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Abstract

Objective: Haem oxygenase-1 (HO-1) plays impor-
tant roles in cytoprotection and tumour growth.
Cholangiocarcinoma (CCA) is a deadly malignancy
with very poor prognosis. The role of HO-1 in
tumour progression in CCA up to now has been
relatively unexplored, thus, its possible therapeutic
implications in CCA have been investigated here.
Materials and methods: HO-1 expression in tumour
tissues from 50 CCA patients was determined by
immunohistochemical analysis and its association
with survival time was evaluated using the Kaplan—
Meier method. Its role in CCA cells in vitro was
evaluated by transwell and wound healing assays
and suppression of HO-1 expression by siRNA.
Effects of HO-1 inhibition on gemicitabine (GEM)-
mediated tumour suppression was evaluated in nude
mice xenografted with CCA cells.

Results: HO-1 expression was inversely associated
with median overall survival time. Hazard ratio of
patients with high HO-1 expression was 2.42 (95%
CIL: 1.16-5.08) with reference to low expression
and HO-1 knock-down expression inhibited tran-
swell cell migration. Suppression of HO-1 by
Zn-protoporphyrin (ZnPP) enhanced cytotoxicity to
GEM in CCA cells, validated in CCA xenografts.
Treatment with GEM and ZnPP almost completely
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arrested tumour growth, whereas treatment with
only a single reagent, retarded it. Tumour inhibition
was associated with reduction in expression of
Ki-67 and microvascular density, and enhanced
pS3 and p21 immunohistochemical staining.
Conclusion: High HO-1 expression was associated
with poor prognosis of CCA. Synergistic role of
HO-1 inhibition in chemotherapy of CCA is a
promising insight for treatment of this tumour and
warrants further investigation.

Introduction

Cholangiocarcinoma (CCA) is a particularly devastating
malignancy as the majority of cases develop without
any clinical symptoms, thus initially its diagnosis diffi-
cult (1). Its prognosis is typically extremely poor; treat-
ment outcomes and patient survival have improved only
slightly over the past number of decades (1). Currently,
complete tumour resection is the only effective treatment
to prolong survival, tumour recurrence is common and
occurs in up to 63% of patients within 2 years (2,3).
However, the majority of patients are already at
advanced stages of the disease at diagnosis, thus
chemotherapy is the only remaining therapeutic option
for most patients with unresectable tumours. The current
chemotherapeutic regimen, gemcitabine-based or fluo-
ropyrimidine-based, results in average overall survival
of less than 1 year, and 5-year survival is almost nil
(3,4). There is therefore great need for a more effective
treatment to improve survival rates and quality of life
for these patients (5,6). Targeting prosurvival mecha-
nisms in cancer cells is one strategy to overcome resis-
tance to chemotherapy; HO-1, NQOI1 and Nrf2
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signalling systems are involved in cytoprotective mecha-
nisms and are therefore possible therapeutic targets (7—10).

Haem oxygenase-1 (HO-1) is a microsomal enzyme
which catalyzes the first rate-limiting step in degradation
of haem, leading to equimolar production of biliverdin,
carbon monoxide and free iron. HO-1 is induced in
response to cell stress, oxidative stimuli, hypoxia and
also during tumour growth (11). More importantly, clini-
cally HO-1 is found to be over-expressed in some can-
cers including those of the prostate, bladder, colon and
pancreas (12—14). In these, tumours express high levels
of HO-1 and this over-expression seems to provide cell
proliferation advantages and possibly drug resistance
(15-17); HO-1 also has roles in growth and neoangio-
genesis. It is also involved in cytoprotection in tumours
against oxidative insult in the tumour microenvironment,
resulting from chemotherapy and radiotherapy (15,18),
probably due to its anti-oxidative and anti-apoptotic
activities (15,19). Expression of HO-1 has been found to
be associated with clinicopathologic features, including
tumour growth, invasiveness and overall survival in
oesophageal, bladder and gallbladder cancers (13,20,21),
however, whether its expression is associated with prog-
nosis of cancer of the bile duct has still been unex-
plored. Inhibition of HO-1 activity may suppress growth
and metastasis of CCA, and thus might prove to be a
successful target for increasing chemosensitivity of these
tumours. We have recently shown that inhibition of HO-
1 in CCA cell lines, by HO-1 siRNA or by pharmaco-
logical inhibitor zinc protoporphyrin IX (ZnPP), resulted
in their remarkably enhanced sensitivity to GEM (16),
although the mechanism of the effect has remained
unknown.

In the present study, we evaluated relationships
between expression of HO-1 in tumour tissue from CCA
patients and the patients’ subsequent prognosis. Effects
of HO-1 suppression on tumour growth, migration and
sensitivity to chemotherapeutic agents were examined.
We further evaluated effects of combined therapy of
GEM and ZnPP using an in vivo model with xeno-
grafted nude mice.

Materials and methods

Subjects and tissue samples

Fifty patients admitted to Srinagarind Hospital, Faculty
of Medicine, Khon Kaen University for treatment of
CCA, were recruited into the study; the protocol was
approved by the Khon Kaen University Ethics Commit-
tee for Human Research (HE541033) and was per-
formed in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all patients.
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They had been diagnosed with CCA confirmed by
histopathological examination, and had undergone surgi-
cal resection of tumours with partial hepatectomy.
Thirty-four (68%) received adjuvant chemotherapy,
either 5-fluorouracil-based (20%) or oral fluoropyrim-
idine (48%); sixteen (32%) had no adjuvant chemother-
apy. Also, CCA tissue sections from the specimen bank
of the Liver Fluke and Cholangiocarcinoma Research
Center were used for immunohistochemical (IHC) study.

Cell lines and cell cultures

Human CCA cell lines KKU-100, KKU-M213 and
KKU-MO055 were kindly provided by Prof. Banchob
Sripa, Department of Pathology, Faculty of Medicine,
Khon Kaen University. These had been derived from
CCA tissues and had previously been characterized
(22,23). Samples of KKU-100 and M213 cell lines were
deposited in the National Institute of Biomedical Innova-
tion, JCRB Cell Bank, Japan. All cell lines were rou-
tinely cultured in complete media consisting of Ham’s
F12 medium, supplemented with 10% foetal calf serum,
12.5 mm HEPES, pH 7.3, 100 U/ml penicillin G and
100 pg/ml gentamicin (24).

KKU-100 cells were seeded on to 96-well plates,
7500 cells/well, and left overnight. They were then trea-
ted with a selection of concentrations of ZnPP and
GEM from 1 to 1000 nm, for 24 h. For combination
treatment, KKU-100 cells were pre-treated with ZnPP
for 4 h prior to GEM, and incubation was continued for
24 h. Cytotoxicity was measured using the sulphorho-
damine B assay, as previously described (24).

Cell motility and wound healing assays

For cell motility and wound healing assays, KKU-100
and M213 cells with HO-1 knocked down by HO-1
siRNA, were used. KKU-100 and M213 cells were
transfected with HO-1 siRNA as described below for
24 h, then seeded on to transwell inserts in 300 pl med-
ium. After 6 h incubation, filter membranes were cut
and placed on glass slides, covered with mounting med-
ium containing DAPI, and then covered with cover-
slips. Cell migration across membranes was measured
using a Nikon Eclipse Ti fluorescence microscope
(Nikon Singapore, Capital Square, Singapore).

For the wound healing assay, after transfection with
HO-1 siRNA for 24 h, KKU-100 and M213, cells were
seeded on to 24-well plates, 150 000 cells per well, in
full culture medium, to obtain 80-90% confluence on
the day of the experiment. Next day, dishes of cultured
cells were each scratched in a straight line with a sterile
200 pl pipette tip, to make wounds. Wound width
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outlines were measured and recorded and images were
captured using a phase-contrast microscope, 0, 6, 12 and
24 h after scratching.

HO-1 small interfering RNA transfection

Transfection of HO-1 siRNA was performed using
siGENOME SMARTpool of four sequences of siRNA
(M-006372-02-0005: Dharmacon (Lafayette, CO, USA)
at final concentration of 200 nm, and lipofectamine 2000
(Invitrogen, Calsbad, CA, USA) according to the manu-
facturer’s instructions. As negative control, siGENOME
non-targeting siRNA (D-001210-02-05) was intro-
duced into the cells using the protocol as previously
described (16).

Reverse transcription real-time polymerase chain
reaction

The three CCA cell lines, KKU-100, M213 and MO055,
were seeded at 1.5 x 10* cells/well in six-well plates
and allowed to grow for 24 h. Total RNA was isolated
and PCR products were generated using a previously
described method (25). Primer sequences were as fol-
lows: 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’, GenBank 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 acces-
sion number NM_00246.5. To quantify relative expres-
sion of genes, relative quantification was performed
using the standard curve method. Amount of HO-1
mRNA was expressed as a ratio to -actin mRNA.

Anti-tumour activity in the animal model

All experimental procedures were performed according
to standards for experimental animal handling, and the
study protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) (application #2011/
SHS/650) SingHealth, Singapore. KKU-100 cells
(2 x 10% in 200 pl Ham-F12 medium were injected
subcutaneously beneath the dorsal skin of 6-week-old
28 female Balb/c nude mice (Animal Resource Center,
Western Australia), housed under specific pathogen-free
conditions. When tumours grew to volumes of around
200 mm®, mice were randomly divided into four groups;
control, GEM (Gemzar; Eli Lilly, Indianapolis,IN,
USA), ZnPP (Enzo Life Sciences, Farmingdale, NY,
USA) and combination of both GEM and ZnPP. ZnPP
was dissolved in DMSO at 100 mg/ml, and diluted fur-
ther in PBS immediately before use. GEM was dis-
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solved in PBS, as previously described, to a
concentration of 10 mg/ml and diluted further in PBS.
ZnPP (12.5 mg/kg) and GEM (60 mg/kg) were adminis-
tered intraperitoneally once a week for 3 weeks (day O,
7 and 14). In the combined drug-treated group, ZnPP
was injected 1 h before GEM injection. The control
group was treated with vehicle solution following the
same schedule. Xenograft tumour volume was measured
twice a week using electronic callipers, and tumour vol-
umes were calculated using the equation [L x W?]/2
(mm3), where L = length and W = width; weight of the
mice was measured twice a week. Animals were eutha-
nised on day 17, and tumour masses were measured for
further analysis.

Immunohistochemical analysis of human CCA tissues
and mouse xenografted tumours

Three micron paraffin wax-embedded human CCA tis-
sue sections were deparaffinized, followed by antigen
retrieval using microwave treatment, for 30 min in
0.01 M citrate buffer (pH 6.0). After rehydratration, tis-
sue sections were incubated with primary antibody
against HO-1, ADI-SPA-895 (Enzo Life Sciences) at
4 °C overnight. The following day, tissue sections were
incubated at room temperature for 1 h with secondary
antibody, using the Dako EnVision HRP-labelled poly-
mer anti-rabbit system (K4003; Dako, Kyoto, Japan)
according to the manufacturer’s instruction. Tissue sec-
tions were then counterstained with haematoxylin and
mounted in DPX Mounting Medium (UN 1866; Cell-
Path, Newtown, UK). Areas of HO-1 protein staining
were captured using a Zeiss Axio ScopeA.l microscope,
(ZEISS Singapore, Singapore) original magnification
200x. Quantitative HO-1 (Q) staining levels were mea-
sured as number of positive cells (P) and stain intensity
(D), using the formula: Q = P x I. Percentage of posi-
tive cell numbers were graded as 0-25% =1, 26—
50% = 2, 51-75% = 3 and 76-100% = 4 and levels of
intensity were graded on a scale of 1-4 (1+, no detect-
able to very weak staining; 2+, weak positive staining;
3+, moderate positive staining; 4+, strong positive
staining).

For tumour tissues from xenografted mice, tissues
were resected, weighted and fixed in 10% formaldehyde
solution and embedded in paraffin wax. Cut sections
were then deparaffinized, followed by antigen retrieval,
using autoclave treatment for 10 min in 0.01 M citrate
buffer (pH 6.0). IHC staining for Ki-67, CD31, mdm?2,
pS3 and p21 was performed using the streptavidin—bi-
otin complex method and R.T.U. VECTORSTAIN
Universal Quick Kit (PK-7800; Vector, Burlingame,
CA, USA) according to the manufacturer’s instructions.
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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, Cambridge, UK)
anti-mdm?2 (sc-965: Santa Cruz, CA, USA) anti-p53
(sc-98) and anti-p21 (2946; Cell Signaling Technology,
Beverly, MA, USA) at 4 °C overnight. Labelled sec-
tions were then counterstained with haematoxylin and
then mounted in DPX Mounting Medium (UN 1866;
CellPath). CD31-stained vessels were detected under a
microscope with original magnification 200x. Mean
value of vessel numbers in tumours was calculated from
10 fields in the three most vascularized areas. Areas of
mdm?2- and p2l-positive cell staining were captured
using a Nikon DS-Ril microscope with original magnifi-
cation at 400x and using Image Pro-plus program
Bethesda, MD, USA to count positive cells. Staining
levels of p53 were calculated using grading of number
of positive cells multiplied by levels of intensity (posi-
tive cell numbers 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 mean £ SD. Analysis of vari-
ance was used to determine significant differences
between experimental groups with the Student—New-
man—Keuls post hoc test. Cross-tabulation was analysed
using chi-square or Fisher’s exact test for association of
HO-1 THC staining, and pathological features of CCA
patient tissues. Distribution of HO-1 expression levels in
CCA patients was analysed using the Shapiro—Wilk test
to determine normal distribution. Overall survival was
analysed with the Kaplan-Meier method and Breslow—
Gehan test, to compare survival time among subgroups
of predictor variables including HO-1 expression, histo-
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logical type and metastasis status. Cox proportional haz-
ards model was used to estimate hazard ratios after
adjusting confounders including age, gender, gross
pathology, histopathology, metastasis and adjuvant
chemotherapy. Level of significance was set at
P < 0.05; all analyses were performed using Stata ver-
sion 10 software (StataCorp, College Station, TX, USA).

Results

HO-1 expression in CCA tissue

Characteristics of patients are shown in Table 1. HO-1
is ubiquitously expressed in liver parenchymal tissue,
however expression in CCAs, apparent in the cytosol,
here varied widely from very low to high levels
(Fig. 1b,c). Levels of HO-1 staining in CCA specimens
did not follow normal distribution (P < 0.01), value of
antimode in the distribution being used as cut-off to
classify levels of HO-1 protein expression. Eighteen
subjects were classified as low expressers and 32 as high

Table 1. Characteristics of CCA patients

Age: year £ SD (min—max) 56.2 + 8.8 (33-75)

Gender: male:female 32:18
Tumour gross type
Mass forming 22
Periductal infiltrating 23
Intraductal growth type 5
Histological type
Papillary 23
Non-papillary
Well differentiated 20
Moderately differentiated 4
Poorly differentiated 3

Metastasis (no/yes)

Figure 1. Immunohistochemical staining of HO-1 in cholangiocarcinoma tissue from CCA patients. (a) Negative HO-1 staining control. (b)
Tumour tissues with low HO-1 staining and (c) tumour tissue with high HO-1 staining (original magnification of 200x)

© 2016 John Wiley & Sons Ltd

Cell Proliferation, 49, 90-101



94 S. Kongpetch et al.

expressers. No significant association was found
between HO-1 expression and other variables including,
age (P = 0.42), gender (P = 0.77), pathological gross
type (P = 0.79), histological type (P = 0.87), metastatic
status (P = 0.067) or adjuvant chemotherapy (P = 0.30).

Survival analysis and various predictor variables

Survival analysis using the Kaplan—Meier method indi-
cated the median overall survival time of subjects in this
series as being 257 days (95% CI: 157-386 days). Med-
ian survival times of CCA patients stratified by levels of
HO-1 expression, i.e. low or high expression, were
414 days (95% CI: 297-844 days) and 165 days (95%
CI: 134-267 days) respectively. Median survival time of
patients having histological types of papillary adenocar-
cinoma or non-papillary type was 441 days (95% CI:
267-1029 days) and 157 days (95% CI: 113-257 days)
respectively. That of patients with no evidence of pres-
ence of metastasis was 587 (95% CI: 208-1029 days)
and 163 days (95% CI: 134-267 days) respectively.
Patients receiving adjuvant chemotherapy with par-
enteral 5-FU-base or oral fluoropyrimidine had median
survival times of 1262 days (95% CI: 113-2240 days)
or 208 days (95% CI: 141-344 days), respectively,
when compared to patients without adjuvant chemother-
apy with median survival time of 165 days (95% CI:
65-386 days).

Survival function at mean of covariates is shown in
Fig. 2a. Survival function stratified by levels of HO-1
protein staining, histological type and presence of metas-
tasis are shown in Fig. 2b—d respectively. Multivariate
analysis by Cox proportional hazards was performed to
explore the impact of various potential predictors. The

parameters in the final model of analysis included HO-1
expression, age, gender, gross types, histological type,
presence of metastasis and adjuvant chemotherapy. HO-
1 staining level, age, histological type and metastasis
were significant predictors of relative risk to survival of
CCA patients. Patients with high HO-1 expression had
poor overall survival levels compared to patients with
low HO-1 tumour expression, with hazard ratio of 2.42
(95% CI: 1.16-5.38), P < 0.05 (Table 2). Patients aged
>57 years with histological type other than papillary
adenocarcinoma and presence of metastasis were at
higher risk of short survival time after adjusting for
other variables (Table 2). Patients with multiple poor
predictor variables were at higher risk than ones with
only a single poor predictor. Hazard ratios for patients
with the combination of high-risk predictors included
high HO-1 in combination with histological type of
non-papillary tumours, high HO-1 with metastasis and
combination of all three poor predictors, were 7.59
(95% CI: 2.37-24.29), 6.73 (95% CI: 2.40-19.38) and
21.08 (95% CI: 5.50-80.88) respectively. This result
suggests HO-1 to be an independent prognostic predictor
of CCA.

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

Expression levels of HO-1 were determined in the three
CCA cell lines using reverse transcription real-time-
PCR. KKU-100 cells had the highest level of HO-1
mRNA expression, while the other two, M213 and
MO055, had much lower expression levels (Fig. 3a).
KKU-100 and M213 cells — representative of high and
low HO-1-expressing cell lines, respectively, were used
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Table 2. Mutivariate analysis by Cox proportional hazards

Variable Category Hazard 95% CI P-value
ratio
Age (year) <57 1 1.08-7.24 0.03
>57 2.80
Gender Female 1 0.49-2.06 0.99
Male 1.00
Histological Papillary 1 1.52-6.44 0.002
types Non-papillary 3.13
Metastasis No 1 1.23-6.29 0.014
Presence 2.78
HO-1 staining  Low 1 1.16-5.08 0.019
High 2.42
Adjuvant No 1
chemotherapy 5-FU-based 0.49 0.17-1.38 0.176
Oral fluoropyrimidine 1.73 0.82-3.65 0.149

for further study. To investigate the functional role of
HO-1 in CCA, cells in which HO-1 was knocked down,
cells using siRNA, were subjected to transwell and
wound healing assays. HO-1 siRNA effectively reduced
HO-1 transcripts in KKU-100 and M213 cells by around
70% and 60%, respectively, compared to control treat-
ment with non-target siRNA (Fig. 3b). Transwell inserts

—_
Q
E=1
(4]
o

Relative ratio
HO-1/B-actin

Figure 3. Expression of HO-1 in CCA cells

2% 40
30
B 20 ;
10
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migration. (a) Basal HO-1 mRNA expression
in CCA cells KKU-100, M213 and MOS55,
analysed by real-time PCR. Each bar repre-
sents relative expression of HO-1 normalized
with B-actin expression. (b) KKU-100 and
M213 had knocked down HO-1 expression
by HO-1 siRNA (si HO-1) or control trans-
fection (si Cont). Efficiency (%) of knock-
down relative to si Cont was validated using
real-time PCR. (c and d) Cell migration of
KKU-100 and M213 cells was performed
using transwell inserts. Representatives of
DAPI-staining images of migrated cells were
captured by fluorescence microscopy (original
magnification 200 x ). (d) Number of colo-
nies of KKU-100 and M213 cells was

(c) si Cont

si Cont

KKU-M213
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cultured with CCA cells in which HO-1 had been
knocked down, had reduced numbers of cells migrating
through the membrane inserts compared to control cells
(Fig. 3c.d). Suppression of cell motility was further sup-
ported by results of the wound healing assay. HO-1
knock-down cells migrated much more slowly than con-
trol cells, resulting in almost no closure of wounds after
24-h incubation (Fig. 3e). This result suggested that
HO-1 played a role in cell migration in CCA cells,
regardless of basal HO-1 expression.

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

As HO-1 functions as protective enzyme in various
types of cell, it is plausible that its inhibition would
increase sensitivity of the cancer to chemotherapeutic
agents. The effect of HO-1 inhibition in relation to
GEM-induced cytotoxicity was evaluated in vitro and
in vivo. In the in vitro study, toxicity of ZnPP, an HO-1
inhibitor, and GEM alone in KKU-100 cells, was shown
in a dose-dependent fashion (Fig. 4a). ZnPP at 10 nm
induced cytotoxicity of less than 10%, and was then
used in combination with GEM. Drug combination

I

si i:ont si HO-1
—
KKU-100

(b) 120
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o
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HO-1/B-act
3

(]
o
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(original magnification 100 x ). Each bar (d) - O si Cont
represents mean £ SD of 12 fields from at 30 — *- siHO-1 si Cont
least  three  independent  experiments. ™ I
*P < 0.05 versus controls. (¢) Wound healing § 20
assay in KKU-100 and M213 cells was per- ‘s
formed. Images of four fields from each well 2 10 i o1l
were captured (original magnification 100x)
and width of the closing wounds were 0 . .
measured. KKU-100 KKU-M213
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Figure 4. Inhibition of HO-1 by ZnPP en-
hanced anti-tumour effect of GEM in vitro
and in vivo. (a) Dose-response cytotoxicity

; of ZnPP and GEM in KKU-100 cells after
incubation for 24 h. (b) Enhanced cytotoxic-
ity of GEM by pre-treatment with ZnPP for
4 h in KKU-100 cells after incubation with
GEM for 24 h. Each bar represents
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enhanced cytotoxicity, particularly at low concentrations
of GEM (Fig. 4b).

Enhanced cytotoxic effects of GEM by ZnPP were
further evaluated in nude mice xenografted with KKU-
100 cells. Animals were treated with ZnPP, or GEM, or
both in combination, when tumour masses were larger
than 200 mm’. Tumour mass in control mice grew
exponentially during the study period (Fig. 4c). Treat-
ment with GEM or ZnPP alone for three cycles resulted
in partial suppression of tumour growth, compared to
non-treated controls. In contrast, combination of ZnPP
and GEM caused almost complete arrest of tumour
growth (Fig. 4c). Treatment with individual agents, or in
combination, for three cycles did not cause overt toxic-
ity, as indicated by absence of significant changes in
body weight (Fig. 4d). The animals showed no signs
nor symptoms of distress, and there were no observed
mucous membrane lesions. However, the study was lim-
ited to only 17 days. Mean tumour weights (mg) on day
17, 3 days after the last treatment cycle, were 772, 427,
300 and 110 mg, for control, ZnPP, GEM and the com-
bination groups respectively (Fig. 4e,f).
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Days after initial treatment

10 1'5 2'0 each from seven mice per group. *P < 0.05

combination group versus control group;
TP < 0.05 combination versus ZnPP alone,
and P < 0.05 combination versus GEM
alone. (d) Time-course of body weights of
mice during the drug treatments. (e) Repre-
sentative tumours resected from mice on day
17. (f) Tumour weights from each treatment
group on day 17. Each bar represents mean
+SEM each from seven mice in the group.
*P < 0.05 drug combination versus GEM
alone, and **P < 0.05 drug combination ver-
sus ZnPP alone.

Combined GEM and ZnPP treatment suppressed tumour
growth by activation of the p53 pathway

We further investigated whether suppression of tumour
growth was associated with inhibition of cell proliferation
and angiogenesis in tumour tissues. Tumour tissues
extracted from four groups of animals were analysed for
expression of Ki-67 and CD31, by immunohistochemistry.
Monotherapy with GEM or ZnPP significantly sup-
pressed nuclear expression of Ki-67 compared to the
control group (Fig. SA). Drug combination further
reduced expression of Ki-67 more than monotherapy
with either drug alone. Tumour tissue from the control
group had the highest density of blood vessels as mea-
sured by CD31 staining, followed by ZnPP-alone and
GEM-alone groups. Tumours from the drug combination
group had the lowest density of blood vessels (Fig. 5B).
These results indicate that the drug combination
enhanced anti-proliferation and anti-angiogenesis in CCA
tissues tested.

As suppression of HO-1 activity by ZnPP-enhanced
GEM-induced anti-proliferation and inhibition of neoan-
giogenesis, the underlying mechanism was explored.
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Figure 5. Immunohistochemistry of Ki-67 Combined

and CD31 staining in tumour tissues. (A)
Tumour tissues from mice treated with the
drug regimens analysed with H&E and IHC
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 for H&E staining; b, e, h, k for Ki-67
staining; ¢, f, i, 1 for CD31 staining (the
arrows indicate microvessels). (B) Microvas-
cular density as assessed by CD31 staining
(original magnification 200x). Each bar rep-
resents mean+SD, each from seven mice
*P < 0.05 drug combination versus GEM
alone and **P < 0.05 drug combination ver-
sus ZnPP alone.

Expression of p53, and its negative regulator, mdm2, and
p21 proteins was evaluated. IHC staining indicated that
the drug combination induced expression of p53 at higher
levels than after single drug treatment (Fig. 6A,C). Con-
versely, mdm2 was highly expressed in control tissues
and was low in GEM or ZnPP groups and remarkably low
in the drug combination group (Fig. 6B). Expression of
p21 or cyclin-dependent kinase inhibitor 1 was highest in
the combination treatment group, followed by the single
drug treatment groups, and the lowest in the controls
(Fig. 6D). These results demonstrate that ZnPP-enhanced
GEM-induced tumour suppression was associated with
p53 and downstream protein expression.

Discussion

HO-1 confers a powerful cytoprotective effect against
various insults in normal tissues (26). Several lines of
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evidence have previously demonstrated that HO-1 plays
an important role in tumour growth, anti-apoptosis,
angiogenesis, metastasis and DNA repair responses fol-
lowing chemotherapeutic or radiotherapeutic treatment
(27). In this study, we showed HO-1 expression in
tumour tissue to be an independent predictor associated
with patient prognosis. Suppression of HO-1 sensitized
CCA cells to chemotherapeutic agents, where suppres-
sion was associated with induction of p53 and p21, and
inhibition of angiogenesis and tumour growth.

In some cancers, HO-1 expression is elevated and is
also  correlated  with  clinicopathologic  features
(13,20,21). We demonstrated here that high HO-1
expression in tumours of the bile duct was associated
with short overall survival time of patients. Apart from
HO-1 expression, histological papillary adenocarcinoma
and absence of metastasis are associated with long-term
overall survival, compared to other histological types
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and presence of metastasis. Our results are consistent
with previous reports on CCA patients (10,28).
Although patients treated with 5-FU-based chemother-
apy appeared to have longer median survival time than
patients without treatment, or patients treated with oral
chemotherapy, it is not possible to propose conclusions
on effectiveness of these treatments from the present
study. Accepted study design to analyse efficacy of
intervention is a prospective randomized control trial
study, with intention-to-treat analysis. Moreover,
histopathology of the tumour is not associated with
HO-1 expression, suggesting that HO-1 and histological

© 2016 John Wiley & Sons Ltd

alone, and **P < 0.05 drug combination ver-
sus ZnPP alone.

type of tumours, are independent predictors of CCA
prognosis. Although association between HO-1 expres-
sion and presence of metastasis was not statistically sig-
nificant (P = 0.067), probably due to the rather small
sample size, there was a tendency for high expression of
HO-1 to be associated with presence of metastasis.
Possible association of HO-1 expression and metastasis
is supported by the finding that HO-1 knock-down sup-
pressed growth of CCA cells in transwell and wound
healing assays.

Other independent prognostic markers of CCA
include NQOI1(10), STAT3 (28), CD133/Oct3/4 (29)
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and mucin 6 (30). Among these markers, NQOI1 and
STATS3, have been suggested to be possible targets for
therapeutic invention in CCA (7,9,28,31). As HO-1
plays a critical role in cytoprotection, angiogenesis and
tumour growth, suppression of HO-1 is also a logical
target for intervention.

A previous study of ours demonstrated HO-1 to be
strongly induced by chemotherapeutic agents, in both
high or low HO-1-expressing cells, and inhibition of
HO-1 by siRNA, or pharmacological inhibitor ZnPP,
renders CCA cells more sensitive to these agents (16).
The present investigation further shows HO-1 to be criti-
cally important for cell growth and migration/invasion,
as HO-1 knock-down in both high and low HO-I1-
expressing cells, KKU-100 and M213 cells, resulted in
diminished migration in transwell and wound healing
assays.

Here, we demonstrated that inhibition of HO-1 activ-
ity by ZnPP significantly potentiated the chemotherapeu-
tic effect of GEM in vivo using the CCA xenograft
model. This result is consistent with recent studies using
xenografted urothelial tumours, LL/2 lung cancer and
pancreatic tumours in mice, where treatment with GEM
plus ZnPP resulted in inhibition of tumour growth
(17,32). Previous studies have shown that ZnPP inhibited
cancer proliferation by suppressing levels of vascular
endothelial growth factor, thereby interrupting neovascu-
larization in tumours (33). In contrast, a further report
revealed that xenografted animals with over-expression
of HO-1 in PC3 cells were found to show neovasculariza-
tion and microvessel density in tumour masses (18). This
suggests an intricate role for HO-1 in modulation of
tumour angiogenesis. Our in vivo mouse data demon-
strate inhibition of HO-1 to be effective chemosensitiza-
tion in cancer chemotherapy. ZnPP or GEM alone
suppressed tumour growth and caused reduction in Ki-67
(a cell cyle regulatory protein) and CD31 (PECAM-1), a
marker of microvascular density. Combination of HO-1
inhibitor and GEM strongly reduced Ki-67 and CD31
expression compared to monotherapy. This suggests
enhanced tumour suppression may cause inhibition of
cell proliferation and neovascularization.

The mechanism of chemosensitization to CCA
growth suppression by combination of ZnPP and
GEM, was probably associated with the marked up-
regulation of p53 and p2l expression in CCA tumour
tissues, whereas monotherapy of ZnPP or GEM
weakly affected expression levels. p21 is a p53-depen-
dent downstream transcriptional control, and a potent
cyclin-dependent kinase inhibitor, that inhibits cell
cycle progression and ptoliferation (34). It is notable
that GEM or ZnPP alone only slowed tumour growth,
and that neither treatment significantly induced p53 or
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p21 levels. These present results are consistent with
our previous in vitro studies, which found increased
p21 and cytochrome c expression after treatment with
a drug combination compared to single drug therapy
(16). p53 can also cause cell death via Bcl-2 proteins,
which can induce the intrinsic mitochondrial apoptotic
pathway (35). mdm?2 protein is a negative regulator of
pS53 by catalysing its ubiquitination with subsequent
proteasomal degradation retaining low p53 levels. p53
is stabilized and activated during stress by a complex
network, including its phosphorylation and interaction
via mdm?2-dependent and mdm?2-independent degrada-
tion pathways. The inverse relationship of mdm?2 and
p53 suggests increased pS53 expression could have
been mediated by mdm2-dependence (36). Our previ-
ous studies showed that combination of GEM and
ZnPP strongly induced massive formation of reactive
oxygen species, associated with mitochondrial dysfunc-
tion and cell death, in CCA cells (16).

It should be noted that animals in the ZnPP group or
combination group did not show any overt signs of toxi-
city - body weight loss, generally a sensitive index of
toxicity, was unchanged in all animals. Dosage regimen
could be optimized and possibly increased to maximize
anti-tumour activity and completely eradicate tumours.
As drug resistance is the main cause of failure in cancer
chemotherapy, the strongly sensitizing effect of HO-1
inhibition to chemotherapeutic agents is relevant in the
clinical setting.

In conclusion, expression of HO-1 in our tumour tis-
sues was associated with prognosis of CCA patients,
with higher HO-1 expression associated with poor over-
all survival time. Inhibition of HO-1 resulted in reduced
proliferation and suppression of cytoprotection when
given in combination with an anti-cancer agent (GEM).
Animal experiments showed strong tumour suppression
effect of using a combination of ZnPP and GEM. This
study may provide a novel treatment strategy for CCA
by combining HO-1 inhibitor with chemotherapy.
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