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Abstract

Hypoxia-related Gene Expressions Affecting Prognosis of

High-grade Serous Adenocarcinoma of the Ovary

Hee Seung Kim

Medicine/Obstetrics and Gynecology

The Graduate School

Seoul National University

Background: Ovarian cancer is the most lethal disease among

malignancies of the female genital tract because of a higher rate of

diagnosis at advanced-stage disease. Thus, maximal debulking

surgery followed by adjuvant chemotherapy is essential to treat

ovarian cancer. However, drug resistance of ovarian cancer is

expected to be associated with microenvironment, which may hinder

the improvement of prognosis and the development of optimal

biomarkers for ovarian cancer. Among various types of tumor

microenvironment, hypoxia-related genes are known to be associated

with carcinogenesis, proliferation and invasion of tumor cells.

However, they have been not investigated sufficiently for their roles

affecting drug resistance and prognosis of ovarian cancer. Thus, we

evaluated expressions of hypoxia-related genes in the most common

histologic type, high-grade serous adenocarcinoma of the ovary

(HGSO), and investigated the roles of hypoxia-related genes affecting

platinum-resistance and survival of HGSO.

Methods: We determined IC50 of cisplatin, and then evaluated cell

viability after treatment of cisplatin under hypoxia in OV90 cells.

Basic mRNA levels of CBP, P300, HIF-1α, HIF-1β, FIH and VHL

were evaluated in each five tissues of normal ovary and HGSO by

using of quantitative RT-PCR. Then, we investigated protein levels
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after treatment of cisplatin under hypoxic conditions (normoxia, 5%O2,

3%O2 and 1%O2) in OV90 cells by using Western blot. Furthermore,

we estimated cellular proliferation and reactive oxygen species (ROS)

production in OV90 cells by N-acetylcysteine (NAC) to determine

relationship between hypoxia and ROS generation. Finally, we

performed immunohistochemistry (IHC) for the six genes in patients

with HGSO (n=149), and investigated prognostic factors affecting

platinum-resistance and progression-free survival (PFS) among

clinico-pathologic factors and the six hypoxia-related genes.

Results: IC50 of cisplatin were 50 μmol/L in OV90 cells, and hypoxic

cells were less inhibited than normoxic cells after treatment of IC50 of

cisplatin. In HGSO, mRNA levels of CBP, P300, HIF-1α and HIF-1

β were lower than those in normal tissues, whereas mRNA levels of

FIH and VHL were higher than those in normal tissues. In Western

blot, the protein level of HIF-1β was increased, whereas that of

VHL was decreased under hypoxic conditions after treatment of

cisplatin in OV90 cells. Furthermore, the protein level of HIF-1β was

increased, whereas that of VHL was decreased when the

concentration of NAC was increased with cisplatin in OV90 cells. On

IHC, a low expression of HIF-1β and a high expression of VHL

were favorable factors for reducing platinum-resistance in patients

with HGSO (Adjusted ORs, 0.657 and 0.381; 95% CI, 0.443-0.975 and

0.165-0.878). In addition, a low expression of HIF-1β and a high

expression of VHL were related with improved PFS in patients with

HGSO (adjusted HRs, 0.657 and 0.381; 95% CIs, 0.443-0.975 and

0.165-0.878).

Conclusions: A high expression of HIF-1 β and a low expression of

VHL may be related with platinum-resistance and poor prognosis in

patients with HGSO.

Keywords: HIF-1β, VHL, platinum-resistance, progression-free
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survival, high-grade serous adenocarcinoma, ovarian cancer.
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Introduction

Ovarian cancer is known to be the most lethal disease among

malignancies of the female genital tract because of no effective

screening method for early detection, and thereby a higher rate of

diagnosis at advanced-stage disease (1, 2). To overcome these

limitations, many studies have focused on the effect of new molecular

targeted drugs to improve survival, and the role of biomarkers to

predict early-stage disease. However, most of molecular targeted

drugs have failed to improve overall survival (3, 4), and different

biomarkers have not shown their effect for early detection of ovarian

cancer (5, 6).

In particular, drug resistance of tumor is expected to be associated

with tumor heterogeneity and microenvironment, which may hinder

the improvement of prognosis and the development of optimal

biomarkers for ovarian cancer (7, 8). Among different types of tumor

microenvironment, hypoxia-related genes are known to be related

with carcinogenesis, proliferation and invasion of tumor cells (9, 10),

which may act as roles to predict drug resistance and consequent

prognosis in various types of malignancies such as kidney and lung

cancers (11, 12).

Although hypoxia inducible factor-1α (HIF-1α) and vascular

endothelial growth factor (VEGF) have been shown to related with

carcinogenesis and progression of ovarian cancer (13, 14), other

hypoxia-related genes such as HIF-1β, cAMP-response

element-binding protein (CREB)-binding protein (CBP), adenovirus

early region 1A (E1A)-binding protein P300 (P300), factor-inhibiting

HIF (FIH) and von Hippel-Lindau (VHL) have not been

investigated sufficiently for their roles affecting drug resistance and

prognosis of ovarian cancer.

Thus, we evaluated expressions of hypoxia-related genes in the
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most common histologic type, high-grade serous adenocarcinoma of

the ovary (HGSO), and investigated the roles of hypoxia-related

genes affecting platinum resistance and prognosis of HGSO.
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Materials and methods

Reagents

Cisplatin and N-acetylcysteine (NAC) were obtained from

Sigma-Aldrich (Missouri, USA). For immunohistochemistry (IHC) and

Western blot, anti-HIF-1α was obtained from Abcam (Cambridge,

UK). Anti-CBP, anti-FIH, anti-HIF-1β and anti-VHL antibodies

were purchased from Cell Signaling (Danvers, USA). Moreover,

anti-P300 antibody was obtained from Santa Cruz (California, USA).

Cell lines and tissue samples

A human ovarian cancer cell line, OV90 (high-grade serous

adenocarcinoma) was obtained from the American Type Culture

Collection (ATCC, Manassas, VA, USA). We purchased each five

frozen tissue samples with normal ovary and HGSO from Cancer

Tissue Bank of Seoul National University.

Cell culture

We used a 1:1 mixture of MCDB 105 medium and Medium 199

(Sigma-Aldrich) and 15% fetal bovine serum for OV90 cell line with

penicillin and streptomycin. It was cultured at 37℃ in an incubator

with a humidified atmosphere of 5% of CO2. For the experiment,

monolayer cultures of OV90 cells were grown in culture medium to

70% confluence in 100-mm tissue culture dishes. Cells were serum

starved for 24 hr, and then treated with cisplatin. This design was

replicated in three independent experiments.

Culturing cells under hypoxic conditions

OV90 cells were grown in MCDB 105/Medium 199 1:1 mixture

containing 15% FBS. For normoxic oxygen conditions (21% O2), cells

were incubated in a standard humidified incubator at 37℃ and 5%
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CO2. The hypoxia culturing was performed using a commercially

available hypoxia incubator chamber (STEMCELL Technologies Inc.,

Canada). For hypoxic oxygen conditions, cells were incubated in

hypoxia chamber containing 90% N2;5% CO2 (5% O2), 92% N2;5%

CO2 (3% O2) or 94% N2;5% CO2 (1% O2).

Cytotoxicity and cell viability assays

To investigate the cell viability in normoxic- or hypoxic culture

conditions, the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] colorimetric assay was used. OV90 cells

were seeded and exposed to different concentrations (0, 1, 10, 20 or

100 μmol/L) of cisplatin in normoxia or hypoxia. MTT solution (5

mg/ml) was then added to each well after 24h treatment and

incubated during additional 4 h at 37 ̊C. Subsequently, the medium
was discarded and replaced by 100 μL of 0.04 N HCl in isopropanol

to dissolve the formazan crystals followed by quantified at 595 nm

and 655 nm as a background using a microplate reader (Bio-Rad,

South Korea). The percentage of cell viability was calculated

according to the following equation: cell viability percentage (%) =

(absorbance of hypoxia or chemical compound-treated cells/absorbance

of control cells)×100%.

Determination of cellular reactive oxygen species

Intracellular reactive oxygen species (ROS) production was estimated

using 2’,7’-dichlorofluorescin diacetate (DCFH-DA, Sigma) which is

converted to fluorescent 2’,7’-dichlorofluorescin (DCF) in the presence

of peroxides. OV90 cells were detached with trypsin-EDTA, collected

by centrifugation, and washed with PBS. The cells were treated with

10 μM DCFH-DA for 30 min at 37°C. Then, the cells were washed

with PBS twice, and treated with NAC in a dose dependent manner

(0, 1, 2, 5 and 10 mM) or a combination of cisplatin with NAC for
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1h at 37°C in a CO2 incubator. The treated cells were washed with

PBS again. Fluorescent DCF intensity was analyzed using a flow

cytometer (BD Biosceince, Franklin Lakes, NJ, USA).

RNA isolation

Total cellular RNAs of frozen tissue samples were obtained using

Trizol reagent (Invitrogen, Carlsbad, CA) based on the manufacturer’s

guideline. The quality of total RNA were determined by spectrometry.

Quantitative RT-PCR analysis

Complementary DNA was synthesized using total RNA extracted

from OV90 cell line and each of the tissuesby AccuPower RT PreMix

(Bioneer, Daejeon, Republic of Korea). Gene expressions were

estimated using SYBR Green (Sigma, St. Louis, MO, USA) and a

StepOnePlus Real-Time PCR system (Applied Biosystems, Foster

City, CA, USA). GAPDH gene was simultaneously analyzed as a

control and used for normalization for variation in loading. We

produced forward and reverse primers of the six hypoxia-related

genes depicted in Table 1, and for GAPDH gene, the forward primer

(5’-ACA CAG AAG ACG GTG GAT GG-3’) and the reverse primer

(5’-GGC AGG TCA GGT CAA CAA CA-3’) were amplified as a 193

–bp product.

Thereafter, we determined expression levels of the six genes using

the standard curve method and CT values, and normalized them based

on GAPDH expression. The PCR conditions were 95℃ for 3 minutes,

followed by 40 cycles at 95℃ for 30 seconds, 60℃ for 30 seconds,

and 72℃ for 30 seconds using a melting curve program, which could

increase the temperature from 55℃ to 95℃ at a rate of 0.5℃ per 10

seconds, and continuous fluorescence measurement. We used ROX

reference dye (Invitrogen, CA, USA) as a negative control for the

fluorescence measurements. Sequence-specific products were identified
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by producing a melting curve in which the CT value represented the

cycle number at which a fluorescent signal was statistically greater

than background, and relative gene expressions were quantified using

the 2-ΔΔCTmethod (15).

Table 1. List of forward and reverse primers of the six

hypoxia-related genes for high-grade serous adenocarcinoma of

the ovary

Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; P300, adenovirus early region 1A

(E1A)-binding protein p300; FIH, factor-inhibiting hypoxia inducible

factor; HIF-1α, hypoxia inducible factor-1α; HIF-1β, hypoxia

inducible factor-1β; VHL, von Hippel-Lindau.

Western blot analysis

Concentrations of proteins in whole-cell extracts were determined

using the Bradford protein assay (Bio-Rad, CA, USA) with bovine

serum albumin as the standard. Proteins were denatured, separated

using SDS–PAGE and transferred to nitrocellulose. Blots were

developed using enhanced chemiluminescence detection (SuperSignal

West Pico, IL, USA) and quantified by measuring the intensity of

light emitted from correctly sized bands under ultraviolet light using

a ChemiDoc EQ system and Quantity One software (Bio-Rad, CA,



- 13 -

USA). Immunoreactive proteins were detected using goat anti-rabbit

polyclonal antibodies against phosphor-proteins and total-proteins at a

1:1000 dilution and 10% SDS/PAGE gel. As a loading control, total

proteins were used to normalize the results from detection of proteins

by Western blotting. We performed multiple exposures of each

Western blot to ensure linearity of chemiluminescent signals.

Human study population

We collected clinico-pathologic data of patients with HGSO treated

between July 2001 and November 2012. Approval of the Institutional

Review Board was obtained for the current study (No. 1311-050-533).

The inclusion criteria were as follows: patients with HGSO; those

treated with cytoreductive surgery followed by adjuvant

chemotherapy; those with Eastern Cooperative Oncology Group

performance status of 0-2; those without underlying diseases affecting

survival. We extracted data of International Federation of Gynecology

and Obstetrics (FIGO), age, extent of cytoreduction,

platinum-resistance, progression-free survival (PFS).

Optimal cytoreduction was defined as the maximal diameter of a

residual tumor ≤1 cm, whereas suboptimal cytoreduction was defined

as the maximal diameter of a residual tumor >1 cm. All patients

received adjuvant chemotherapy using paclitaxel (175 mg/m2) and

carboplatin (AUC 5 or 6) after surgery, and the chemotherapy was

repeated for 6 cycles every three weeks. Platinum-resistance was

defined as poor response to the chemotherapy with treatment-free

interval of less than six months. PFS was defined as the time

elapsed from the date of surgery to the date of disease recurrence.

Immunohistochemistry

The six hypoxia-related proteins were evaluated by

immunohistochemistry (IHC), and the substitution of the primary
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antibody with purified non-immune mouse IgG was included at the

same concentration for negative controls. For IHC of HGSO, we took

representative core tissue sections (diameter of 2 mm) from paraffin

blocks, and arranged them in new tissue microarray (TMA) blocks

using trephine apparatus (Superbiochips Labratories, Seoul, Republic

of Korea). After IHC, one pathologist unaware of clinico-pathologic

characteristics interpreted expression levels for the six genes

semi-quantitatively based on the product of staining intensity (I

score; 1, weak; 2, moderate; 3, strong) and percentage of positive

cells (P score, 1, <25%; 2, 25-50%; 3, 51-75%; 4, >75%). The final

immunoreactive score defined as I score times P score ranged from 1

to 12, and the high expression of each gene was considered when the

final immunoreactive score was six or more.

Statistical analysis

Data for cell viability assays were evaluated by analysis of variance

(ANOVA) based on the general linear model (PROC-GLM) of SAS

program (SAS Institute Inc., Cary, NC, USA), For investigating the

role of hypoxia-related genes affecting platinum-resistance and PFS,

we performed Chi-squared and Student’s t-tests, Kaplan-Meier

analysis with the log-rank test, Cox’ proportional hazard and logistic

regression analyses to determine hazard ratio (HR), odds ratio (OR)

and 95% confidence interval (CI). Statistical analyses were performed

using SPSS software version 19.0 (SPSS Inc., Chicago, IL, USA), and

a P value <0.05 was defined to be statistically significant.
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Results

Hypoxia increased cell viability with decreased cytotoxicity to

cisplatin

To determine inhibitory concentration 50 (IC50) of cisplatin, OV90

cells were treated with cisplatin (0, 10, 25, 50, and 100 μmol/L) for 24

hr under normoxic condition. As a result, IC50 of cisplatin was 50 μ

mol/L in OV90 cells shown in Figure 1A. When OV90 cells were

treated with cisplatin of 50 μmol/L, hypoxic cells were less inhibited

than normoxic cells, and the less O2 concentration, the weaker

cisplatin inhibited the cell growth (Figure 1B). These results

suggested that hypoxia may lead to the increase of cell viability in

comparison with normoxia, and it may induce drug resistance of

ovarian cancer cells to cisplatin.

Figure 1. Effects of cisplatin on cell viability of OV90 cells in

response to hypoxia.

(A) Cytotoxicity assay for determining the half maximal inhibitory

concentration (IC50) of cisplatin in OV90 (high-grade serous

adenocarcinoma of the ovary) cells. MTT assay indicated effects of

cisplatin in a dose-dependent manner (0, 10, 25, 50 and 100 μmol/L).

Data was revealed as a percentage relative to non-treated control
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cells (100%). (B) Cell viability assay under different hypoxic

conditions (normoxia, 5% O2, 3%O2 and 1% O2) after treatment of 50

μmol/L cisplatin in OV90 cells in response to IC50 of each chemicals.

When OV90 cells were treated with cisplatin of 50 μmol/L, survival

rate of hypoxic cells was less inhibited than normoxic cells.

Basic mRNA levels of hypoxia-related genes in high-grade

serous adenocarcinoma of the ovary

Next, we compared mRNA levels of the six genes including CBP,

P300, HIF-1α, HIF-1β, FIH and VHL between normal and cancer

tissues of the ovary by using quantitative RT-PCR. In HGSO,

mRNA levels of CBP, P300, HIF-1α and HIF-1β were lower than

those in normal tissues, whereas mRNA levels of FIH and VHL

were higher than those in normal tissues (Figure 2). It means that

some specific genes such as FIH and VHL may be highly expressed

in HGSO when compared with normal ovary, showing the basic

tendency toward proteolytic degradation of hypoxia-related proteins

such as HIF-1α and HIF-1β.

Figure 2. Quantitation of relative mRNA expression of

hypoxia-related genes in high-grade serous carcinoma of the

ovary
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Relative mRNA levels of hypoxia-related genes in high-grade serous

adenocarcinoma of the ovary were estimated by quantitative RT-PCR

as compared with normal ovary. mRNA levels of CBP, P300, HIF-1

α and HIF-1β were lower than those in normal ovary, whereas

mRNA levels of FIH and VHL were higher than those in normal

ovary (*P < 0.05).

Changes of protein levels of hypoxia-related genes under

hypoxia in high-grade serous adenocarcinoma of the ovary

Next, we compared protein levels of the six genes under hypoxic

conditions after treatment of cisplatin by using Western blot. As a

result, the protein level of HIF-1β was increased, whereas that of

VHL was decreased under hypoxic conditions after treatment of

cisplatin (Figure 3). This result shows that changes of protein levels

of HIF-1β and VHL may be associated with drug resistance in

HGSO.
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Figure 3. Comparison of protein levels after treatment of

cisplatin under hypoxic conditions in OV90 cells by Western

blot.

The protein level of HIF-1β was increased, whereas that of VHL

was decreased under hypoxic conditions after treatment of cisplatin in

OV90 cells.

As illustrated in Figure 4A, cell proliferation was not significantly

changed in response to NAC (1 to 10 mM) in OV90 cells whereas it

was dramatically decreased by 20 mM NAC. Moreover, ROS

production was gradually decreased in a dose-dependent manner (0, 1,

2, 5 and 10 mM) of NAC in OV90 cells (Figure 4B). Then, we

analyzed the production of ROS in response to NAC with cisplatin in

OV90 cells. As a result, a combination of NAC with cisplatin did not

reduce ROS generation in OV90 cells (Figure 4C). These results

show that NAC may reduce ROS production in OV90 cells, whereas

a combination of NAC with cisplatin affect ROS generation in OV90

cells.



- 19 -

Figure 4. (A) Proliferation of OV90 cells after treatment of

N-acetylcysteine (NAC) by proliferation assay; production of

reactive oxygen species (ROS) in OV90 cells after treatment of

(B) NAC and (C) NAC with cisplatin by flow cytometry

Cell proliferation was not significantly changed in response to NAC

(1 to 10 mM), whereas it was dramatically decreased by 20 mM

NAC in OV90 cells. ROS production was gradually decreased in a

dose-dependent manner (0, 1, 2, 5 and 10 mM) of NAC. Moreover,

cisplatin (50 μmol/L) did not reduce ROS production as compared to

non-treated cells, and additional treatment of NAC (1, 2 or 5 mM)

with cisplatin did not also show a decrease of ROS production as

compared to cisplatin only treatment.

Effects of N-acetylcysteine with cisplatin on expression of

hypoxia-related genes in high-grade serous adenocarcinoma of

the ovary

To identify regulatory effects of the combined substrate including

NAC with cisplatin, we performed Western blot analyses in OV90

cells. As a result, the protein level of HIF-1β was increased,

whereas that of VHL was decreased when the concentration of NAC

was increased with cisplatin in OV90 cells (Figure 5). This result

indicates that changes of hypoxia-related protein levels may be

involved in drug resistance under anti-oxidant condition in HGSO.

Roles of hypoxia-related genes as prognostic factors in

high-grade serous adenocarcinoma of the ovary

A total of 149 patients with HGSO were included in the current

study. Table 2 shows clinico-pathologic characteristics and

expressions of the six genes of all patients. Among the six genes,

CBP protein was expressed in the nucleus and cytoplasm, and

HIF-1β protein was shown in the nucleus, whereas P300, HIF-1α,
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FIH and VHL proteins demonstrated cytoplasmic immunostaining

(Figure 6).

Figure 5. Protein levels after treatment of cisplatin and

N-acetylcysteine (NAC) in OV90 cells by Western blot

HIF-1β expression was increased, whereas VHL expression was

decreased when the concentration of NAC was increased with

cisplatin in OV90 cells.

Table 2. Clinico-pathologic characteristics and expression of

hypoxia-related genes by immunohistochemistry in patients with

high-grade serous adenocarcinoma of the ovary (HGSO)

Characteristics or expreesions HGSC (n=149, %) CCC (n=61, %)

Age (median, range, y) 53 (28-80) 49 (30-77)

FIGO stage

I 5 (3.4) 36 (59)

II 6 (4) 4 (6.6)

III 112 (75.1) 19 (31.1)
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Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; FIGO, International Federation of Gynecology

and Obstetrics; FIH, factor-inhibiting hypoxia inducible factor; HIF,

hypoxia inducible factor; adenovirus early region 1A (E1A)-binding

IV 26 (17.5) 2 (3.3)

Extent of cytoreduction

Optimal 82 (55) 53 (86.9)

Suboptimal 67 (45) 8 (13.1)

Platinum resistance

No 114 (76.5) 52 (85.2)

Yes 35 (23.5) 9 (14.8)

CBP

Low 37 (24.8) 13 (21.3)

High 112 (75.2) 48 (78.7)

P300

Low 41 (27.5) 20 (32.8)

High 108 (72.5) 41 (67.2)

HIF-1α

Low 61 (40.9) 30 (49.2)

High 88 (59.1) 31 (50.8)

HIF-1β

Low 88 (59.1) 36 (59)

High 61 (40.9) 25 (41)

FIH

Low 40 (26.8) 22 (36.1)

High 109 (73.2) 39 (63.9)

VHL

Low 128 (85.9) 54 (88.5)

High 21 (14.1) 7 (11.5)
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protein p300, P300, VHL, von Hippel-Lindau.

Figure 6. Immunohistochemistry for the six hypoxia-related

genes: (A) CBP ; (B) P 300; (C) HIF-1α; (D) HIF-1β; (E) F IH ;

(F) VHL

Among the six genes, CBP protein was expressed in the nucleus and

cytoplasm, and HIF-1β protein was shown in the nucleus, whereas

P300, HIF-1α, FIH and VHL proteins demonstrated cytoplasmic

immunostaining (original magnification ×400).
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In terms of platinum resistance, early-stage (FIGO stage I or II)

disease, optimal cytoreduction, a low expression of HIF-1β and a

high expression of VHL were favorable factors for reducing

platinum-resistance in patients with HGSO (Adjusted ORs, 0.273,

0.593, 0.657 and 0.381; 95% CI, 0.085-0.878, 0.397-0.884, 0.443-0.975

and 0.165-0.878; Table 3).

Table 3. Univariate and multivariate analyses for

platinum-resistance in patients with high-grade serous

adenocarcinoma of the ovary

Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; CI, confidence interval; FIH, factor-inhibiting

hypoxia inducible factor; HIF, hypoxia inducible factor; OR, odds

ratio; P300, adenovirus early region 1A (E1A)-binding protein p300;

VHL, von Hippel-Lindau.

In terms of survival, a low expression of HIF-1β and a high

expressions of VHL were associated with improved PFS in patients

with HGSO (Figure 7). In multivariate analyses, early-stage disease,

optimal cytoreduction, a low expression of HIF-1β and a high

expression of VHL were related with improved PFS in patients with
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HGSO (adjusted HRs, 0.273, 0.593, 0.657 and 0.381; 95% CIs,

0.085-0.878, 0.397-0.884, 0.443-0.975 and 0.165-0.878; Table 4).

Figure 7. Comparison of progression-free survival based on

expressions of the six hypoxia-related genes in patients with

high-grade serous adenocarcinoma of the ovary: (A) CBP ; (B)

P 300; (C) HIF-1α; (D) HIF-1β; (E) F IH ; (F) VHL

A low expression of HIF-1β and a high expressions of VHL were

associated with improved progression-free survival.

When we compared PFS based on the combination of HIF-1β and

VHL expressions, a low expression of HIF-1β and a high expression

of VHL showed better PFS, whereas a high expression of HIF-1β

and a low expression of VHL was related with poor PFS (Figure 8).
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Table 4. Univariate and multivariate analyses for

progression-free survival in patients with high-grade serous

adenocarcinoma of the ovary

Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; CI, confidence interval; FIH, factor-inhibiting

hypoxia inducible factor; HIF, hypoxia inducible factor; HR, hazard

ratio; P300, adenovirus early region 1A (E1A)-binding protein p300;

VHL, von Hippel-Lindau.
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Figure 8. Comparison of progression-free survival according to

the combined expressions of H IF-1β and VHL genes in

patients with high-grade serous adenocarcinoma of the ovary

A low expression of HIF-1β and a high expression of VHL showed

better prognosis, whereas a high expression of HIF-1β and a low

expression of VHL was related with poor prognosis.



- 27 -

Discussion

The presence of hypoxic regions within tumors has been reported to

adversely affect clinical outcomes, and to be associated with a worse

prognosis. Although it seems to be important to select patients with

more burden of hypoxic tumors in clinical setting, there is no

consensus for the best method suited for routine assessment of

hypoxia. The reasons are as follows. First, many studies included

patients with various types of histology and tumor differentiation of

the ovary. Second, fragmentary genes associated with hypoxia were

investigated among all hypoxia-related genes in most of studies. In

the current study, we included only the most common histologic type,

HGSO, and thereby investigated the roles of most genes associated

with hypoxia.

Up to now, representative hypoxia-related genes known to affect

prognosis are HIF-1α and VEGF in ovarian cancer. Previous studies

have indicated that HIF-1α acts as a positive key regulator of tumor

growth in many malignant solid tumors. It plays an important role in

the up-regulation of certain hypoxia-related proteins involved in

angiogenesis, gluocse transport, glycolysis, erythropoiesis, and

inhibition of apoptosis (16). Moreover, HIF-1α overexpression is

involved in the development of malignancy in adenoma, borderline

tumor to adenocarcinoma (17), and that hypoxic status differs

according to histologic type and microenvironment (18).

Moreover, VEGF, a downtream gene of HIF-1α, is known to be

expressed strongly in 36-80% of patients with ovarian cancer (19).

Bevacizumab, monoclonal antibody for targeting VEGF-A, has been

shown to improve survival of advanced-stage ovarian cancer (20, 21),

which recently have change the protocol of drug therapy in the

disease. However, we did not fail to find the role of VEGF in the

current study because a high expression of VEGF was observed in
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most of patients with HGSO (98%). Since a high expression of

VEGF was shown in ovarian cancer cells or tissues in the current

study, we can expect the role of VEGF for predicting prognosis in

serum levels like previous studies (22, 23).

On the other hand, we found that a high expression of HIF-1β may

be related with platinum-resistance and poor PFS. Although HIF-1β

is known to be constitutively expressed in cells, loss of HIF-1β has

been reported to result in reduced tumor growth, decreased

angiogenesis, and resistance to chemotherapy (24). This hypothesis

can be supported by a previous study where knockdown of HIF-1β 

reduced cisplatin resistance in cervical cancer cells (25). Moreover,

activation of EGFR signaling may increase nuclear accumulation of

HIF-1β, which interacts with transcriptional factor c-Jun and binds

to the CRE site, and results in an increased of COX-2 gene

expression related with tumorigenesis (26).

However, we found that expressions of CBP and P300 were not

related with hypoxia, and relevant prognosis. CBP and P300 are

known as histone acetyltransferase (HAT) molecules, and considered

to be important transcriptional coactivators that act to regulate

relevant gene expression (27). In colon cancer, overexpression of CBP

and P300 has been reported to be

related with poor prognosis (28). Nevertheless, we did not find the

relation between CBP or P300, and hypoxia or related prognosis in

the current study. The limited role has been also reported in renal

cancer (29). It means that their roles as a biomarker may different

among various types of cancers, which requires more studies to

evaluate their roles in ovarian cancer.

Moreover, FIH was not a biomaker associated with prognosis of

HGSO. FIH inhibits HIF-1α in an oxygen-dependent manner, and it

remains active unless severe hypoxia occurs. This suggests that FIH

may have an important function as one of the final checks on HIF-1
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α transcriptional activity (30). The presence of FIH has been

investigated in various normal and neoplastic human tissues, in which

the intensity and subcellular localization are very heterogeneous.

Although in normal human tissues FIH is predominantly cytoplasmic,

nuclear expression of FIH can be relatively strong in certain

neoplasms (31).

Among solid tumors, FIH has provided variable prognostic values in

several tumour types. In pancreatic endocrine tumors (PETs),

cytoplasmic FIH levels were significantly higher in more malignant

PETs, but were not associated with survival. Nuclear FIH did not

correlate with any histopathologic variables in this study (32). In

invasive breast cancer, both cytoplasmic FIH expression and absence

of nuclear FIH were independent

prognostic factors for a shorter disease-free survival (33). In addition,

renal clear cell carcinoma (CCC) showed that a low

expression of nuclear FIH is a significant independent predictor

for worse survival. In particular, FIH can be detected both in the

nucleus and cytoplasm, and the specific subcellular localization varied

between different renal CCC patients (34). The absence of nuclear

FIH in more aggressive phenotypes could be explained by increasing

gene mutations within renal CCC including FIH gene mutations.

A low expression of VHL may be also associated with

platinum-resistance and PFS. Under normoxic conditions, HIF-1α is

hyroxylated, and this hyroxylation promotes rapid degradation of it by

the ubiquitin-proteosome pathway mediated by VHL (35). Under

hypoxic condition, however, HIF-1α can be stabilized and

accumulated by decreasing prolyl hydroxylases activity and

hydroxylation of HIF-1α. Consequently, stabilized HIF-1α

heterodimerizes with HIF-1β to form HIF-1 and binds to target

DNA at the hypoxic response element, which leads to tumorigenesis

and angiogenesis (36).
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However, the current study did not show the significant correlation

between HIF-1α and VHL. This result has also been reported in a

previous study where it was found in clear cell carcinoma of the

ovary, suggesting that a more hypoxic or only a partially oxygenated

microenvironment does not allows VHL to regulate HIF-1α (37). On

the other hand, low expression of VHL can be related with a high

expression of HIF-1β because a previous study reported that HIF-1

β, not HIF-1α, may suppress the development of VHL-related tumor

(38).

On the other hand, a high expression of HIF-1β and low expression

of VHL may act as a role of biomakers for only HGSO. In contrast,

these results did not be shown in CCC. This result can be explained

by the hypothesis that expressions of hypoxia-related genes can be

suppressed by some scavengers in CCC. A previous study supports

the hypothesis where detoxification of oxidative stress by glutathione

peroxidase 3 was the most active in CCC than in the other histologic

types, suggesting the role as a tumor suppressor gene (39).

However, the current study has some limitations as follows. First,

we did not show consistent changes of hypoxia-related gene

expressions after treatment of paclitaxel according to hypoxia in spite

of adjuvant chemotherapy using paclitaxel. In spite of relevant

evidence, It means that paclitaxel can act as a minor role to change

hypoxia-related genes during chemotherapy in ovarian cancer. Second,

we failed to show consistent trend of change of mRNA levels after

treatment of paclitaxel and cisplatin according to hypoxia. In

particular, mRNA levels of hypoxia-related genes was reduced in the

lowest hypoxia condition (1%O2). Moreover, we found the similar

result that cell viability was also decreased when the highest dose of

NAC (20 mM) was administered. It means that the extreme hypoxic

condition can suppress tumor proliferation inversely.

Conclusively, HIF-1β and VHL may be biomarkers for predicting
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platinum-resistance and survival in patients with HGSO, and relevant

targeted therapy can be considered for treating HGSO in the future.



- 32 -

References

(1) Suh DH, Kim M, Kim HJ, Lee KH, Kim JW. Major clinical

research advances in gynecologic cancer in 2015. J Gynecol Oncol.

2016;27:e53.

(2) Kang JH, Nam SH, Song T, Kim WY, Lee KW, Kim KH. Public

perception of risk-reducing salpingectomy for preventing ovarian

cancer. Obstet Gynecol Sci. 2015;58:284-8.

(3) Burger RA, Brady MF, Bookman MA, Fleming GF, Monk BJ,

Huang H, et al. Incorporation of bevacizumab in the primary

treatment of ovarian cancer. N Engl J Med. 2011;365:2473-83.

(4) Perren TJ, Swart AM, Pfisterer J, Ledermann JA,

Pujade-Lauraine E, Kristensen G, et al. A phase 3 trial of

bevacizumab in ovarian cancer. N Engl J Med. 2011;365:2484-96.

(5) De Angelis R, Sant M, Coleman MP, Francisci S, Baili P,

Pierannunzio D, et al. Cancer survival in Europe 1999-2007 by

country and age: results of EUROCARE--5-a population-based study.

Lancet Oncol. 2014;15:23-34.

(6) Dayyani F, Uhlig S, Colson B, Simon K, Rolny V, Morgenstern

D, et al. Diagnostic Performance of Risk of Ovarian Malignancy

Algorithm Against CA125 and HE4 in Connection With Ovarian

Cancer: A Meta-analysis. Int J Gynecol Cancer. 2016;26:1586-93.

(7) Davidson B. Recently identified drug resistance biomarkers in

ovarian cancer. Expert Rev Mol Diagn. 2016;16:569-78.

(8) Suh DH, Kim HS, Kim B, Song YS. Metabolic orchestration

between cancer cells and tumor microenvironment as a

co-evolutionary source of chemoresistance in ovarian cancer: a

therapeutic implication. Biochem Pharmacol. 2014;92:43-54.

(9) Vaupel P. Hypoxia and aggressive tumor phenotype: implications

for therapy and prognosis. Oncologist. 2008;13 Suppl 3:21-6.

(10) Fang JS, Gillies RD, Gatenby RA. Adaptation to hypoxia and



- 33 -

acidosis in carcinogenesis and tumor progression. Semin Cancer Biol.

2008;18:330-7.

(11) Brustugun OT. Hypoxia as a cause of treatment failure in

non-small cell carcinoma of the lung. Semin Radiat Oncol.

2015;25:87-92.

(12) Schodel J, Grampp S, Maher ER, Moch H, Ratcliffe PJ, Russo P,

et al. Hypoxia, Hypoxia-inducible Transcription Factors, and Renal

Cancer. Eur Urol. 2016;69:646-57.

(13) Seeber LM, Horree N, Vooijs MA, Heintz AP, van der Wall E,

Verheijen RH, et al. The role of hypoxia inducible factor-1alpha in

gynecological cancer. Crit Rev Oncol Hematol. 2011;78:173-84.

(14) Choi HJ, Armaiz Pena GN, Pradeep S, Cho MS, Coleman RL,

Sood AK. Anti-vascular therapies in ovarian cancer: moving beyond

anti-VEGF approaches. Cancer Metastasis Rev. 2015;34:19-40.

(15) Livak KJ, Schmittgen TD. Analysis of relative gene expression

data using real-time quantitative PCR and the 2(-Delta Delta C(T))

Method. Methods. 2001;25:402-8.

(16) Semenza GL. HIF-1 and tumor progression: pathophysiology and

therapeutics. Trends Mol Med. 2002;70:1841–3.

(17) Mabuchi S, Altomare DA, Connolly DC, Klein-Szanto A, Litwin

S, Hoelzle MK, et al. RAD001 (Everolimus) delays tumor onset and

progression in a transgenic

mouse model of ovarian cancer. Cancer Res. 2007;67:2408–13.

(18) Mabuchi S, Altomare DA, Cheung M, et al. RAD001 inhibits

human ovarian cancer cell proliferation, enhances cisplatininduced

apoptosis, and prolongs survival in an ovarian cancer model. Clin

Cancer Res. 2007;13:4261–70.

(19) Miyazawa M, Yasuda M, Fujita M, et al. Therapeutic strategy

targeting the mTOR-HIF-1alpha-VEGF pathway in ovarian clear cell

adenocarcinoma. Pathol Int. 2009;59:19-27.

(20) Perren TJ, Swart AM, Pfisterer J, Ledermann JA,



- 34 -

Pujade-Lauraine E, Kristensen G, et al. A phase 3 trial of

bevacizumab in ovarian cancer. N Engl J Med. 2011;365:2484-96.

(21) Oza AM, Cook AD, Pfisterer J, Embleton A, Ledermann JA,

Pujade-Lauraine E, et al. Standard chemotherapy with or without

bevacizumab for women with newly diagnosed ovarian cancer

(ICON7): overall survival results of a phase 3 randomised trial.

Lancet Oncol. 2015;16:928-36.

(22) Komatsu H, Oishi T, Itamochi H, Shimada M, Sato S, Chikumi

J, et al. Serum Vascular Endothelial Growth Factor-A as a

Prognostic Biomarker for Epithelial Ovarian Cancer. Int J Gynecol

Cancer. 2017,

(23) Andorfer P, Heuwieser A, Heinzel A, Lukas A, Mayer B, Perco

P. Vascular endothelial growth factor A as predictive marker for

mTOR inhibition in relapsing high-grade serous ovarian cancer. BMC

Syst Biol. 2016 Apr 18;10:33.

(24) Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K,

Dewerchin M, et al. Role of HIF-1alpha in hypoxia-mediated

apoptosis, cell proliferation and tumour angiogenesis. Nature.

1998;394:485-90.

(25) Chan YY, Kalpana S, Chang WC, Chang WC, Chen BK.

Expression of aryl hydrocarbon receptor nuclear translocator enhances

cisplatin resistance by upregulating MDR1 expression in cancer cells.

Mol Pharmacol. 2013;84:591-602.

(26) Chang KY, Shen MR, Lee MY, Wang WL, Su WC, Chang WC,

et al. Epidermal growth factor-activated aryl hydrocarbon receptor

nuclear translocator/HIF-1{beta} signal pathway up-regulates

cyclooxygenase-2 gene expression associated with squamous cell

carcinoma. J Biol Chem. 2009;284:9908-16.

(27) Shikama N, Lee CW, France S, Delavaine L, Lyon J,

Krstic-Demonacos M, et al. A novel cofactor for p300 that regulates

the p53 response. Mol Cell. 1999;4:365-76.



- 35 -

(28) Ishihama K, Yamakawa M, Semba S, Takeda H, Kawata S,

Kimura S, et al. Expression of HDAC1 and CBP/p300 in human

colorectal carcinomas. J Clin Pathol. 2007;60:1205-10.

(29) Kroeze SG, Vermaat JS, van Brussel A, van Melick HH, Voest

EE, Jonges TG, et al. Expression of nuclear FIH independently

predicts overall survival of clear cell renal cell carcinoma patients.

Eur J Cancer. 2010;46:3375-82.

(30) Stolze IP, Tian YM, Appelhoff RJ, Turley H, Wykoff CC, Gleadle

JM, et al. Genetic analysis of the role of the asparaginyl hydroxylase

factor inhibiting hypoxia-inducible factor (FIH) in regulating

hypoxia-inducible factor (HIF) transcriptional target genes. J Biol

Chem. 2004;279:42719-25.

(31) Soilleux EJ, Turley H, Tian YM, Pugh CW, Gatter KC, Harris

AL Use of novel monoclonal antibodies to determine the expression

and distribution of the hypoxia regulatory factors PHD-1, PHD-2,

PHD-3 and FIH in normal and neoplastic human tissues.

Histopathology. 2005;47:602-10.

(32) Couvelard A1, Deschamps L, Rebours V, Sauvanet A, Gatter K,

Pezzella F, et al. Overexpression of the oxygen sensors PHD-1,

PHD-2, PHD-3, and FIH Is associated with tumor aggressiveness in

pancreatic endocrine tumors. Clin Cancer Res. 2008;14:6634-9.

(33) Tan EY, Campo L, Han C, Turley H, Pezzella F, Gatter KC, et

al. Cytoplasmic location of factor-inhibiting hypoxia-inducible factor is

associated with an enhanced hypoxic response and a shorter survival

in invasive breast cancer. Breast Cancer Res. 2007;9:R89.

(34) Soilleux EJ, Turley H, Tian YM, Pugh CW, Gatter KC, Harris

AL. Use of novel monoclonal antibodies to determine the expression

and distribution of the hypoxia regulatory factors PHD-1, PHD-2,

PHD-3 and FIH in normal and neoplastic human tissues.

Histopathology. 2005;47:602-10.

(35) Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell



- 36 -

SJ, et al. Targeting of HIF-alpha to the von Hippel-Lindau

ubiquitylation complex by O2-regulated prolyl hydroxylation. Science.

2001;292:468-72.

(36) Wenger RH. Mitochondria: oxygen sinks rather than sensors?

Med Hypotheses. 2006;66:380-3.

(37) Lee S, Garner EI, Welch WR, Berkowitz RS, Mok SC.

Over-expression of hypoxia-inducible factor 1 alpha in ovarian clear

cell carcinoma. Gynecol Oncol. 2007;106:311-7.

(38) Rankin EB, Higgins DF, Walisser JA, Johnson RS, Bradfield CA,

Haase VH. Inactivation of the arylhydrocarbon receptor nuclear

translocator (Arnt) suppresses von Hippel-Lindau disease-associated

vascular tumors in mice. Mol Cell Biol. 2005;25:3163-72.

(39) Lee HJ, Do JH, Bae S, Yang S, Zhang X, Lee A, et al.

Immunohistochemical evidence for the over-expression of Glutathione

peroxidase 3 in clear cell type ovarian adenocarcinoma. Med Oncol.

2011;28 Suppl 1:S522-7.



- 37 -

국문요약 (국문초록)

고등급 장액성 난소암의 예후에 영향을

미치는 저산소증 연관 유전자 발현 연구

김 희 승

서울대학교 의과대학 의학과 산부인과 전공

배경: 난소암은 조기 발견을 위한 적절한 선별검사가 없기 때문에 대부
분의 경우 진행성 병기에서 진단되고, 여성생식기에서 발생하는 종양 중
가장 예후가 불량한 것으로 알려져 있다. 이러한 진행성 난소암의 일차
표준 치료로 최적종양감축술과 보조적 항암화학요법이 중요한 것으로 알
려져 있으나, 진행성 난소암의 80%에서 일차 표준 치료 후 재발 소견을
보인다. 재발의 원인 중 약물 저항성은 치료 실패 및 예후의 불량의 가
장 중요한 원인으로 알려져 있으며, 이러한 약물 저항성의 관련 인자 중
종양미세환경이 중요한 역학을 하는 것으로 알려져 있다. 특히, 종양미세
환경 중 저산소증 관련 유전자들은 암성화, 종양세포의 증식 및 침습과
관련이 있는 것으로 알려져 있으나 난소암에서 약물 저항성 및 예후와
관련하여 저산소증 관련 유전자들에 대한 연구는 아직 충분하지 않은 상
황이다. 따라서 본 연구에서는 난소암 중 가장 흔한 조직학적 유형인 고
등급 장액성 난소암을 대상으로 저산소증 관련 유전자들의 발현은 확인
하고, 이러한 유전자들의 발현이 약물 저항성 및 예후에 미치는 영향에
관하여 분석하고자 하였다.
방법: 먼저 고등급 장액성 난소암의 대표적인 세포주인 OV90 세포주를
이용하여 난소암의 치료 약물인 cisplatin의 IC50을 확인하였고, cisplatin
처리 후 저산소증 조건에서 세포의 생존능력을 확인하였다. 또한, 정상
난소 및 고등급 장액성 난소암 조직에서 quantitative RT-PCR을 이용하
여 저산조증 관련 유전자인 CBP, P300, HIF-1α, HIF-1β, FIH, VHL
의 mRNA 기저 발현을 비교 평가하였고, OV90 세포주를 이용하여 저
산조증 조건에서 cisplatin 처리 후 여섯 개의 저산소증 관련 유전자들
발현을 Western blot을 이용하여 비교 평가하였다. 또한, 저산소증과 활
성산소 생성 간의 관계를 확인하기 위하여 N-acetylcysteine (NAC)에
의한 OV90 세포주의 증식 및 활성산소 생성을 측정하였다. 최종적으로
고등급 장액성 난소암 환자 149명을 대상으로 여섯 개 저산소증 관련 유
전자들의 단백질 발현을 면역조직화학검사를 이용하여 평가하였고, 이
유전자들이 백금 저항성 및 무진행생존률에 미치는 영향을 분석하였다.
결과: OV90 세포주에서 cisplatin의 IC50은 50 μmol/L이었고, cisplatin
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처리 후 저산소증의 증가에 따라 OV90 세포주의 생존률이 증가함을 확
인할 수 있었다. 조직에서 저산소증 관련 유전자들의 기저 mRNA 발현
을 확인하였을 때, 정상 난소조직에 비하여 CBP, P300, HIF-1α,
HIF-1β 의 mRNA 발현은 적었고, FIH, VHL의 mRNA 발현은 많았
다. Western blot에서 cisplatin 처리 후 저산소증의 증가에 따라 HIF-1
β의 발현은 증가하였고, VHL의 발현은 감소하였다. 이러한 결과는
OV90 세포주에 NAC와 cisplatin을 동시에 처리하였을 때 NAC의 증가
에 따라 HIF-1β의 고발현 및 VHL의 저발현이 저산조증 조건에서와
유사하게 나타남을 확인할 수 있었다. 면역조직화학검사에서 HIF-1β의
저발현과 VHL의 고발현은 저분화 장액성 난소암에서 백금 저항성을 줄
이고 (Adjusted ORs, 0.657 and 0.381; 95% CI, 0.443-0.975 and
0.165-0.878), 무진행생존률을 향상시키는 것과 연관이 있음을 확인할 수
있었다 (adjusted HRs, 0.657 and 0.381; 95% CIs, 0.443-0.975 and
0.165-0.878).
결론: 고등급 장액성 난소암에서 저산소증 관련 유전자들 중 HIF-1β의
발현증가 및 VHL의 발현 감소는 백금 저항성 및 예후 불량과 관련이
있음을 확인할 수 있었다.

주요어: HIF-1β, VHL, 항암제 저항성, 무진행생존률, 고등급 장액성암,
난소암.
학 번: 2011-31119
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Supplements

Introduction

Drug resistance of tumor is expected to be associated with tumor

heterogeneity and microenvironment, which may hinder the

improvement of prognosis and the development of optimal biomarkers

for ovarian cancer (7, 8). Among different types of tumor

microenvironment, hypoxia-related genes are known to be related

with carcinogenesis, proliferation and invasion of tumor cells (9, 10),

which may act as roles to predict drug resistance and consequent

prognosis in various types of malignancies such as kidney and lung

cancers (11, 12).

In ovarian cancer, histologic types have been suggested to depend

on exposure level and response to oxidative stress. Among all

histologic types, clear cell carcinoma (CCC) is developed with

persistent exposure to oxidative stress and inflammation, showing

relatively slow growth and high drug resistance. On the other hand,

HGSO is developed with at least oxidative stress, which demonstrate

relatively fast growth and low drug resistance (24, 25). This

hypothesis suggests the possibility of different roles of

hypoxia-related genes affecting drug resistance and prognosis

according to histologic types of ovarian cancer.

Thus, we compared expressions of hypoxia-related genes between

two extreme histologic types based on oxidative stress by hypoxia,

CCC and HGSO, and investigated the roles of hypoxia-related genes

affecting platinum resistance and prognosis of each histologic type of

ovarian cancer.

Materials and methods

Reagents
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Paclitaxel was obtained from Sigma-Aldrich (Missouri, USA).

Cell lines and tissue samples

ES-2 (CCC) were obtained from the American Type Culture

Collection (ATCC, Manassas, VA, USA). We purchased five frozen

tissue samples with CCC from Cancer Tissue Bank of Seoul National

University.

Cell culture

We used a 1:1 mixture of McCoy’s 5A (modified) medium (ATCC,

USA) and 10% fetal bovine serum for ES-2 cell line with penicillin

and streptomycin.

Culturing cells under hypoxic conditions

ES-2 cells were grown in McCoy's 5A Medium Modified

containing 10% FBS.

Cytotoxicity and cell viability assays

Human ovarian cancer cells were seeded and exposed to different

concentrations (0, 1, 10, 20 or 100 μmol/L) of chemical compounds

(paclitaxel or cisplatin) in normoxia or hypoxia.

Determination of cellular reactive oxygen species

ES-2 cells were detached with trypsin-EDTA, collected by

centrifugation, and washed with PBS. NAC in a dose dependent

manner (0, 1, 2, 5 and 10 mM) or a combination of paclitaxel with

NAC for 1h at 37 °C in a CO2 incubator.

RNA isolation

Total cellular RNAs of ES-2 cell line was obtained using Trizol

reagent (Invitrogen, Carlsbad, CA) based on the manufacturer’s



- 41 -

guideline.

Quantitative RT-PCR analysis

Complementary DNA was synthesized using total RNA extracted

from ES-2 cells and AccuPower RT PreMix (Bioneer, Daejeon,

Republic of Korea).

Human study population

The inclusion criteria were as follows: patients with CCC; those

treated with cytoreductive surgery and adjuvant chemotherapy using

paclitaxel and carboplatin; those with Eastern Cooperative Oncology

Group performance status of 0-2; those without underlying diseases

affecting survival.

Immunohistochemistry

For IHC of CCC, we took representative core tissue sections

(diameter of 2 mm) from paraffin blocks, and arranged them in new

TMA blocks using trephine apparatus (Superbiochips Labratories,

Seoul, Republic of Korea).

Results

Hypoxia increased cell viability with decreased cytotoxicity to

paclitaxel and cisplatin

To determine IC50 of paclitaxel and cisplatin, OV90 and ES-2 cells

were treated with paclitaxel (0, 1, 10, 20 and 100 μmol/L) or cisplatin

(0, 10, 25, 50, and 100 μmol/L) for 24 hours under normoxic condition.

As a result, IC50 of paclitaxel or cisplatin was 20 and 50 μmol/L in

OV90 and ES-2 cells shown in Supplementary figure 1A. When

OV90 and ES-2 cells were treated with paclitaxel of 20 μmol/L and

cisplatin of 50 μmol/L, respectively, hypoxic cells were less inhibited
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than normoxic cells, and the less O2 concentration, the weaker

paclitaxel and cisplatin inhibited the cell growth (Supplementary

figure 1B).

Supplementary figure 1. Effects of cisplatin and paclitaxel on

cell viability of OV90 and ES-2 cells in response to hypoxia.

(A) Cytotoxicity assay for determining IC50 of paclitaxel and cisplatin

in OV90 (high-grade serous adenocarcinoma) and ES-2 (clear cell

carcinoma) cells. MTT assay indicated effects of cisplatin and

paclitaxel in a dose-dependent manner (0, 10, 25, 50 and 100 μmol/L).

Data was revealed as a percentage relative to non-treated control

cells (100%). (B) Cell viability assay under different hypoxic

conditions (normoxia, 5% O2, 3%O2 and 1% O2) after treatment of 20

μmol/L paclitaxel and 50 μmol/L cisplatin in OV90 and ES-2 cells in

response to IC50 of each chemicals. When OV90 and ES-2 cells were

treated with paclitaxel of 20 μmol/L and cisplatin of 50 μmol/L,

survival rate of hypoxic cells was less inhibited than normoxic cells.

Basic mRNA levels of hypoxia-related genes were different

between high-grade serous adenocarcinoma and clear cell

carcinoma of the ovary

Next, we compared mRNA levels of the six genes including CBP,
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P300, HIF-1α, HIF-1β, FIH and VHL between normal and cancer

tissues of the ovary by using quantitative RT-PCR. In HGSO,

mRNA levels of CBP, P300, HIF-1α and HIF-1β were lower than

those in normal tissues, whereas mRNA levels of FIH and VHL

were higher than those in normal tissues (Supplementary figure 2A).

On the other hand, mRNA levels of all the six genes in CCC were

lower than those in normal tissues (Supplementary figure 2B).

Supplementary figure 2. Quantitation of relative mRNA

expression of hypoxia-related genes in high-grade serous

adenocarcinoma (HGSO) and clear cell carcinoma (CCC).

Relative mRNA levels of hypoxia-related genes in (A) high-grade

serous carcinoma (HGSO) and (B) clear cell carcinoma (CCC) were

estimated by quantitative RT-PCR as compared with normal ovary.

In HGSO, mRNA levels of CBP, P300, HIF-1α and HIF-1β were

lower than those in normal ovary, whereas mRNA levels of FIH and

VHL were higher than those in normal ovary. On the other hand,

mRNA levels of all the six genes in CCC were lower than those in

normal ovary (*P < 0.05).



- 44 -

Changes of mRNA levels of hypoxia-related genes under

hypoxia were different between high-grade serous

adenocarcinoma and clear cell carcinoma

We also compared mRNA levels of the six genes under hypoxic

conditions after treatment of paclitaxel and cisplatin by using

quantitative RT-PCR. As a result, the mRNA level of HIF-1β

tended to be increased, whereas mRNA levels of FIH and VHL

tended to be decreased under hypoxic conditions after treatment of

paclitaxel in OV90 cells (P <0.05). When OV90 cells were treated

with cisplatin, mRNA levels of HIF-1α and HIF-1β tended to be

increased while those of P300, FIH and VHL tended to be decreased

under hypoxic conditions (P <0.05; Supplementary figure 3A). In

ES-2 cells, mRNA levels of P300, HIF-1β, FIH and VHL tended to

be decreased after treatment of paclitaxel (P <0.05), whereas those of

P300 and HIF-1β tended to be reduced after treatment of cisplatin

under hypoxic conditions (P <0.05; Supplementary figure 3B).
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Supplementary figure 3. Comparison of mRNA levels after

treatment of paclitaxel and cisplatin under hypoxic conditions.

Relative mRNA expression of hypoxia-related genes including CBP,

P300, HIF-1α, HIF-1β, FIH and VHL was analyzed by quantitative

RT-PCR in (A) OV90 and (B) ES-2 cells under hypoxic conditions in

response to paclitaxel and cisplatin. The mRNA levels of HIF-1β 

was increased, whereas expressions of FIH and VHL were decreased

under hypoxic conditions after treatment of paclitaxel in OV90 cells.

When OV90 cells were treated with cisplatin, the mRNA levels of

HIF-1α and HIF-1β were increased while those of P300, FIH and

VHL were decreased under hypoxic conditions. In ES-2 cells, mRNA

expressions of P300, HIF-1β, FIH and VHL were decreased after

treatment of paclitaxel, whereas those of P300 and HIF-1β were

reduced after treatment of cisplatin under hypoxic conditions (*P <

0.05).

These results suggest that changes of mRNA levels of

hypoxia-related genes may be different between HGSO and CCC

under hypoxia. Specifically, chemotherapy under hypoxia may increase

HIF-1β expression in HGSO and decrease HIF-1β expression in

CCC, whereas it may decrease P300, FIH and VHL expressions in

both HGSO and CCC. Afterwards, we compared protein expressions

of the six genes based on hypoxia because these results did not

show consistent changes of mRNA levels of the six gene expressions

according to hypoxia.

Changes of protein levels of hypoxia-related genes under

hypoxia were different between high-grade serous

adenocarcinoma and clear cell carcinoma

Next, we compared protein levels of the six genes under hypoxic

conditions after treatment of paclitaxel and cisplatin by
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using Western blot. As a result, the protein level of HIF-1β was

increased, whereas that of VHL was decreased under hypoxic

conditions after treatment of cisplatin in spite of no changes of

protein levels after treatment of paclitaxel in OV90 cells

(Supplementary figure 4A). On the other hand, the protein level of

VHL was increased under hypoxic conditions after treatment of

paclitaxel despite no changes of the other genes in ES-2 cells

(Supplementary figure 4B).

Supplementary figure 4. Comparison of protein levels after

treatment of paclitaxel and cisplatin under hypoxic conditions in

(A) OV90 and (B) ES-2 cells by Western blot.

The protein level of HIF-1β was increased, whereas that of VHL

was decreased under hypoxic conditions after treatment of cisplatin in

spite of no changes of protein levels after treatment of paclitaxel in

OV90 cells. On the other hand, the protein level of VHL was

increased under hypoxic conditions after treatment of paclitaxel

despite no changes of the other genes in ES-2 cells.
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Effects of N-acetylcysteine on cell proliferation and reactive

oxygen species production in human ovarian cancer cells

To determine relationship between hypoxia and ROS generation, we

estimated cellular proliferation and ROS production in OV90 and ES-2

cells by NAC which is a potent

antioxidant. As illustrated in Supplementary figure 5, cell proliferation

was not significantly changed in response to NAC (1 to 10 mM) in

both OV90 and ES-2 cells whereas it was dramatically decreased by

20 mM NAC. ROS production was gradually decreased in a

dose-dependent manner (0, 1, 2, 5 and 10 mM) of NAC in OV90 and

ES-2 cells (Supplementary figure 6).

Supplementary figure 5. Proliferation of human ovarian cancer

cells after treatment of N-acetylcysteine (NAC): (A) OV90 and

(B) ES-2 cells by proliferation assay.

Cell proliferation was not significantly changed in response to NAC

(1 to 10 mM) in both OV90 and ES-2 cells whereas it was

dramatically decreased by 20 mM NAC.

Then, we analyzed the production of ROS in response to NAC with

paclitaxel or cisplatin in human ovarian cancer cells. In OV90 cells,

paclitaxel reduced ROS production as compared to non-treated cells,

and additional treatment of NAC (1, 2 or 5 mM) with paclitaxel
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showed a decrease of ROS production as compared to paclitaxel only

treatment (Supplementary figure 7A). On the other hand, ROS

production was slightly increased by paclitaxel, and elevated ROS

levels were decreased by additional treatment of NAC in a

dose-dependent manner (1, 2 and 5 mM) with paclitaxel in ES-2

cells (Supplementary figure 7B).

Supplementary figure 6. Production of reactive oxygen species

(ROS) in human ovarian cancer cells after treatment of

N-acetylcysteine (NAC): (A) OV90 and (B) ES-2 cells by flow

cytometry.

ROS production was gradually decreased in a dose-dependent manner

(0, 1, 2, 5 and 10 mM) of NAC in OV90 and ES-2 cells.

Moreover, a combination of NAC with cisplatin did not reduce ROS

generation in OV90 cells (Supplementary figure 8A), whereas it

reduced faintly ROS production in ES-2 cells (Supplementary figure

8B). These results show that NAC reduces ROS production in both

OV90 and ES-2 cells and a combination of NAC with cisplatin or

paclitaxel affect ROS generation in OV90 and ES-2 cells.
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Supplementary figure 7. Production of reactive oxygen species

(ROS) in human ovarian cancer cells after treatment of

paclitaxel and N-acetylcysteine (NAC): (A) OV90 and (B) ES-2

cells by flow cytometry.

In OV90 cells, paclitaxel (20 μmol/L) reduced ROS production as

compared to non-treated cells, and additional treatment of NAC (1, 2

or 5 mM) with paclitaxel showed a decrease of ROS production as

compared to paclitaxel only treatment. On the other hand, ROS

production was slightly increased by paclitaxel, and elevated ROS

levels were decreased by additional treatment of NAC in a

dose-dependent manner (1, 2 and 5 mM) with paclitaxel in ES-2

cells.

Effects of N-acetylcysteine with paclitaxel or cisplatin on

expressions of hypoxia-related genes in high-grade serous

adenocarcinoma and clear cell carcinoma

To identify regulatory effects of the combined substrate including

NAC with paclitaxel or cisplatin, we performed Western blot analyses

in OV90 and ES-2 cells. When we treated NAC with paclitaxel, CBP
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and FIH expressions were decreased while HIP-1α expression was

increased in OV90 cells. In ES-2 cells, HIF-1α and FIH expressions

were reduced (Supplementary figure 9).

Supplementary figure 8. Production of reactive oxygen species

(ROS) in human ovarian cancer cells after treatment of cisplatin

and N-acetylcysteine (NAC): (A) OV90 and (B) ES-2 cells by

flow cytometry.

In OV90 cells, cisplatin (50 μmol/L) did not reduce ROS production

as compared to non-treated cells, and additional treatment of NAC (1,

2 or 5 mM) with cisplatin did not also show a decrease of ROS

production as compared to cisplatin only treatment. On the other

hand, ROS production was faintly decreased by cisplatin, and elevated

ROS levels were also faintly decreased by additional treatment of

NAC (1, 2 and 5 mM) with cisplatin in ES-2 cells.

Furthermore, the protein level of HIF-1β was increased, whereas

that of VHL was decreased when the concentration of NAC was
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increased with cisplatin in OV90 cells. In ES-2 cells, HIF-1β

expression was also increased in response to additional treatment of

NAC in cisplatin, whereas VHL expression was gradually decreased

in response to increasing concentration of NAC levels in cisplatin as

compared to cisplatin alone (Supplementary figure 10). These results

indicate that changes of hypoxia-related protein levels may be

involved in drug resistance under anti-oxidant condition and

differently expressed between HGSO and CCC.

Suppelmentary figure 9. Change of protein levels after treatment

of paclitaxel and N-acetylcysteine (NAC) in OV90 and ES-2

cells by Western blot

CBP and FIH expressions were decreased while HIP-1α expression

was increased in OV90 cells, whereas HIF-1α and FIH expressions

were reduced in ES-2 cells.

Roles of hypoxia-related genes as prognostic factors were

different between high-grade serous adenocarcinoma and clear

cell carcinoma

A total of 210 patients (n=149, HGSO; n=61, CCC) were included in
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Supplementary figure 10. Change of protein levels after

treatment of cisplatin and N-acetylcysteine (NAC) in OV90 and

ES-2 cells by Western blot

HIF-1β expression was increased, whereas VHL expression was

decreased when the concentration of NAC was increased with

cisplatin in OV90 cells. In ES-2 cells, HIF-1β expression was also

increased in response to additional treatment of NAC in cisplatin,

whereas VHL expression was gradually decreased in response to

increasing concentration of NAC levels in cisplatin as compared to

cisplatin alone.

the current study. Supplementary table 1 shows clinic-pathologic

characteristics and expression of the six genes. Among the six genes,

CBP protein was expressed in the nucleus and cytoplasm, and

HIF-1β protein was shown in the nucleus, whereas P300, HIF-1α,

FIH and VHL proteins demonstrated cytoplasmic immunostaining
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(Supplementary figure 11).

Supplementary table 1. Clinico-pathologic characteristics and

expressions of hypoxia-related genes by immunohistochemistry

in patients with high-grade serous adenocarcinoma (HGSO) or

clear cell carcinoma of the ovary (CCC)

Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; FIGO, International Federation of Gynecology

and Obstetrics; FIH, factor-inhibiting hypoxia inducible factor; HIF,
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hypoxia inducible factor; P300, adenovirus early region 1A

(E1A)-binding protein p300; VHL, von Hippel-Lindau.

Supplementary figure 11. Immunohistochemistry for the six

hypoxia-related genes: (A) CBP ; (B) P 300; (C) HIF-1α; (D)

HIF-1β; (E) F IH ; (F) VHL

Among the six genes, CBP protein was expressed in the nucleus and

cytoplasm, and HIF-1β protein was shown in the nucleus, whereas

P300, HIF-1α, FIH and VHL proteins demonstrated cytoplasmic

immunostaining (original magnification ×400).

In terms of platinum resistance, early-stage (FIGO stage I or II)

disease, optimal cytoreduction, a low expression of HIF-1β and a
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high expression of VHL were favorable factors for reducing

platinum-resistance in patients with HGSO (Adjusted ORs, 0.273,

0.593, 0.657 and 0.381; 95% CI, 0.085-0.878, 0.397-0.884, 0.443-0.975

and 0.165-0.878), whereas only early-stage disease and optimal

cytoreduction were favorable in those with CCC by multivariate

logistic analysis (adjusted ORs, 0.088 and 0.210; 95% CIs, 0.030-0.263

and 0.073-0.603; Supplementary table 2).

Supplementary table 2. Univariate and multivariate analyses for

platinum-resistance in patients with high-grade serous

adenocarcinoma (HGSO) or clear cell carcinoma (CCC) of the

ovary

Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; CI, confidence interval; FIH, factor-inhibiting

hypoxia inducible factor; HIF, hypoxia inducible factor; OR, odds

ratio; P300, adenovirus early region 1A (E1A)-binding protein p300;

VHL, von Hippel-Lindau.
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In terms of survival, there was no related genes affecting PFS in

those with CCC (Supplementary figure 12). In multivariate analyses,

early-stage disease, optimal cytoreduction, a low expression of HIF-1

β and a high expression of VHL were related with improved PFS in

patients with HGSO (adjusted HRs, 0.273, 0.593, 0.657 and 0.381; 95%

CIs, 0.085-0.878, 0.397-0.884, 0.443-0.975 and 0.165-0.878), whereas

only early-stage disease and optimal cytoreduction prolonged PFS

without related gene expressions in those with CCC (adjusted HRs,

0.088 and 0.210; 95% CIs, 0.030-0.263 and 0.073-0.603; Supplementary

table 3)

Supplementary figure 12. Comparison of progression-free

survival based on the six hypoxia-related gene expressions in

patients with clear cell carcinoma of the ovary: (A) CBP ; (B)

P 300; (C) HIF-1α; (D) HIF-1β; (E) F IH ; (F) VHL

There were no related genes affecting progression-free survival in

patients with clear cell carcinoma of the ovary.
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Supplementary table 3. Univariate and multivariate analyses for

progression-free survival in patients with high-grade serous

adenocarcinoma (HGSO) or clear cell carcinoma (CCC).

Abbreviation: CBP, cAMP-response element-binding protein

(CREB)-binding protein; CI, confidence interval; FIH, factor-inhibiting

hypoxia inducible factor; HIF, hypoxia inducible factor; HR, hazard

ratio; P300, adenovirus early region 1A (E1A)-binding protein p300;

VHL, von Hippel-Lindau.
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