, which are at risk of liver
fluke infection, and other meat products (Songserm et al.,
2012). The study suggested that the gene-environment
interaction plays crucial part in cancer risk. In a study
in Korean populations, which is not an endemic area of
liver fluke infection, MTHFR and thymidylate synthase
enhancer region (TSER) polymorphisms were analyzed.
A combination of MTHFR 677CC with TSER 2R(+)
genotype had a higher risk for developing CCA compared
to MTHFR 677CC with TSER3R genotype (odds ratio 5.4,
95%Cl: 1.2-23.5) (Ko et al., 2006). The studies suggest
that MTHFR may be a risk modifier of environmental
exposure to toxic agents.

Conclusion

Cumulating evidence illustrates an association of
genetic polymorphism of drug metabolizing genes with
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risk of developing cancer of the bile duct. The frequency
of important allelic variants of various DME genes in
high risk populations of the northeast Thailand is similar
to most Asian populations. The mutant alleles may
encode defective enzymes, which alter the metabolism
of carcinogenic chemicals probably due to environmental
exposure with subsequent modifations of the risk of
CCA. Polymorphism of DME is similar to other cancer
susceptible genes in that these genes generally present
only a small excessive risk, however, the risk is modified
by environmental exposure. The well recognized and
important environmental factor is liver fluke infection,
which causes chronic inflammation of the biliary tract.
However, liver fluke alone may not trigger cancer. Other
causative agents, which may be affected by various
DME, are yet to be identified. Alcohol, tobacco, nitroso
compounds, raw fresh water fish, fermented meat and
mycotoxins are among chemicals/substances possibly
related to tumor development. Comprehensive studies of
the complex interactions of genes and the environment
are required to better understand the nature of chemical
exposure and impact of genetic polymorphism in
individual settings.
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Abstract

chemotherapy resistance in CCA is unknown.

chemotherapeutic agents.

(Doxo), Gemcitabine (Gem), p53

Background: Cholangiocarcinoma (CCA) is highly resistant to most of the known chemotherapeutic treatments.
NAD(P)H-quinone oxidoreductase 1 (NQO1) is an antioxidant/detoxifying enzyme recently recognized as an
important contributor to chemoresistance in some human cancers. However, the contribution of NQO1 to

Methods: Two CCA cell lines, KKU-100 and KKU-M214, with high and low NQOT1 expression levels, respectively,
were used to evaluate the sensitivity to chemotherapeutic agents; 5-fluorouracil (5-FU), doxorubicin (Doxo), and
gemcitabine (Gem). NQO1 and/or p53 expression in KKU-100 cells were knocked down by siRNA. NQOT was
over-expressed in KKU-M214 cells by transfection with pCMV6-XL5-NQO1 expression vector. CCA cells with
modulated NQO1 and/or p53 expression were treated with chemotherapeutic agents, and the cytotoxicity was
assessed by SRB assay. The mechanism of enhanced chemosensitivity was evaluated by Western blot analysis.

Results: When NQO1 was knocked down, KKU-100 cells became more susceptible to all chemotherapeutic agents.
Conversely, with over-expression of NQO1 made KKU-M214 cells more resistant to chemotherapeutic agents. Western
blot analysis suggested that enhanced chemosensitivity was probably due to the activation of p53-mediated cell death.
Enhanced susceptibility to chemotherapeutic agents by NQO?1 silencing was abolished by knockdown of p53.

Conclusions: These results suggest that inhibition of NQO1 could enhance the susceptibility of CCA to an array of

Keywords: NAD(P)H-quinone oxidoreductase 1 (NQOT1), Cholangiocarcinoma (CCA), 5-fluorouracil (5-FU), Doxorubicin

Background

Cholangiocarcinoma (CCA) is a malignant cancer arising
from neoplastic transformation of cholangiocytes, the
epithelial cells lining of intrahepatic and extrahepatic
bile duct [1,2]. The incidence of CCA is extremely high
in northeastern Thailand [3,4]. The most important risk
factor is the liver fluke (Opisthorchis viverrini) infection
[5,6]. Several lines of studies have shown that the
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incidence and mortality rates of intrahepatic CCA are
increasing worldwide [2,7]. The prognosis is generally
poor because most patients present at advanced disease
and early diagnosis is difficult [7]. Curative surgical re-
section is considered the most effective treatment, but
most cases are inoperable at the time of diagnosis [7].
Unfortunately, chemotherapeutic agents are modestly ef-
fective on CCA and drug resistance is the major obstacle
in the treatment. Multiple mechanisms are assumed to
be involved in drug resistance; e.g, alteration of drug
metabolizing enzymes, efflux transporters, cytoprotective
enzymes or derangement of intracellular signaling sys-
tem [8]. It is an urgent need to search for novel treat-
ments for CCA.

© 2014 Zeekpudsa et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
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NAD(P)H-quinone oxidoreductase 1 (NQO1 or DT-
diaphorase, EC 1.6.99.2) is a drug metabolizing enzyme.
Its over-expression has been observed in many cancers of
the liver, thyroid, breast, colon, and pancreas [9,10].
NQOL1 is a flavoprotein mainly expressed in cytosol, cata-
lyzing an obligate two-electron reduction of a broad range
of substrates, particularly quinines, quinone-imines, nitro
and azo compounds as the most efficient substrates
[11-15]. NQO1 has several functions including xenobiotic
detoxification, superoxide scavenging, and modulation of
p53 proteasomal degradation [12]. Chronic inflammation
suppresses NQO1 expression [16] and may increase sus-
ceptibility to cell injury. Increasing number of evidences
suggest that up-regulation of NQOL1 at the early process
of carcinogenesis may provide cancer cells a growth
advantage [17,18]. Since NQOL1 is also an antioxidant en-
zyme, it may protect cancer cells by removing free radicals
and making cells more resistant to anticancer agents, par-
ticularly to oxidative stress inducers.

Recently, a role of NQOL1 in cancer chemotherapy has
been demonstrated by several groups. Inhibition of
NQOL1 by a pharmacological inhibitor, dicoumarol, sup-
pressed urogenital and pancreatic cancer cell growth
and also potentiated cytotoxicity of cisplatin and doxo-
rubicin [19,20]. Significant association was observed be-
tween high NQO1 expression in CCA tissue and short
survival [21]. We have recently demonstrated that dicou-
marol potentiated gemcitabine-induced cytotoxicity on
CCA cells with high NQO1 activity [22]. The chemosen-
sitizing effect was associated with oxidative stress and
induction of p53 protein [20]. However, dicoumarol could
exert several effects apart from inhibition of NQO1, such
as suppression of JNK and NF-«kB pathways, and potenti-
ation of apoptosis induced by TNF-a in HeLa cells [23].
The exact mechanism of the chemosensitizing effect con-
ferred by suppression of NQOL still remains unclear. The
importance of NQO1 on modulation of p53 is also con-
flicting [22,24].

In the present study, we validate the role of NQO1 in
cytoprotection, and then demonstrate that suppression
of NQO1 potentiates antitumor activity of chemothera-
peutic agents. These results suggest the crucial role of
NQOL1 in cancer cells. NQO1 may be a potential target
molecule to enhance the susceptibility of tumor cells to
chemotherapeutic agents.

Methods

Human cell line cultures and chemotherapeutic agents
Two human CCA cell lines, KKU-100 and KKU-M214,
were developed from tumor tissues of CCA patients at
the Srinagarind Hospital, Faculty of Medicine, Khon
Kaen University. Liver Chang cells and normal bile duct
epithelial cells, MMNK1, were also used in this study.
CCA cells and normal cells were routinely cultured
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in Ham’s F12 media, supplemented with 4 mmol/L L-
glutamine, 12.5 mmol/L N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), at pH 7.4, 100 U/mL
penicillin, 100 pg/mL streptomycin sulfate, and 10%
fetal bovine serum (FBS) in a humidified atmosphere
containing 5% CO, at 37°C. The media was renewed
every 2—-3 days. After the cells became confluent, cells
were trypsinized with 0.25% trypsin-EDTA and subcul-
tured in the same media. Some aliquots of cells were
transferred to freezing medium containing 10% DMSO
and stored at —80°C for subsequent use.

Chemotherapeutic agents were selected on the basis
of the frequent usage for CCA, gastrointestinal tract
cancers and solid tumors. These included 5-fluorouracil
(5-FU) dissolved in DMSO (100 mM), doxorubicin HCI
(Boryung Pharm, Seoul, South Korea: Doxo) dissolved in
DMSO (100 mM), and gemcitabine (Gemzar, Eli Lilly, IN,
USA: Gem) dissolved in phosphate-buffered saline (PBS:
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,4, 2 mM
KH,POy4, pH 7.4). They were added to the culture media
without FBS to make final concentrations indicated in the
“Results” section and incubated for a designated period of
time.

Transient transfection of NQO1 and/or p53 small
interfering RNA (NQO1 and/or p53 siRNA)

Pre-designed NQO1 siRNA (siGENOME SMARTpool
siRNA #M-005133-02-0020), p53 siRNA (siGENOME
SMARTpool siRNA #M-003329-03-0005), and control
siRNA (siGENOME non-targeting siRNA #D-001210-
02-20) were purchased from Thermo Scientific. In this
study, NQO1 siRNA and p53 siRNA were the pooled
siRNAs, each is composed of four different sequences of
siRNA, targeting for NQO1 and p53, respectively. For
transfection of the siRNA, 1.5x10°> KKU-100 cells were
plated in 6-well plates and grown in Ham’s F12 medium
supplemented with FBS, without antibiotics. The cells
were transfected with 50 or 100 pmole of the siRNA for
6 hr using 0.4 or 2 pL of Lipofectamine™ 2000 reagent
(Invitrogen, Calsbad, CA, USA) in 500 pL of Ham’s F12
medium without FBS and antibiotics. After transfection,
the cells were added with 1.5 mL of Ham’s F12 medium
supplemented with FBS, without antibiotics, and incu-
bated further for 24-48 hr. The efficiency of the NQO1
knockdown by transient transfection was determined by
gene expression with reverse transcription real-time poly-
merase chain reaction (RT-qPCR) using specific primers,
NQOT1 activity assay, and Western blotting analysis.

For cytotoxicity assay, CCA cells were seeded onto 96-
well cultured plates with FBS, without antibiotics at a
density of 5 x 10% cells/well for an overnight. The cells
were transfected with 3 pmole of the siRNA for 6 hr
using 0.06 pL of Lipofectamine™ 2000 reagent in 100 pL
of Ham’s F12 medium without FBS and antibiotics. After
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6 hr, the cells were added 100 pL of Ham’s F12 medium
supplemented with FBS, without antibiotics, and incu-
bated for 48 hr. The cells were then incubated with che-
motherapeutic agents in serum free medium for additional
24 hr.

Transfection of NQO1 vector into CCA cells

A plasmid encoding human wild-type NQO1 in pCMV6-
XL5 (4,707 bp) was purchased from Origene Technologies
(#SC119599; Rockville, MD). The insert cDNA (1,120 bp)
contained the complete NQO1 coding sequence (NM_
000903.2). For transfection of the pCMV6-XL5-NQO1 or
pCMV6-XL5, as a negative control vector, KKU-M214
at a density of 5x10° cells were plated in 6-well plates and
grown overnight. At 70-80% confluent condition, cells
were transfected with 2.5 pug of pCMV6-XL5-NQO1 or
pCMV6-XL5 for 24 hr using Lipofectamine® LTX and
Plus™ reagent (Invitrogen) protocol as directed by the ma-
nufacturer in 2 mL of Ham’s F12 medium without FBS
and antibiotics. Then the cells were collected for Western
blot analysis and enzymatic assay. The empty vector con-
trol was prepared by cutting the NQOL1 insert site from
pCMV6-XL5-NQOL1 plasmid at the EcoRI and Xball site.
The bearing vector was ligated with oligonuclotide (non-
coding sequence) and cloned into E. coli (J]M109). The
empty vector control was purified and the presence of
vector was confirmed by restriction digestion and run it
on 2% agarose gel.

For cytotoxicity assay, KKU-M214 cells were seeded
onto 96-well cultured plates at a density of 7.5 x 10° cells/
well for an overnight, the cells were transfected with
100 ng of pCMV6-XL5-NQO1 or pCMV6-XL5 using
Lipofectamine® LTX and Plus™ reagent for 24 hr. The cells
were then incubated with chemotherapeutic agents in
serum free medium for additional 24 hr (Doxo) or 48 hr
(5-FU and Gem), since it was the optimal incubation time
for each drug.

NQO1 enzyme activity assay

NQOI1 assay was performed according to the method
described previously [20]. Cells were seeded at 7.5 x 10
cells/well in flat-bottomed 96-well cultured plates over-
night. After cells were cultured for the designated time,
cells were lysed with 50 pL solution containing 0.8% dig-
itonin and agitated on a shaker at room temperature for
10 min. Twenty-five microliter of 0.55% dicoumarol was
added into culture wells designated as baseline activity,
while the corresponding paired wells were added with
distilled water (DW) designated as the test activity wells.
After that, all wells were added with 200 uL of reaction
mixture (the following stock solution was prepared for
each set of assay: 7.5 mL of 0.5 M Tris—HCI (pH 7.4),
100 mg of bovine serum albumin (BSA), 1 mL of 1.5%
Tween-20 solution, 0.1 mL of 7.5 mM FAD, 1 mL of
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150 mM glucose-6-phosphate, 100 pL of 50 mM -
NADP, 275 unit of yeast glucose-6-phosphate dehydro-
genase, 45 mg of MTT, and DW to a final volume of
150 mL and menadione (1 pL of 50 mM menadione dis-
solved in acetonitrile per milliliter of reaction mixture)
was added just before the mixture is dispensed into the
microtiter plates. A blue color developed and the plates
were placed into a microplate reader with filter wave-
length of 620 nm and readings were made at 0.5 min
interval for about 10 min. The rate of increase of the
optical readings with times represents the activity of the
reaction. Using the extinction coefficient of MTT forma-
zan of 11,300 M™ cm™ at 610 nm and correction for the
light path of the microplate, NQO1 activity was expressed
as nmol/min/mg protein.

Cytotoxicity or SRB assay

Cytotoxicity testing is used to evaluate the effects of che-
motherapeutic agents. In brief, CCA cells were seeded
onto 96-well cultured plates at a density of 7.5 x 10>
cells/well overnight, then media was renewed with fresh
media containing test compound and further incubated
for the indicated times. Assay was performed at the end-
point of treatment to determine amount of protein
remaining in each well. Media was discarded and re-
placed with 100 pL of ice-cold 10% trichloroacetic acid
(TCA) and placed in 4°C for at least 1 hr. Then TCA
was removed and wells were carefully rinsed with deion-
ized (DI) water for 5 times. After 10 min of air drying,
50 uL of 0.4% sulforhodamine B (SRB) in 1% acetic acid
was added for 30 min. Cells were rinsed 3—4 times with
1% acetic acid and air dried for 1 hr at room temperature.
Finally, adhered cells were solubilized with 200 pL of
10 mM Tris base and plates were shaken for 20 min be-
fore absorbance reading with a microplate reader with
filter wavelength of 540 nm.

Real-time polymerase chain reaction (real-time PCR or
qPCR)

CCA cells were seeded in 6-well plates at the density of
1.5x10° cells/well. Total RNA was extracted from CCA
cell lines using TRIzol® reagent following the manufac-
turer’s instructions (Invitrogen). Total RNA was isolated
using a previously described method [20]. Total RNA
(1 pg) was reverse transcribed in a 20 pL reaction mix-
ture, containing 0.5 pg of oligo(dT)15 primer, 20 U of
RNasin® ribonuclease inhibitor, and 200 U of ImProm-
II™ reverse transcriptase in 1x PCR buffer, 3 mmol/L
MgCl,y, and 1 mmol/L dNTPs. The first-strand cDNA
was synthesized at conditions of 42°C for 60 min. The
reverse transcription products served as templates for
real-time PCR. PCR amplification was performed using
specific primers for the NQO1, wild type p53 and the in-
ternal control using B-actin. The primer sequences were
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Figure 1 (See legend on next page.)
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*p < 0.05 vs the untreated control.
.

Figure 1 Basal level of NQO1 mRNA, protein expression, and enzyme activity of CCA cells and NQO1 protein induction by
chemotherapeutic agents (5-FU, Doxo, and Gem). (A) Basal NQOT mRNA expression in CCA cell lines (KKU-100 and KKU-M214) and two other
cell lines (Chang and MMNK1 cells) analyzed by gPCR. The bars represent relative mRNA expression of NQO1 normalized with B-actin as internal
control. *p < 0.05 vs KKU-100 cells. (B) Basal NQO1 enzyme activity analyzed by enzymatic methods. *p < 0.05 vs KKU-100 cells. (C) Basal NQO1
protein expression analyzed by Western Blot analysis using (3-actin as internal control. Representative images of NQO1 and f-actin are shown in
the top panel of the figure. *p < 0.05 vs KKU-100 cells. (D) Effect of chemotherapeutic agents on NQO1 protein expression in KKU-100 cells. Cells
were exposed to 5-FU (3 uM), Doxo (0.1 uM), and Gem (0.1 uM) for 24 hr. Data represent mean + SEM, each from three separated experiments.

as follows: 1) NQO1 (NM_000903.2): forward primer
5-GGCAGAAGAGCACTGATCGTA-3’ and reverse pri-
mer 5-TGATGGGATTGAAGTTCATGGC-3; 2) wild
type p53 (NM_005256778.1) [25]: forward primer 5-ATG-
GAGGAGCCGCAGTCAGATCC-3 and reverse primer
5-TTCTGTCTTCCCGGACTGAGTCTGACT-3; 3) B-
actin: forward primer 5-TGCCATCCTAAAAGCCAC-3
and reverse primer 5-TCAACTGGTCTCAAGTCAGTG-
3. The real-time fluorescence PCR, based on EvaGreen®
dye, was carried out in a final volume of 20 pL containing
1x SsoFast™ EvaGreen® supermix (#172-5200; Bio-Rad,
CA, USA), 0.5 umol/L of each NQO1 or wild type p53,
and 0.25 pmol/L of B-actin primer. Thermal cycling was
performed for each gene in duplicate on cDNA samples in
96-well reaction plates using the ABI 7500 Sequence De-
tection system (Applied Biosystems). A negative control
was also included in the experimental runs. The negative
control was set up by substituting the template with DI
water. Real-time PCR was conducted with the following
cycling conditions: 95°C for 3 min, followed by 40 cycles
of 95°C for 15 s and 60°C for 31 s. To verify the purity of
the products, a melting curve analysis was performed after
each run. Upon completion of 40 PCR amplification cy-
cles, there was a dissociation step of ramping temperature
from 60°C to 95°C steadily for 20 min, while the fluores-
cence signal was continually monitored for melting curve
analysis. The concentration of PCR product was calculated
on the basis of established standard curve derived from
serial dilutions of the positive control for NQO1, wild type
p53 and B-actin in the CCA cell lines.

Western blot analysis

After treatment with chemotherapeutic agents, CCA
cells were washed with PBS, collected, and lysed at 4°C
with 1x cell lysis buffer with 1 mmol/L dithiothreitol
and 0.1 mmol/L phenylmethylsulfonyl fluoride (PMSF)
with vigorous shaking. After centrifugation at 12,000 ¢
for 30 min, supernatant was collected and stored at —80°C
until use. Thirty microgram of the protein samples were
mixed with 5x loading-dye buffer, heated at 90°C for
10 min, and proteins were then separated by electrophor-
esis in 10% SDS-polyacrylamide gel. Proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes at

180 mA for 1 hr. The PVDF membranes were blocked for
1 hr at room temperature with 5% (w/v) skim milk powder
in PBS with 0.1% Tween-20. PVDF membrane was incu-
bated overnight at 4°C with primary antibodies diluted
with PBS/Tween-20. The antibodies purchased from
Santa Cruz BioTechnology, Inc. (California, USA) were:
rabbit polyclonal IgG Bax (1:2500) (#sc-493), rabbit po-
lyclonal IgG cyclin D1 (1:1000) (#sc-718), rabbit poly-
clonal IgG p21 (1:500) (#sc-56335), mouse polyclonal
IgG p53 (1:500) (#sc-98), and mouse monoclonal IgG B-
actin (1:2500) (#sc-1616). The rabbit polyclonal IgG
NQO1 (1:2500) (#ab34173) was purchased from Abcam
(Cambridge, MA, USA). The primary antibody was then
removed and the blots were extensively washed with
PBS/Tween-20. Blots were then incubated for 2 hr at
room temperature with the secondary antibody horse-
radish peroxidase-labeled goat anti-mouse IgG (#sc-
2005) or goat anti-rabbit IgG (#sc-2004) at 1:5000 dilu-
tions in PBS. After removal of the secondary antibody
and extensive washing in PBS/Tween-20, the blots were
incubated in the ECL substrate solution (Amersham™
ECL™ prime Western Blotting detection reagent; GE
Healthcare, Piscataway, NJ, USA). Densities of the spe-
cific bands of Bax, cyclin D1, p21, p53, NQO1 and B-
actin were visualized and captured by ImageQuant™
LAS4000 (GE Healthcare).

Statistical analysis

Data were expressed as mean + SEM of triplicate assays
from three independent experiments. An analysis of
variance with repeated measurement was used to deter-
mine significant differences between each experimental
group. The level of significance was set at p < 0.05.

Results

NQO1 expression in CCA cells is constitutively high and
increased further by chemotherapeutic agents

We first examined the NQO1 expression in two CCA
cell lines, KKU-100 and KKU-M214, and two other cell
lines (liver Chang cells and bile duct epithelial MMNK1
cells). KKU-100 cells showed the highest expression in
NQO1 mRNA, protein and enzymatic activity (Figure 1A-
C). Chang and MMNKT1 cell lines showed relatively low
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Figure 2 Knockdown of NQO1 by siRNA sensitized KKU-100 cells to chemotherapeutic agents. (A-B) Effect of NQO1 siRNA on mRNA and
protein levels of NQO1 in KKU-100 cells. Cells were transfected with the pooled siRNA against NQO1 gene for 24 hr and 48 hr. Data represent
mean + SEM, each from three separated experiments. *p < 0.05 vs the non-targeting siRNA transfected cells. (C-E) Cytotoxicity of chemotherapeutic
agents on NQOT1 siRNA transfected KKU-100 cells. Forty-eight hour after transfection, cells were treated with varied concentration of chemotherapeutic
agents; 5-FU, Doxo, and Gem for another 24 hr as described in the “Methods” section. The cytotoxicity was evaluated by SRB assay. Data represent
mean + SEM, each from three separated experiments. *p < 0.05 vs the non-targeting siRNA transfected cells.

enzymatic activity. KKU-100 and KKU-M214 cells were
used in the subsequent study as the representative of the
high and low NQO1 expressing cells, respectively. To
examine whether chemotherapeutic agents could induce
the antioxidative stress response by induction of NQOI,
KKU-100 was treated with 3 M of 5-FU, 0.1 pM of Doxo,
and 0.1 pM of Gem for 24 hr. The results showed that

NQO1 protein expression was increased after treatment
with Doxo and Gem, but not 5-FU (Figure 1D).

NQO1 gene silencing sensitizes CCA cells to
chemotherapeutic agents

To verify the possibility that NQO1 can modulate the
susceptibility of CCA cells to chemotherapeutic agents,
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Figure 3 Altered expressions of proteins related to cell proliferation and apoptosis pathways. A-D, Expressions of proteins related to cell
proliferation and apoptosis pathways. KKU-100 with NQO1 knocked down cells were exposed to chemotherapeutic agents; 5-FU (3 uM), Doxo

(0.1 uM), and Gem (0.1 uM) for 24 hr. Whole cell lysates were prepared after indicated treatment and Western blot analysis was conducted using
anti-p53 (A), -p21 (B), -cyclin D1 (C), -Bax (D) and -B-actin antibodies. The relative bars that were normalized with 3-actin as a loading control of
each band is shown below the Western blot images. Data represent mean + SEM, each from three separated experiments. *p < 0.05 vs the treated
non-targeting knocked down cells. **p < 0.05 vs the untreated non-targeting knocked down cells.

NQOL1 expression was knocked down by using a siRNA
method. KKU-100 cells were used in the study, because the
recent study has shown that the high NQO1 expressing
cells, KKU-100 cells, are sensitized by dicoumarol to the
cytotoxicity of chemotherapeutic agents, while the low ex-
pressing cells are not [22]. The results showed that NQO1
mRNA expression was suppressed by siRNA more than
80% at 24 hr (Figure 2A). The protein expression levels
(Figure 2B) and enzymatic activity (data not shown) were
also suppressed moderately at 24 hr (data not shown) and
about 80% at 48 hr after the siRNA transfection. The fur-
ther experiment was performed after transfection for 48 hr.

Then, we examined the susceptibility of NQOI1-
knockdown-KKU-100 cells to various chemotherapeutic
agents. NQO1 siRNA treatment alone did not alter

significantly the cell viability compared with that of KKU-
100 cells treated with non-target siRNA. By NQOI1-
knockdown, KKU-100 cells became more sensitive to the
cytotoxic effect of 5-FU, Doxo, and Gem (Figure 2C-E).
The chemosensitizing effect was remarkable especially at
the low concentrations of the chemotherapeutic agents.

NQO1-knockdown and chemotherapeutic agent
treatment induce p53 and altered expression of cell
death pathway proteins

To explore the possible mechanisms of chemosensitizing
effect of NQO1-knockdown, we examined the expression
levels of cell death-related proteins in NQO1-knockdown-
KKU-100 cells. Western blot analyses revealed that Doxo
and Gem treatment alone increased p53 levels (Figure 3A).
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(See figure on previous page.)

Figure 4 Effects of NQO1 over-expression on the susceptibility of KKU-M214 cells to chemotherapeutic agents (5-FU, Doxo, and Gem).
A-B, Effect of NQO1 over-expression on mRNA and protein levels of NQOT1 in KKU-M214 cells. The pCMVE-XL5-NQO1 (wild type NQO1) or
pCMV6-XL5 (control vector) was transfected to KKU-M214 for 24 hr. The whole cells were collected for NQO1 enzyme activity assay (A) and Western
blot analysis (B). The data represent mean + SEM, each from three experiments. *p < 0.05 vs the control vector transfected cells. (C-E) Cytotoxicity of
chemotherapeutic agents on NQO1 over-expressed KKU-M214 cells. Twenty-four hour after transfection, cells were incubated with chemotherapeutic
agents for additional 24 hr (Doxo) and 48 hr (5-FU and Gem). The cytotoxicity was evaluated by SRB assay. Data represent mean + SEM, each from
three separated experiments. *p < 0.05 vs the control vector transfected cells.

When NQO1-knockdown-KKU-100 cells were treated
with chemotherapeutic agents, p53 level was enhanced
further by all 3 agents (Figure 3A). Then, we examined
the expression levels of some p53 downstream proteins,
i.e. p21, cyclin D1, and Bax protein. Similar to p53, p21
and Bax were over-expressed by the drug treatments
(Figure 3B, 3D). In contrast, in the NQO1 knockdown
cells, treatment with chemotherapeutic agents strongly
suppressed the cyclin D1 level (Figure 3C). In the non-
target siRNA transfected KKU-100 cells, Doxo and
Gem, but not 5-FU, treatments increased cyclin D1
expression (Figure 3C).

Over-expression of NQO1 in CCA cells induces drug
resistance against chemotherapeutic agents

Since KKU-M214 cells naturally express relatively low level
of NQOLI, effects of NQO1 over-expression by transient
transfection with NQO1 expression vector on the suscepti-
bility of cells to chemotherapeutic agents was evaluated.
After transfection, the NQO1 enzyme activity in the
transfected cells was elevated approximately 2.5-fold
and the NQOL1 protein level was 2.25-fold higher than
the control vector (Figure 4A-B), indicating that NQO1
construct was efficiently expressed in KKU-M214 cells.
Then, NQOIl-over-expressed KKU-M214 cells were
exposed to 5-FU and Gem for 48 hr, and to Doxo for
24 hr. The results showed that the cytotoxicity of 5-FU,
Doxo, and Gem were markedly decreased for NQO1-
over-expressed KKU-M214 cells (Figure 4C-E), indicat-
ing the protective effect of NQO1.

Over-expression of NQO1 suppresses chemotherapeutic
agents-induced p53 and protein expression in the cell
death pathway

Previous experiment showed that NQO1-knockdown
increased p53 and apoptogenic protein expression. The
results of this experiment showed that over-expression
of NQO1 in KKU-M214 cells strongly suppressed the
chemotherapeutic agents-induced increased expression
of p53, p21, and Bax (Figure 5A-B & D). On the other
hand, over-expression of NQO1 enhanced Doxo- and
Gem-induced cyclin D1 expression (Figure 5C).

Knockdown of p53 abolishes the chemosensitizing effect
of NQO1 silencing

Since the results given above showed that the knockdown
and over-expression of NQO1 enhanced and suppressed,
respectively, the chemotherapeutic agent-mediated cytotox-
icity in association with the altered expression of p53, p53
apparently play a role in the expression of the cytotoxic ef-
fect of those anti-cancer agents. To validate the role of p53,
we prepared the double knockdown of NQO1 and p53 in
KKU-100 cells. The efficiency of NQO1 and p53 knock-
down was more than 80% (Figure 6A). As is shown above,
NQO1-knockdown increased the susceptibility of KKU-
100 cells to chemotherapeutic agents. Conversely, p53-
knockdown markedly reduced cytotoxic effect of all tested
chemotherapeutic agents compared with chemotherapeu-
tic agents alone (Figure 6B-D). Interestingly, in the double
knockdown experiment, the cytotoxic potentiation effect
of NQOL1 gene silencing was totally diminished by the sim-
ultaneous knockdown of p53. The cytotoxic effects of
chemotherapeutic agents on double knockdown cells were
similar to those on p53 knockdown cells. These results
strongly suggest that the cytotoxic effects of all 3 chemo-
therapeutic agents on CCA cells were dependent on p53
expression and NQOL is probably the upstream modula-
tor of p53.

Discussion

We previously showed that the survival time of CCA pa-
tients with high NQO1 mRNA expression was shorter
than patients having CCA with low NQO1 expression
[21], suggesting the possible role of NQO1 in CCA pro-
gression. We also demonstrated that inhibition of NQO1
in high NQOL1 expressing cell line, KKU-100, enhanced
the cytotoxic effect of chemotherapeutic agents, but not in
the low NQO1 expressing cells, i.e. KKU-M214 [22]. In the
present study, the role of NQO1 was validated by knock-
down of NQO1 expression in KKU-100 cells and over-
expression of NQO1 in KKU-M214 cells. Knockdown of
NQOL1 enhanced the cytotoxic effect of 5-FU, Doxo and
Gem, whereas over-expression of NQO1 protected the
cells from chemotherapeutic agents. The suppression
of NQOL1 expression was associated with up-regulation
of p53, p21, and Bax proteins, while over-expression
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transfected cells. **p < 0.05 vs the untreated control vector transfected cells.

Figure 5 NQO1 over-expression attenuates the p53 pathway in KKU-M214 cells. A-D, Western blots of p53 (A), p21 (B), cyclin D1 (C), and
Bax (D) protein in KKU-M214-NQO1 over-expressed cells after treatment with 5-FU 3 uM (48 hr), Doxo 0.1 uM (24 hr), and Gem 0.1 uM (48 hr).
The relative bars that were normalized with 3-actin of each band are shown below the Western blot images. *p < 0.05 vs the treated control vector

was associated with down-regulation of those pro-
teins. The role of NQOL1 in cell viability became sig-
nificant when NQO1 knockdown KKU-100 cells
exposed to chemotherapeutic agents. It should be
noted that NQO1 plays an important role in cell via-
bility especially at severe stress condition in CCA

cells. The role of p53 was verified by p53 and
NQOL1 gene silencing with siRNA. The potentiation
effect of NQOL1 gene silencing on the cytotoxicity of
chemotherapeutic agents was inhibited by p53
knockdown. Thus, the sensitizing effect of NQO1 is
likely to be mediated via p53.
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Figure 6 Double knockdown of NQO1 and p53 by siRNA altered KKU-100 cells to chemotherapeutic agents. (A) Effect of co-transfected
NQOT1 and p53 siRNA in KKU-100 cells. Cells were transfected with the pooled siRNA against NQO1 and p53 for 24 hr. The bars represent relative
expression of NQO1 and p53 normalized with 3-actin as internal control. (B-D) After co-transfection, cells were treated with varied concentrations
of chemotherapeutic agents; 5-FU, Doxo, and Gem for another 24 hr as described in the “Methods” section. The cytotoxicity was evaluated by
SRB assay. Data represent mean + SEM, each from three separated experiments. *p < 0.05 vs the non-targeting knocked down cells and *p < 0.05
vs NQO1 knocked down cells.
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Inhibition of NQO1 by dicoumarol suppressed cancer
cell growth and potentiated the cytotoxicity of chemother-
apeutic agents [19,20]. Chemotherapeutic agents such as
Doxo and Gem induced over-expression of NQOI1 in
CCA cells. This may be a cellular adaptive response to oxi-
dative stress and cytotoxicity [13] and may confer the
cytoprotective effect to the cells. The biological role of
NQOL1 in CCA was validated in this study and found to
be consistent with our recent report in that suppression
of NQO1 enhances the cytotoxic effect of many chemo-
therapeutic agents and the activation of mitochondrial
death pathway [22]. On the other hand, over-expression
of NQO1 in KKU-M214 cells suppressed the cytotoxic
effect of chemotherapeutic agents. The results indicated
the protective effect of NQO1 from chemotherapy in
CCA. Taken together, this may provide a possibility to
combine NQOI1 inhibitor together with chemotherapy
as a novel treatment strategy for CCA. However, to
apply this information to CCA patients, several critical
studies are requested to confirm the in vivo relevance
of these findings. For example, the synergistic role of
NQOL1 inhibition in chemotherapy of CCA should be
further validated in animal models. This could be
carried out in our future study.

The mechanism of NQOI1-mediated chemosensitiza-
tion was further explored. Previous reports suggested
that NQO1 modulates p53 expression by interfering
with 20S proteasome-mediated degradation of p53 [24].
Inhibition of NQO1 by dicoumarol suppressed p53 pro-
tein levels and induced cell death [24]. In contrast, di-
coumarol at non-cytotoxic concentrations, but sufficient
to inhibit NQO1 enzyme activity, enhanced p53 protein
levels [22]. Present results show that the suppression of
NQOL1 increased p53 expression.

Tumor protein p53 and Bcl family proteins regulate
mitochondrial outer membrane permeabilization (MOMP)
[26]. Our results showed that the increase of p53 was asso-
ciated with increased p21 and Bax levels. Both p21 and
Bax are p53-dependent downstream gene products. The
p21 is a potent cyclin-dependent kinase inhibitor and its
expression is associated with the strong antiproliferative ef-
fect as was seen in the present study. Bax is a multidomain
proapoptotic Bcl2 family. It translocates into the mitochon-
drial outer membrane and forms Bax pores leading to the
release of proapoptotic proteins and ensuing cell death
[27]. p53 is a tumor suppressor gene that responded to
DNA damage or oxidative stress by inducing growth arrest
or apoptotic cell death [28,29]. Our results showed that
knockdown of p53 inhibited the chemosensitizing effect,
which was induced by knockdown of NQO1 in KKU-100
cells. This indicates that the sensitizing effect of NQO1
knockdown is mediated via p53 pathway. It is also noted
that KKU-100 cells expressed both the wild type full length
p53 as well as the splicing variant of truncated p53 protein
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[30]. Interestingly, our results showed that the potentiation
effect of NQO1 gene silencing on the cytotoxicity of che-
motherapeutic agents can occur even in cancer cells with
high expression ratio of mutant p53/wild type p53. It is yet
to determine the chemosensitizing effect of NQO1 sup-
pression on cells expressing the other mutated p53. As
some CCA patients express high NQO1 [20], targeting the
NQOL1 by suppressing the activity or expression could be a
strategy to overcome drug resistance of cancer and enhan-
cing the efficacy of chemotherapeutic agents.

Conclusions

In summary, NQO1 plays an important role in cytopro-
tection of cancer cells and modulates the sensitivity of
chemotherapeutic agents, particularly in the high NQO1
expressing CCA cells. NQO1 is a potential molecular
target for enhancing the antitumor activity of chemo-
therapeutic agents.
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Abstract

Purpose Cholangiocarcinoma (CCA) is the deadliest form of liver cancer. It is highly resistant
chemotherapy and radiotherapy. Heme oxygenase-1 (HO-1) plays important roles in tumor
growth, migration and angiogenesis. However, its therapeutic role in cholangiocarcinoma is not
known. We aimed to study the roles of HO-1 in sensitivity to gamma irradiation and
chemotherapeutic agent.

Methods Human cholangiocarcinoma cells were subjected to gamma irradiation and HO-1
knockdown by siRNA or shRNA. Cell migration, clonogenic assay and cell cycle distribution
were analyzed. Effect of inhibition of HO-1 on gemcitabine-mediated tumor suppression was
evaluated in nude mice xenografted with CCA cells. DNA double-strand breaks, proteins
involving in cell proliferation, cell cycle and angiogenesis were analyzed by
immunocytofluorescence, Western immunoblotting and immunohistochemistry.

Results The knockdown of HO-1 expression, strongly suppressed cell migration and enhanced
the sensitivity of CCA cells to gamma irradiation by diminishing colony forming ability and
increased DNA double strand breaks. The anti-proliferative effect was attributable to G2-M cell
cycle arrest which was further enhanced by combining irradiation. Suppression of HO-1 by Zn-
protoporphyrin enhanced the cytotoxicity of CCA cells to gemcitabine was validated in CCA
xenografts. The drug combination almost completely arrested tumor growth whereas single agent
only retarded it. Tumor inhibition was associated with greater decrease in expression of Ki67,
CD31 and enhanced in p53 and p21 immunohistochemical staining.

Conclusions Taken together, our results indicated the synergistic role of HO-1 inhibition in
radiotherapy and chemotherapy of CCA a worthy strategy that warrants further investigation in

the treatment of CCA.

Keywords: Heme oxygenase-1, Cholangiocarcinoma, Chemosensitization, Radiosensitization,

Cytoprotection, zinc protoporphyrin



Introduction

Cholangiocarcinoma (CCA) is one of the most devastating malignancies, because the majority of
cases develop without clinical symptoms, and thus making the diagnosis of CCA very difficult.
Prognosis of CCA is extremely poor because treatment outcomes and survival of the patients
have only slightly improved in the past several decades (Khan et al. 2005). The complete tumor
resection with negative pathological margins (RO resection) is the only effective option to
prolong survival with the five-year survival rate of 20-44%, but the recurrence of cancer is
common which can occur in up to 63% within 2 year (Farges et al. 2011; Skipworth et al. 2011).
Nonetheless, most of patients are already in the advanced stage of the disease at diagnosis thus
making radical surgery not possible and prognosis of the unresectable or incomplete (R1)
resection is extremely poor (Farges et al. 2011). Chemotherapy and radiotherapy may be the
options left for most patients (Khan et al. 2012). The most accepted chemotherapy with
gemcitabine-base has documented a median overall survival of only 11 months. Experiences in
radiotherapy of CCA in adjuvant and neoadjuvant settings are very limited and there is currently
no evidence to support the routine use of radiotherapy for unresectable disease (Khan et al. 2012;
Skipworth et al. 2011). It is, therefore, there is an urgent need for a more effective treatment
approach to improve survival and quality of life of these patients (Butthongkomvong et al. 2013;
Patel 2011). Targeting the prosurvival mechanisms in cancer cells could be a strategy to
overcome resistance to chemotherapy and radiotherapy. Antioxidant and cytoprotective proteins
such as HO-1 and NQOI could be such targets (Buranrat et al. 2010; Na and Surh 2014;
Zeekpudsa et al. 2014).

Heme oxygenase-1(HO-1) is a microsomal enzyme catalyzing the first rate-limiting step
in degradation of heme, leading to equimolar production of biliverdin, carbon monoxide (CO)
and free iron. HO-1 can be induced in response to cellular stress, oxidative stimuli, hypoxia and
during tumor growth (Prawan et al. 2005). More importantly, HO-1 is found to be over-
expressed in various cancer types including prostate cancer, hepatoma, pancreatic cancer and
lymphosarcoma (Jozkowicz et al. 2007). These cancers express a high level of HO-1 and the
over-expression of this enzyme may provide growth advantages and render resistance to
chemotherapeutic agents such as cisplatin, doxorubicin and gemcitabine (Gueron et al. 2009;
Maines and Abrahamsson 1996; Nuhn et al. 2009). HO-1 plays a role in tumor growth,

neoangiogenesis and cytoprotection of tumors against the attack of oxidative insults from



chemotherapy and radiotherapy, probably due to its anti-oxidative and anti-apoptotic activities
(Berberat et al. 2005; Hirai et al. 2007; Kongpetch et al. 2012). Thus, suppression of HO-1
activity may be a strategy to increase the chemosensitivity and radiosensitivity of tumors. We
recently have shown that the inhibition of HO-1 in CCA cell lines by HO-1 siRNA or by
pharmacological inhibitor, zinc protoporphyrin IX (ZnPP) resulted in an remarkable reduction of
the IC50 of CCA cells to gemcitabine (Kongpetch et al. 2012). Moreover, ellagic acid inhibits
prostate cancer cells in association with downregulation of HO-1 (Vanella et al. 2013).

In the present study, the effects of HO-1 suppression on tumor cell growth, cell cycle
progression and sensitivity to radiation and chemotherapeutic agents were examined by using
HO-1 knockdown CCA cells with high and low basal HO-1 levels. We further evaluated and

examined the effects of combined therapy of gemcitabine and ZnPP using an in vivo model.

Materials and methods

Cell lines and cell cultures

The human cholangiocarcinoma (CCA) cell lines; KKU-100, KKU-MO055, KKU-M214, KKU-
M213, and KKU-M139 were kindly provided by Dr. Banchob Sripa, Department of Pathology,
Faculty of Medicine, Khon Kaen University. Cell lines were established, characterized, and
derived from CCA tissues which are classified histologically as follows: poorly differentiated
adenocarcinom (KKU-100, MO055), well differentiated adenocarcinoma (M214, MZ213),
aquamous cell carcinoma (KKU-M139) (Sirica 2005; Yonglitthipagon et al. 2012). All cell lines
were routinely cultured in complete media consisting of Ham’s F12 media, supplemented with
10% fetal calf serum, 12.5 mM HEPES, pH 7.3, 100 U/ml penicillin G and 100 pg/ml

gentamicin (Tusskorn et al. 2013).

Cytotoxicity assay

KKU-100 cells were seeded onto 96-well plate at density of 7,500 cells/well for overnight. The
cells were treated with varied concentration of ZnPP and gemcitabine (GEM) from 1- 1000 nM
for 24 h. For the combination treatment, KKU-100 cells were pretreated with ZnPP for 4 h prior
GEM, and incubation was continued for 24 h. The cytotoxicity assay was performed by

sulforhodamine B (SRB) assay as previously described (Tusskorn et al. 2013).



Cell motility, wound healing and clonogenic assays
KKU-100 and M213 cells with HO-1 knockdown were used in the cell motility and wound
healing assays. KKU-100 and M213 cells were transfected with HO-1 siRNA (method as below)
for 24 h, then seeded onto a transwell insert in 300 pL of medium. After incubation for 6 h, the
filter membrane was cut and placed on the glass slide, covered with the mounting medium with
DAPI, and then covered with a cover-slip. The cells migrated across the membrane were
enumerated using a fluorescence microscope; Nikon Eclipse Ti.

For wound healing assay, after transfection with HO-1 siRNA for 24 h, KKU-100 and
M213 cells were seeded into 24-well plate with density of 150,000 per well in full cultured
media to obtain cell confluence of 80-90% on the experimental day. On the next day, cultured
cells were scratched with a sterile 200 pL-pipette tip making straight line of wounds. The width
of wound outline was recorded under a phase-contrast microscope at 0, 6, 12 and 24 h after
scratching the cultured cells.

The clonogenic survival of CCA cells following gamma irradiation was determined by

clonogenic assay. The stable knockdown of HO-1, KKU-100 and M214 cells in suspensions at

the density of 12,500 cells/mL were irradiated over the dose range of 0-10 Gy. Immediately after
irradiation, the cells were seeded at 300 and 200 cells of KKU-100 and M214, respectively, onto
a 6-well plate. After 14 days of incubation with renewal of cultured media every other day, the
cells were fixed in absolute methanol and stained with 0.25% crystal violet in 2% ethanol. The

number of colonies in each well was counted under a Nikon Eclipse Ti microscope (10X).

Irradiation-induced antiproliferation

The five CCA cells; KKU-100, M213, M214, M055 and M139 cells were employed to assay of
the sensitivity to radiation. Cells in suspensions at the density of 12,500 cells/mL were irradiated
at room temperature over the dose range of 0—10 Gy using a Gammacell® 40 Exactor (Nordion
Gamma Irradiator®). The cells were seeded at density of 625-1250 cells/well in 96-well plate
and incubated for 4 days. Cell proliferation was determined by MTS assay, performed according

to the instruction guideline of CellTiter 96® (Promega)
HO-1 small interfering RNA transfection

The transfection of HO-1 siRNA was performed using siGENOME SMARTpool of four
sequences of siRNA (M-006372-02-0005: Dharmacon) at a final concentration of 200 nM and



lipofectamine 2000 (Invitrogen) according to the manufacturers’ instructions. The siGENOME
non-targeting siRNA (D-001210-02-05), as a negative control was introduced to the cells using
the same protocol as previously described method (Kongpetch et al. 2012).

Generation of HO-1 stable knocked down by Lentivirus-mediated shRNA transfection

To generate the lentivirus for transduction, ps-ShRNA-ControlA and ps-ShRNA -HO-1 plasmids
were purchased from Santa Cruz and packaged using the ViraPower™ Lentiviral Packaging Mix
(Invitrogen) as described by manufacturer. Briefly, 293FT cells were plated at 90% confluence
in 10-cm plates and transfected with 3ug of ps-ShRNA-ControlA, or ps-ShRNA -HO-1, 36uL
lipofectamine and 9 pg ViraPower™Packaging mixed in 1.5 mL Opti-MEM medium for an
overnight. On the third day, medium with specific viral conjugated with ps-ShRNA-controlA or
-HO-1, was collected and kept at -80°C before use. To generate stable control and HO-1
knockdown cell, 30,000 cells/well in 12-well plate of KKU-100 and M214 cells were transduced
with 1uL of ps-ShRNA-ControlA or ps-ShRNA-HO-1 lentivirus. Positively transduced cells

were selected by culturing in media containing 2 pg/ml puromycin B for 3 weeks.
Reverse transcription real-time polymerase chain reaction

The five CCA cells; KKU-100, M213, M214, M055 and M139 cells were seeded at the density
of 1.5x10" cells/well in 6 well-plates and allowed to grow for 24 h. Total RNA was isolated and
the PCR products were generated using a previously described method (Buranrat et al. 2007).
The primer sequences were as follows: HO-1: forward, 5’-CTG ACC CAT GAC ACC AAG
GAC-3’ and HO-1 reverse: 5’-AAA GCC CTA CAG CAA CTG TCG-3’, Gen Bank accession
number.NM_002133.2, B-actin: forward 5’-AGT GTA GCC CAG GAT GCC CTT-3’ and B-
actin: reverse, 5’-GCC AAG GTC ATC CAT GAC AAC-3’, Gen Bank accession number
NM_00246.5. To quantify the relative expression of genes, the relative quantitation was
performed by using standard curve method. The amount of HO-1 mRNA was expressed as a

ratio to B-actin mRNA.

Western blot analysis

Western blot analysis was used to determine the expression levels of HO-1, cyclin A, cyclin B1,
cdc2, and B-actin. Cultured cells were washed with PBS, lysed with RIPA buffer containing
protease inhibitor cocktail. The protein samples were mixed with SDS loading buffer and subject

to separation by electrophoresis in 8-10% SDS-polyacrylamide gel. The protein bands were
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blotted onto a PVDF membrane. After blocking with skimmed milk in phosphate buffer saline
(PBS), the membrane was incubated overnight at 4°C with primary antibodies of HO-1 (ADI-
SPA-895: Enzo Life Sciences), cdc2 p34 (sc-8395: Santa Cruz), cyclinA (sc-751), cyclinB1 (sc-
752) and B-actin (A1978: Sigma-Aldrich) in PBS. After washing with PBS containing 0.05%
Tween-20, the blots were incubated with the secondary antibodies (170-6515 or 170-6516:
Biorad). The protein bands were detected by using an ECL kit (Pierce Biotechnology).

Immunocytofluorescence for y- H2AX

To analyze the irradiation-induced phosphorylated histone protein, y- H2AX foci in CCA cells
were examined by the immunocytofluorescence technique after irradiation as described
previously (Chan-On et al. 2009). KKU-100 cells (30,000 cells/well) were seeded on
polystyrene treated glass slide, irradiated with gamma ray at the doses of 5 Gy for KKU-100, and
incubated for 15 min. Cells were fixed in 3.7% paraformaldehyde in PBS and permeabilized with
0.2% Triton X-100 in PBS. The cultured cells on slides were blocked, stained with anti- y-
H2AX (ab11174: ABCAM) in 0.2% BSA, followed by anti-rabbit IgG conjugated to Alexa-fluor
594 (Molecular Probe: Eugene). The cultured slides were covered with DAPI mounting medium
(H1200: VECTASHIELD®, Vector Lab) and examined under a fluorescence microscope (TE-
2000E: Nikon). y-H2AX foci were measured under a 60X -objective lens.

Flow cytometry for cell cycle analysis

After the transfection with HO-1 siRNA, cells were irradiated with 5 Gy for KKU-100 and 8 Gy
for M214. Then, at the designated times post-irradiation, cells were fixed by resuspending the
cells in 3 mL of ice-cold 70% ethanol. The cell pellets were resuspended in 1 mL of PBS
containing 0.1% Triton X-100, 20 pg/mL of propidium iodide and 20 pg/mL of RNase incubated
at 4°C for 60 minutes in dark chamber, and then analyzed in a FACSCalibur flow cytometer (BD

Biosciences).

Antitumor activity in animal model

All experimental procedures were performed according to the experimental animal handling
standards and study protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) (application #2011/SHS/650) SingHealth, Singapore. KKU-100 cells (2x106) in 200

uL Ham-F12 medium were injected subcutaneously into the dorsal skin of 6-week-old female



Balb/c nude mice (Animal Resource Center, Western Australia) and housed under a specific
pathogen-free condition. When tumor grew to the volume about 200 mm’, mice were randomly
divided into four groups; control, gemcitabine (Gemzar®, Eli Lilly), ZnPP (Enzo Life Sciences)
and the combination of both agents. ZnPP was dissolved in DMSO at the concentration of 100
mg/mL and diluted further in PBS immediately before use. Gem was dissolved in PBS as
previously described to the concentration of 10 mg/mL and diluted further in PBS. ZnPP (12.5
mg/kg) and GEM (60 mg/kg) were administered intraperitonially once a week for three weeks
(day 0, 7 and 14). In the combined drug treated group, ZnPP was injected 1 hour before Gem
injection. Control group was treated with vehicle with the same schedule. Xenograft tumor
volume was measured twice a week using electronic calipers and the tumor volume was
calculated by the equation; [L x Wz]/2 (mm3), where L = length and W = width. The weight of
mice was measured twice a week. The mice were terminated on day 17, and the tumor mass were

collected for further analysis.

Immunohistochemical analysis of tumor tissues

The tumor tissues from xenografted mice were dissected, weighted and fixed in 10%
formaldehyde solution and embedded in paraffin. The sections (3-um-thick) were deparaffinised,
followed by antigen retrieval with autoclave treatment for 10 min in 0.01 M citrate buffer (pH
6.0). Immunohistochemical staining for Ki67, CD31, mdm2, p53 and p21 was performed with a
streptavidin-biotin (SAB) complex method using R.T.U. VECTORSTAIN® Universal Quick Kit
(PK-7800: VECTOR) according to the manufacturer’s instruction. The tissue-sections were
incubated with primary antibodies, anti-Ki- 67 (clone MIB-1; Dako) at room temperature for 30
min, anti-CD31 (ab 28364: ABCAM), anti mdm?2 (sc-965: Santa Cruz), anti p53 (sc-98) and anti
p21 (2946: Cell Signaling Technology) at 4°C overnight. The IHC-sections were counterstained
with haematoxylin and with eosin for H&E staining, and then mounted with DPX Mounting
Medium (UN 1866: CellPath). CD31-stained vessels were detected under a Zeiss Axio ScopeA. 1
microscope with original magnification 200X. The mean value of the vessel numbers in tumors,
were calculated from 10 fields of the three most vascularized areas according to previously
described. The areas of mdmz2, p21 and p53 positive cell staining were captured under a Nikon
DS-Ril microscope with original magnification 400X and using Image Pro-plus program to

count positive cells. The staining levels of p5S3 were calculated by the grading of numbers of



positive-cells multiply with the levels of intensity (positive-cell numbers were graded as 0-30=1,

31-60=2, 61-90=3 and 91-120=4 and levels of intensity ranges by 0-4)
Statistical analysis

Data were expressed as the mean + SD. An analysis of variance was used to determine
significant differences between each experimental group with Student-Newmann-Keuls post-hoc

test. The level of significance was set at P < 0.05.



Results

HO-1 expression in CCA cells and contribution to cell migration

The expression levels of HO-1 were determined in five CCA cell lines using reverse
transcription RT-PCR. KKU-100 cells showed high level of HO-1 mRNA expression, while
others cell lines including M213, M214, M139 and M055 have much lower expression levels
(Fig. 1A). KKU-100, and M213 and M214 which are representative of high, and low HO-1
expressing cell lines, respectively, were used for further functional studies. To investigate the
functional role of HO-1 in CCA, HO-1 knockdown cells using siRNA were subjected to
transwell and wound healing assays. The siRNA effectively reduced the HO-1 transcripts in
KKU-100 and M213 cells by about 70% and 60%, respectively compared to control (Fig. 1B).
HO-1 knockdown CCA cells showed a reduced number of cells migrated through the membrane
in transwell chamber compared to control cells (Fig. 1C and 1D). The suppression of cell
motility was further supported by wound healing assay, where the HO-1 knockdown CCA cells
migrate much slower than the control cells, resulting in almost no closure of the wounds (Fig.
1E). This result suggested HO-1 plays role in cell migration in CCA cells regardless of basal

HO-1 expression.

HO-1 conferred cytoprotection to gamma radiation and DNA repair

HO-1 has been shown to exert prosurvival effect in cancer cells against chemotherapeutic agents
(Kongpetch et al. 2012). However, the effect against radiation is not certain. Firstly, we
determine the sensitivity of CCA cell lines to gamma irradiation by establishing the median
effective dose (IC50) of radiation in antiproliferation (Fig. 2A). There was no clear relationship
between the basal levels of HO-1 expression and IC50 doses, although the two lowest HO-1
expression cell lines were the most sensitive cell lines to radiation. Next we studied KKU-100
and M214 cells with stable HO-1 knockdown by transduction with lentiviral-mediated HO-1
shRNA. The knockdown clones were selected where the efficiency of HO-1 knockdown in
KKU-100 and M214 cells were about 60% and almost 100%, respectively (Fig. 2B). The control
cells and HO-1 knockdown cells of KKU-100 and M214 were exposed to 2.5 or 5.0 Gys of
gamma radiation, respectively, and subject to clonogenic assay. The non-irradiated, HO-1
knockdown KKU-100 cells showed a decrease in their ability to form colonies when compared
with shRNA control cells, but not observed in M214 cells (Fig. 2C & 2D, left bar groups). The

role of HO-1 in colony forming became significant when CCA cells were exposed to gamma
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irradiation. The irradiated cells with HO-1 knockdown diminished significantly in their ability to
form cancer cell colony, compared to the relevant control cells (p<0.05), suggesting that
inhibiting of HO-1 sensitize CCA cells to gamma radiation (Fig. 2C & 2D, right bar groups).

To further evaluate the role of HO-1 in the maintenance of genomic stability, the level of
phosphorylated histone H2AX (y-H2AX) formation, a surrogate marker for unrepaired DNA
double-strand breaks (DSBs) was determined in HO-1 knockdown and control CCA cells
subjected to gamma irradiation. More y- H2AX foci were observed in HO-1 knockdown KKU-
100 cells compared to control, even before exposure to radiation (Fig. 2E) suggesting that HO-1
is associated with genome stability. Moreover, the number of y- H2AX foci was significantly
greater in HO-1 knocked down cells with exposure to gamma radiation when compared to the
non-target siRNA control cells (Fig. 2F). The result indicated the suppression of HO-1 is

associated with suppression of DNA DSBs repair mechanism.

Inhibition of HO-1 promoted G2-M arrest in CCA cells after irradiation

HO-1 is known to regulate cell proliferation and migration, and the silencing of HO-1 expression
suppresses cell growth (Berberat et al. 2005; Gueron et al. 2009). In this study, knockdown of
HO-1 in both KKU-100 and M214 cells resulted in significant accumulation of cells (~10%) at
G2-M phase (Fig. 3A and 3B) suggesting its role in cell cycle progression. However, dramatic
G2-M arrest was observed in HO-1 knockdown CCA cells exposed to gamma irradiation (Fig.
3B). The proportion of cells in the G2-M phase in HO-1 knockdown KKU-100 cells was
increased from 20% before irradiation to 48 % after the irradiation and that in M214 cells
increased from 16% to 56% (Fig. 3B). It was noted that the effects on cell cycle progression by
radiation were similar in KKU-100 and M214 cells regardless of their significant difference in
basal HO-1 expression.

To characterize the influence of HO-1 in cell cycle progression, proteins of cell cycle
regulators involved in G2-M transition were examined by Western immunoblotting. The basal
expression levels of cyclin A, Bl, and its positive regulator, cdc2, were higher in HO-1
knockdown cells of KKU-100 and M214 cells than in their corresponding control cells. These
protein expression was even increased higher when the HO-1 knockdown cells were irradiated

(Fig. 3C), supporting the functional role of HO-1 in cell cycle progression.
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Suppression of HO-1 enhanced antitumor response to GEM in vitro and in vivo

The effect of HO-1 inhibition in relation to GEM-induced cytotoxicity was evaluated in vitro and
in vivo. In the in vitro study, the toxicity of ZnPP, as a HO-1 inhibitor, and GEM alone was
evaluated in KKU-100 cells. The cytotoxicity of ZnPP and GEM was dose-dependent (Fig. 4A).
ZnPP at 10 nM induced cytotoxicity of less than 10%, which was then used in combination with
GEM. The drug combination enhanced cytotoxicity, particularly at low concentrations of GEM
(Fig. 4B).

The enhanced cytotoxic effect of GEM by ZnPP was further evaluated in nude mice
xenografted with KKU-100 cells. The mice were treated with ZnPP or GEM or both in
combination. Tumor mass in control mice grew exponentially during the study (Fig. 4C).
Treatment with GEM or ZnPP alone for 3 cycles resulted in a partial suppression of tumor
growth when compared with non-treatment controls. In contrast, the combination of ZnPP and
GEM caused almost complete arrest of tumor growth (Fig. 4C). The treatment with individual
agent or in combination for 3 cycles did not cause overt toxicity, as indicated by absence of
significant changes in body weight (Fig. 4D). The mean tumor weight (mg) on day 17, three
days after the last cycle of treatment, was 772, 427, 300 and 110 mg, for control, ZnPP, GEM
and the combination group, respectively (Fig. 4E and 4F).

Combined GEM and ZnPP treatment suppressed tumor growth via activation of pS53
pathway

We further investigated whether suppression of tumor growth was associated with the inhibition
of cell proliferation and angiogenesis of tumor tissues. Tumor tissues extracted from 4 groups of
animals were analyzed for the expression of Ki-67 and CD31 by immunohistochemistry. The
monotherapy of GEM or ZnPP significantly suppressed the nuclear expression of Ki-67
compared to control group (Fig. 5SA). The drug combination further decreased the expression of
Ki-67 more than the monotherapy. For the CD31 staining, a representative of microvascular
density, tumor tissues from control group showed the highest density of the blood vessels,
followed by the ZnPP-alone and GEM-alone groups. Tumors from drug combination group
showed the lowest density (Fig. 5B). These results indicated that the drug combination enhanced

anti-proliferation and anti-angiogenesis in CCA.
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Since the suppression of HO-1 activity by ZnPP enhanced GEM-induced antiproliferation
and inhibition of neoangiogenesis, the underlying mechanism was explored. The p53 and its
negative regulator, mdm?2, and p21 protein expression in tumor tissues were evaluated. The
immunohistochemistry showed that the drug combination induced p53 at a higher level than that
of single drug treatment (Fig. 6A & 6C). On the other hand, mdm2 was highly expressed in
control tissues and was decreased in GEM or ZnPP group and most remarkably decreased in
drug combination group (Fig. 6B). Expression of p21 or cyclin-dependent kinase inhibitor 1,
was highly expressed in the combination treatment group followed by the single drug treatment
groups with the lowest in the control (Fig. 6D). The results demonstrated the effect of ZnPP-
enhanced GEM-induced tumor suppression was associated with p53 and downstream protein

expression.

Discussion

HO-1 confers a powerful cytoprotective effect against various insults in normal tissues
(Otterbein et al. 2011; Tsuchihashi et al. 2007). Several lines of evidences have
demonstrated that HO-1 plays an important role in tumor growth, anti-apoptosis,
angiogenesis, metastasis, and DNA repair response following chemotherapeutic or
radiotherapy treatment (Jozkowicz et al. 2007). In this study, we showed the crucial role of
HO-1 in radiotherapy and chemotherapy in cholangiocarcinoma that, regardless of it basal
expression level.

HO-1 plays an important role in cell proliferation, and the hyperplastic and malignant
tissues showed pronounced increase in HO-1 expression (Maines and Abrahamsson 1996) which
was associated with cell migration and invasion (Gueron et al. 2009). Role of HO-1 in cancer
may be mediated via the Nrf2-HO-1 axis, where it is activated in some cancers (Na and Surh
2014). The present works were consistent with these findings in that HO-1 is necessary for CCA
cells proliferation and migration. HO-1 knockdown in both high and low HO-1 expressing cells,
i.e. KKU-100 or M213 cells showed diminished ability of migration in transwell and wound
healing assays.

The role of HO-1 in cell proliferation under genotoxic stress by gamma irradiation is

even more important. In non-radiation condition, knockdown of HO-1 in only the high HO-1
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expressing KKU-100 cells could impair the clonogenic survival. However, with gamma
radiation, both KKU-100 and M214 cells require HO-1 for colony forming ability. This suggests
that HO-1 plays an important role in proliferative ability especially at severe stress condition in
CCA cells. Our study is consistent with recent studies in that HO-1 inhibition enhanced the X-
ray irradiation in reducing clonogenic survival in A549 cells (Zhang et al. 2011).

The role of HO-1 may be extended to DNA repair system in some cancers (Otterbein et
al. 2011) and probably including CCA cells. y-H2AX is a phosphorylated form of the histone
H2AX by action of ATM, ATR and other kinases in the chromatin microenvironment marking
the accommodation of adaptor proteins for DNA repair process (Celeste et al. 2003). y-H2AX
foci are therefore used as markers of DNA damage and vanishing of the y-H2AX foci reflects
efficiency of the DNA repair of cells (Ivashkevich et al. 2012; Otterbein et al. 2011). In HO-1
knockdown CCA cells, there was an increased level of YH2AX foci and when cells were
irradiated, the foci were markedly increased as compared with control cells (Figure 2E & 2F).
Our results were consistent with recent studies that several organs from Hmox1” mice had
increased YH2AX foci (Otterbein et al. 2011). HO-1 may be important in DNA repair, as HO-1
knockdown resulted in increase in YH2AX foci in association with marked cell cycle
derangement, suggesting the role of HO-1 in the interplay of DNA repair mechanism and cell
cycle progression in CCA cells.

The antiproliferative effect in CCA cells is associated with cell cycle arrest in that HO-1
knockdown caused a cell cycle arrest at G2-M phase. Gamma irradiation further potentiated the
cell cycle arrest. It suggests the important role of HO-1 in regulation of cell cycle progression
and DNA repair mechanism, as unrepaired chromosome will result in cell cycle arrest or
apoptosis (Jackson 2001). Our study is consistent with the role of HO-1 in cell cycle progression
and is even more obvious in cells treated with gamma irradiation. Together these results
explained the enhanced antiproliferation of irradiation in HO-1 knockdown cells.

The deregulation of cell cycle was found to be related to the expression of cell cycle
related proteins in HO-1 knockdown cells. Western immunoblotting revealed a marked increase
in cyclin A and B1 and cdc2 protein expression in both cell lines. Cyclin A is synthesized in late
G1 and accumulates during S and G2 phase. Expression of cyclin B, a major activator of cdc2
(Vermeulen et al. 2003), is normally maximal during the G2 to M phase transition and controls

passage through the M phase. In normal cells, the mitosis phase is initiated by the cdc2/Cyclin
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B1 complex, however, in cancer cells, these proteins are deregulated (Evan and Vousden 2001).
In contrast to our results, pectenotoxin-2-induced G2-M arrest was associated with the reduced
levels of cdc2, cylcin B1 and ¢dc25C in MDA-MB-231 cells (Moon et al. 2010). It is, therefore,
the alteration of these checkpoint proteins could be variable depending on inducing agents
(DiPaola 2002).

In previous reports showed that ZnPP, a HO-1 inhibitor, enhanced the sensitivity of CCA
cells to chemotherapeutic agents in vitro (Kongpetch et al. 2012). In the present study, we
demonstrated that the inhibition of HO-1 activity by ZnPP significantly potentiated the
chemotherapeutic effect of GEM in vivo using CCA xenograft model. This result was consistent
with recent studies using xenografted urothelial tumor, LL/2 lung cancer and pancreatic tumor in
mice, where treatment with GEM plus ZnPP resulted in inhibition of tumor growth (Miyake et
al. 2010; Nuhn et al. 2009). The drug combination probably inhibits cancer proliferation by
interrupting the cell cycle and inhibiting neovascularization by suppression the levels of vascular
endothelial growth factor in tumors (Hirai et al. 2007). In vivo with mice study, ZnPP or GEM
alone suppressed tumor growth with decrease in Ki-67; the regulatory protein for cell cycle and
CD31 or PECAM-1which represents microvascular density. The combination of HO-1 inhibitor
and GEM strongly decreased of Ki-67 and CD31 expression more than monotherapy. This
suggests the enhanced tumor suppression may be from inhibition of cell proliferation and
neovascularization.

The mechanism of CCA growth suppression by the drug combination is associated
markedly with increased levels of p53 and p2lexpression in tumor tissues where the
monotherapy of ZnPP or GEM did not affect these levels. p21 has been reported as a p53-
dependent downstream transcriptional control, and a potent cyclin-dependent kinase inhibitor,
inhibiting cell cycle progression and growth (Li et al. 2005). It is noted that GEM or ZnPP alone
could only slow down tumor growth, as both treatment did not significantly induce p53 and p21
levels. These present results were consistent with our previous in vitro studies , which found
increased p21 and cytochrome c¢ expression in the drug combination group compared to drug
alone (Kongpetch et al. 2012). The p53 can also cause cell death through the Bcl2 proteins
which can induce the intrinsic mitochondrial apoptotic pathway (Galluzzi et al. 2009). Our

previous studies showed that the drug combination could induce a massive formation of reactive
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oxygen species which was associated with mitochondrial dysfunction triggering cell death in
CCA cells (Kongpetch et al. 2012).

It should be noted that animals in ZnPP group or combination group did not show any
overt signs of toxicity, because body weight loss, generally a sensitive index of toxicity, was
unchanged in all animals. Therefore, it probably allow further optimization of the dosage
regimen to maximize the antitumor activity. The strong sensitizing effect of HO-1 inhibition to
chemotherapeutic agents may be of relevance in clinical setting where drug resistance is the main
cause of failure in cancer chemotherapy.

In summary, inhibition of HO-1 resulted in antiproliferation, and suppression of
cytoprotection when it is in combination with anticancer agent (eg. gemcitabine) or gamma
radiation in CCA cells. The antiproliferation of HO-1 knockdown is associated with cell cycle
arrest. The animal experiment showed the potential tumor suppression effect by using
combination of ZnPP plus GEM. This study may provide a novel treatment strategy for CCA by

combining HO-1 inhibitor with chemotherapy and radiotherapy.
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Figure legends

Fig. 1 Expression of HO-1 in CCA cells and effect of HO-1 knockdown on cell migration. (a)
The basal HO-1 mRNA expression in CCA cells. Total RNA of CCA cells: KKU-100, M213,
M214, M055 and M139, were collected and analyzed by real-time PCR. Each bar represents the
relative expression of HO-1 normalized with B-actin. (b) KKU-100 and M213 were knocked
down of HO-1 expression by HO-1 siRNA (si HO-1) or control transfection (si Cont). The
efficiency was validated by using real-time PCR. (¢ & d) Cell migration of KKU-100 and M213
cells was performed using a transwell inserts. Representatives of DAPI-staining images of
migrated cells, were captured under fluorescence microscope (original magnification 200X). (d)
The number of colonies of KKU-100 and M213 cells was counted for four fields from each
insert (original magnification 100X). Each bar represents the mean+SD of 12 fields from at least
three independent experiments. * p<0.05 vs controls). (e) Wound-healing assay in KKU-100 and
M213 cells. Cells were grown into confluence in 24-well plate. Images of four fields from each
well were captured (original magnification 100X) and distance of the closing wound was
measured.

Figure 2 HO-1 knockdown enhanced the DNA damage of gamma radiation and formation of -
H2AX foci. (a) The sensitivity (IC50) of five CCA cell lines to gamma irradiation. The IC50
values represent mean+SD. (b) KKU-100 and M214 were stably knocked down HO-1
expression by transduction with HO-1 shRNA (sh HO-1) or control vector (sh Cont). The
efficiency was validated by using Western blot analysis. (¢ & d) The clonogenic assay of CCA
cells with or without irradiation. KKU-100 and M214 cells were irradiated by gamma radiation
at the doses of 2.5 Gy and 5 Gy, respectively. Each bar represents the mean+SD, each from three
separated experiments. * p<0.05 vs controls. (e) The representative fluorescent images of y-
H2AX foci (original magnification 600X). KKU-100 cells were transfected with HO-1 siRNA
for 24 hr, then the cells were irradiated with gamma ray at 5 Gy. Left panel shows the DAPI
staining to the nucleus, the right panel shows the y- H2AX foci (red), and the merged images in
the middle. Presented images are representatives of two independent experiments conducted in
duplicate chambers. (f) Each bar represents the mean+SD of y- H2AX foci per cell, each from
two separated experiments. *p<0.05 vs control knockdown.

Figure 3 Effect of HO-1 knockdown and irradiation on cell cycle distribution and regulatory

proteins in cell cycle. (a) The cell cycle histograms represent DNA content using FACS
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analysis. KKU-100 and M214 cells were transfected with HO-1 siRNA (si HO-1) or control (si
Cont) with or without gamma irradiation at 5 and 8 Gy, respectively. Cells were collected and
stained with propidium iodide for flow analysis. (b) The tables present the percentage of cells in
cell cycle. Each value represents the meantSD, each from three separated experiments. *p<0.05
HO-1 knockdown vs control knockdown, **p<0.05 irradiated HO-1 knockdown vs
nonirradiated HO-1 knockdown. (¢) Immunoblots of regulatory proteins in cell cycle. Following
the irradiation on wild type or HO-1 knockdown KKU-100 and M214 cells, cell lysates were
prepared and analyzed by Western immunobloting for cdc2, cyclin A, cyclin B1 and B-actin as a
loading control. The experiment was done twice with similar results, and representative bands
from one experiment are shown.

Figure 4 Inhibition of HO-1 by ZnPP enhances the antitumor effect of GEM in vitro and in
vivo. (a) The dose-response cytotoxicity of ZnPP and GEM in KKU-100 cells after incubation
for 24 h. (b) Enhanced cytotoxicity of GEM by ZnPP. KKU-100 cells with or without
pretreatment with ZnPP for 4 h were exposure to GEM for another 24 h. Each bar represents the
mean+SD from each three independent experiment. * p<0.05 vs GEM alone. (¢) Time-course of
tumor growth on nude mice transplanted with KKU-100 cells. ZnPP, GEM, combination of
ZnPP and GEM and saline as vehicle control were administered intraperitoneally on days 0, 7
and 14, when the tumor mass grew to have at least 200 mm®. Each value represents the
mean+SEM, each from 7 mice per group. * p<0.05 the combination group vs control group; ¥
p<0.05 the combination vs ZnPP alone, and i p<0.05 the combination vs GEM alone. (d) Time-
course of body weights of mice during the drug treatments. (e) The representative of tumors
resected from mice on day 17. (f) The tumor weights from each group of treatment on day 17.
Each bar represents the mean+SEM each from 7 mice in the group. * p<0.05 drug combination
vs GEM alone, and ** p<0.05 drug combination vs ZnPP alone.

Figure 5 Immunohistochemistry of Ki-67 and CD31 staining in tumor tissues. (a) The tumor
tissues from mice treated with various drug regimens were analyzed by H&E staining and
immunohistochemical staining for Ki-67 and CD31. Panels a-c: control; d-f: ZnPP alone, g-i:
GEM alone; j-1: combination of GEM and ZnPP. Panels a, d, g, j; H&E staining; b, e, h, k for Ki-
67 staining; c, f, 1,1 for CD31 staining (the arrows indicate microvessels). (b) Microvascular

density as assessed by CD31 staining (original magnification 200X). Each bar represents the
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mean+SD, each from 7 mice * p<0.05 drug combination vs GEM alone, and ** p<0.05 drug
combination vs ZnPP alone.

Figure 6 Immunohistochemistry of mdm2, p53 and p21 staining in tumor tissues. (a) The
tumor tissues from mice treatment with various drug regimens were analyzed by
immunohistochemical staining for mdm?2, pS3 and p21. Panels a-c: control; d-f: ZnPP alone, g-i:
GEM alone; j-1: combination of GEM and ZnPP. Panels a, d, g and j for mdm?2 staining; b, e, h
and k for p53 staining; c, f, 1, and | for p21staining. (original magnification 400X). (b) The
numbers of mdm?2 positive-nuclear staining, (c¢) levels of p53 staining, assessed from the
intensity and area of staining and (d) the numbers of p21 positive-nuclear staining were shown.
Each bar represents the mean+SD, each from 7 mice * p<0.05 drug combination vs GEM alone,

and ** p<0.05 drug combination vs ZnPP alone.
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