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Abstract. Resistance to platinum is a major limitation for the
treatment of ovarian cancer. In an effort to overcome the
platinum resistance problem in ovarian cancer treatment, we
explored the correlation between cisplatin resistance and the
human AP endonuclease (APE1 or Ref-1). APE1/Ref-1 is a
multifunctional protein that is not only an essential enzyme
in base excision repair pathway, but also acts as a major
redox-signaling factor that has a wide variety of important
cellular functions including transcription factor regulation,
oxidative signaling and cell cycle control. In this study, we
examined APE1/Ref-1 expression by immunohistochemistry
in sections of ovarian cancers from 78 patients who were
administered standard adjuvant chemotherapy based on
platinum post-operatively. Altered levels and subcellular
APE1/Ref-1 expression was found in patients not responding
to platinum-based chemotherapy comparing with those who
responded to platinum-based chemotherapy. Meanwhile, we
detected the APE1/Ref-1 expression in A2780 and CP70 cell
lines which have different sensitivity to cisplatin. We found
similar altered APE1/Ref-1 expression in them. We hypo-
thesized that the APE1/Ref-1 expression is responsible in
part for the cisplatin resistance. To answer this hypothesis,
we decreased the APE1/Ref-1 level by silencing RNA
targeting technology in A2780 and CP70 cell lines. The A2780
cells treated with APE1-siRNA had ICs, values ranging from
6.70 to 1.74 uM cisplatin compared with 15.81 yM for
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control A2780 cells. The CP70 cells treated with APEI-
siRNA had 1.62-4.63-fold enhancement in cisplatin sensiti-
vity. The apoptosis assays using TUNEL analysis showed
that decreased APE1/Ref-1 level resulted in increased
apoptosis levels in A2780 and CP70 cell lines compared with
the control-treated cells. These data suggest that APE1/
Ref-1 levels play an important role in the sensitization of
ovarian cancer cells to apoptosis. In vitro studies revealed
that it is possible to substantially enhance the cisplatin cyto-
toxicity by decreasing APE1/Ref-1 level in cisplatin-resistant
cell lines.

Introduction

According to new statistics offered by the American Cancer
Society, ovarian cancer is the fifth cause of death from cancer
in women and the leading cause of death from gynecological
cancer. In 2008, it is estimated that there will be 21,650
new ovarian cancer cases in the USA (1). More than 70% of
ovarian cancer cases present with advanced stage of disease
at diagnosis. Despite combination chemotherapy yielding
complete responses in 60-80% of patients with advanced-
stage disease, ~25% of patients show intrinsic resistance to
the first line chemotherapy, and the majority of patients
eventually relapse and become refractory to additional
treatments. Therefore, chemoresistance to chemotherapy is
considered a major obstacle in attempts to improve the clinical
outcome of ovarian carcinoma patients (2).

Platinum-based chemotherapy is the primary treatment
for ovarian cancer and is also used in a wide variety of other
malignancies. The cytotoxic lesion of platinate agents is
thought to be the platinum intrastrand crosslink that forms on
DNA, although treatment activates a number of signal trans-
duction pathways (3). However, the overall clinical success
of platinum is somewhat diminished by intrinsic and acquired
tumor resistance. Platinum-resistance is multifactorial and
rather complicated. There are several possible cellular
responses to such potentially cytotoxic insults, including
induction of apoptosis, modulation of cell cycle progression,
tolerance of damage and initiation of DNA repair. The ability
to repair cisplatin-DNA adducts and tolerate great levels of
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DNA damage determines the cell fate, whether it will survive
or initiate programmed cell death.

Recently, more evidence suggests that the human apurinic/
apyrimidinic endonuclease 1/redox factor-1 (APE1 or Ref-1),
one of the key enzymes in the base excision repair pathway,
may play a crucial role in the development of chemoresistance.
APE1/Ref-1 is an essential endonuclease which is responsible
for the repair of abasic sites caused by oxidative and alkylation
damage. The removal of a damaged base results in an AP site
that, if it fails to repair, may lead to DNA strand breaks,
apoptosis and an increase in cytotoxicity. In addition to AP
endonuclease activity, APE1/Ref-1 has 3'-repair diesterase or
phosphatase activity, albeit at 200-fold lower than its AP
endonuclease activity (4). APE1/Ref-1 also possesses 3'-5'
exonuclease activity which plays a role in the excision of
deoxyribonucleoside analogs from DNA (5,6). The inhibition
of this activity could have implications in treating cancers
when nucleoside analogs such as gemcitabine are used.

In addition to the repair role of APE1/Ref-1, it also
functions as a transcriptional coactivator by both redox-
dependent and -independent mechanisms, to reduce and
activate transcription factors such as AP-1, p53, HIF-1 and
others transcription factors that participate in some crucial
cellular processes, including the response to oxidative stress,
regulation of transcription factors, cell cycle control and
apoptosis (4). Thus, the function of APE1/Ref-1 protein is
involved in DNA repair, growth-signaling pathways and
pathways involved in tumor promotion and progression.

Several studies demonstrated a strong upregulation level
of APE1/Ref-1, which was always observed in several human
tumors, such as ovarian cancer, cervical cancer, non-small
cell lung cancer and osteosarcoma (7-10). Furthermore, more
recent analysis shows APE1/Ref-1 levels of expression are
correlated with cancer tissue's sensitivity to radiation therapy
and chemotherapy. Moreover, elevated APE1/Ref-1 protein
level is associated with poor clinical outcome (7,10-12). Based
on the studies mentioned, it is clear that the APE1/Ref-1
protein is fundamental to the maintenance of the genome and
survival of cells. In this study, we assess the relevance between
APE1/ Ref-1 protein and cisplatin drug-resistance in epithelial
ovarian cancer cell lines as well as in primary ovarian tumors.
We also investigated if supressed APE1/Ref-1 protein level
can enhance the sensitivity of cancer cells to cisplatin.

Material and methods

Patients and tissues. Tumor tissues were obtained from 78
patients with primary epithelial ovarian cancer at the Depart-
ment of Obstetrics and Gynecology Xijing Hospital, Fourth
Military Medical University and Cancer Center, Daping
Hospital, Third Military Medical University from 1998 to
2004. Local ethics committees approved the study. Patients
with benign and non-epithelial tumors, borderline tumors and
recurrent disease were excluded from the study. Tissue
specimens were taken intraoperatively, formalin-fixed and
paraffin-embedded. No chemotherapy or radiotherapy was
given to patients before surgery. In these cases, standard
adjuvant chemotherapy based on platinum was applied post-
operatively, and the clinical outcome was available. The
mean observation time was 52+25 months. The age range of
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the patients was 19 to 81 years (mean: 47.16+11.5). The 78
cases included 33 serous cystadenocarcinoma, 34 mucous
cystadenocarcinoma, 6 endometrial carcinoma and 5 undiffer-
entiated carcinoma.

Platinum sensitivity was defined by response to first-line
platinum chemotherapy or a progression-free interval of
>6 months off treatment. Patients who progressed during
treatment, had stable disease in response to initial platinum-
based therapy, or those who relapsed within 6 months were
considered to have platinum-refractory disease. Criteria for
persistence or recurrence included clinical evidence of
disease (e.g. physical examination findings or measurable
disease on computed tomography or magnetic resonance
imaging) or a sustained rise in serum CA-125.

Cell culture. The human ovarian epithelial adenocarcinoma
cell lines, A2780 and CP70, were kindly provided by Dr Jia
Luo (Institute for Nutritional Science, Shanghai, China).
A2780 is an ovarian cancer cell line established from tissue
obtained from an untreated ovarian cancer patient. Cisplatin-
resistance cell lines CP70 were produced by intermittent
exposure of the sensitive parental A2780 cell line to stepwise-
increasing concentrations of cisplatin. Cells were main-
tained as monolayer cultures in DMEM, supplemented with
10% fetal bovine serum, 100 U/ml penicillin, 100 pg/ml
streptomycin and 0.3 mg/ml glutamine. Cells were grown at
37°C in a humidified incubator under 5% CO,.

Immunohistochemical analysis of tumors for APEI
expression. Cellular localization of APE1/Ref-1 was deter-
mined by using imunohistochemical staining. Immunohisto-
chemistry was performed on formalin-fixed, paraffin-
embedded sections. Tissue specimens were cut into 4 M
sections from representative tumor and non-tumor blocks.
After blocking endogenous peroxidase with 3% H,0,-
methanol for 10 min, tumor sections were coated with the
primary antibody (mouse APE1 monoclonal antibody; Novus
Biologicals, Littleton, CO) diluted 1:200 in PBS. Slides were
incubated overnight at 4°C. The next day, sections were
rinsed three times for 5 min in PBS and incubated with a
1:200 dilution of horseradish peroxidase conjugated, goat
anti-mouse immunoglobulin G antibody (Pierce, Rockford,
IL, USA) for 30 min. After two PBS washes for 5 min each,
the sections were developed with DAB solution for 10 min.
After the development of color signal, the sections were
washed briefly in distilled H,O, counterstained with eosin,
dehydrated through a graded alcohol to xylene sequence,
coverslipped. Then, they were counterstained with haemato-
xylin. Negative control slides for APE1/Ref-1 antibody were
prepared from the same tissue block which contains pre-
immune IgG as the primary antibody.

Slides were evaluated by counting at least 100 cells in
two different areas of the specimens. They were classified
according to nuclear staining, cytoplasmic staining and
staining of stroma cells. Evaluation of nuclear staining was
done by determination of the percentage of stained nuclei and
the intensity of nuclear staining that was classified into four
categories (0, 1, 2 and 3 corresponding to negative, weak,
intermediate and strong). Similarly, the intensity of cyto-
plasmic staining and the stromal elements was classified into
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the categories 0-3. With respect to sub-cellular localization
and percentage of immunoreactive cells, each tumor was
classified as ‘cytoplasmic’ or ‘non cytoplasmic’. All investi-
gations were performed under a microscope with chiffre-
labeled slides. Slides were checked, in parallel, by a pathologist
for confirmation of tumor and normal tissue which was under
investigation.

Western blot analysis. Western blots of A2780 and A2780/
CP70 cells were performed by utilizing whole-cell extracts
electrophoresed on 12% SDS-PAGE and electroblotted onto
0.2 mm nitrocellulose. Protein levels in the extracts were
quantitated with the Bio-Rad protein assay reagent (Bio-Rad,
Hercules, CA), and equal amounts (20 ug) of protein were
loaded/lane. Equal protein aliquots in each sample were
resolved in 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and the proteins transferred
onto PVDF membranes. After blocking with 5% non-fat
dried milk, the membranes were incubated with a 1:2,000
dilution of primary mouse monoclonal antibodies against
human APEI, B-actin and retinoblastoma (Rb). The membra-
nes were then incubated with a horseradish peroxidase-
conjugated secondary antibody (1:2,000) (Pierce). The proteins
were detected by an enhanced chemiluminescence detection
system (Pierce), and light emission was captured on Kodak
X-ray film.

Infection with adenoviruses and flow cytometry. The APE1
siRNA expression vector named AdS5/F35-APE1 siRNA was
constructed by De-Bing Xiang (13). The titer was 1.6x10'
IU/ml after amplication and purfication. A2780 and CP70
cell lines were infected with Ad5/F35-EGFP or Ad5/F35-
APE1 siRNA with increasing multiplicities of infection (MOI)
for 90 min and were then washed to remove the adenoviruses.
They were cultured for 24 h and then analyzed by Western
blot and MTT assay or repared for following experiments.

Cytotoxicity assays: MTT assay. Cisplatin cytotoxicity was
determined by the microculture tetrazolium (MTT) assay.
Cells were plated at 1000 cells/well in 96-well plates in tripli-
cate for each dose and allowed to adhere overnight. Cisplatin
was dissolved in PBS without Ca* or Mg* at 1.0 mg/ml
(3.33 mM cisplatin), and dilutions from this solution was
made in media to obtain the desired drug treatment concen-
trations ranging from 5 to 100 M. After incubation for 48 h
in various cisplatin concentrations, washed with PBS and
fresh medium added. After 72 h, 40 pl of 5 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were added per well and incubated at 37°C for 2 h,
then the medium was then removed, the cells were lysed with
100 ul/well of lysis butter [20% (w/v) SDS-50% N, N-
dimethylformamide (pH 4.7)]. The absorbance at 570 nm
was measured by using wells without cells as blanks. ICs,
was used as the measure of relative cytotoxicity. The fold
enhancement in cisplatin sensitivity was considered to be the
ratio of the ICy, of the parental cell line to APE1 siRNA
transfected cell lines.

In situ apoptosis detection by TUNEL staining. To detect
apoptosis, cells on glass coverslips were analyzed by in situ
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terminal dUTP nick end-labeling (TUNEL) by using the
Chromogenic TUNEL-POD (Roche Diagnostics, Indianapolis,
IN) assay following the manufacturer's protocols. The cover-
slips were first fixed in 4% paraformaldehyde in PBS, pH 7.4,
freshly prepared, after which incubated for 15 min at room
temperature with 0.1% Triton X-100 in 0.1% sodium citrate,
freshly prepared in order to permeabilisation. After the cover-
slips were rinsed twice with PBS, 50 1 TUNEL reaction
mixture was added on samples. Coverslips were add lid and
incubated for 60 min at 37°C in a humidified atmosphere in
the dark. Rinsed slides three times with PBS, and add 50 ul
DAB substrate. TUNEL positive cells were identified by
their dark brown staining. The frequency of apoptotic cells
was evaluated by counting approximately 1000 cells at x400.

Cell cycle analysis. Treated cells were harvested by trypsini-
zation and were washed twice with PBS, fixed in 70% alcohol,
and stored at 4°C. The PBS washed cells were subsequently
rinsed with 0.2 M phosphate-citrate buffer at pH 7.8. Then,
the cells were stained with 200 ul staining solution (20 pg
PI/ml PBS + ribonuclease A (DNA-free; 5 U/ml; both Sigma-
Aldrich Corp.) for 30 min at 37°C in the dark. The DNA
content of the cells was analyzed by utilizing flow cytometry
(FACSCalibur™ , Becton-Dickinson, 488 nm argon laser for
excitation). For each sample, 5x10° cells were acquired, and
the percentages of cells in individual cell cycle phases were
analyzed with ModFit 2.0 software (Verity Software House).
Single cell was identified and gated by pulse-code processing
of the area and the width of the fluorescence signal. Cell
debris was excluded by appropriated increase of the forward
scatter threshold.

Statistical analysis. Data were expressed as the mean and
SD. Associations between categorical groups (i.e., APEI1-
related protein expression and clinicopathological variables)
were tested using Chi-square test. The statistical significance
of differences was determined by the Student's two tailed t-test
in two groups and by one way ANOVA in multiple groups.
A value of p<0.05 was considered statistically significant.
Statistical analysis was performed by using SPSS 16.0 for
Windows (SPSS Inc., Chicago, IL).

Results

Ovarian carcinoma immunohistochemistry and clinico-
pathologic parameters. The distribution of APE1/Ref-1 in
ovarian cancer tissues is presented in Fig. 1. Three subcellular
locations of APE1/Ref-1 protein were observed, which were
nucleus staining in 53 cases (67.95%), cytoplasm staining in
7 cases (8.97%) and staining in both the nucleus and cyto-
plasm in 18 cases (23.08%). The APE1/Ref-1 staining of the
nucleus was predominant but not uniform. In cancer samples,
strong nuclear expression of APE1/Ref-1 was found in 13
cases (24.53%), moderate in 29 cases (54.72%) and weak in 10
cases (18.87%). In the cytoplasm staining (32.05%), most
samples showed an intermediate intensity (81.82%).

APEI/Ref-1 immunopositivity and chemosensitivity to
platinum-based chemotherapy. To examine the association of
APE1/Ref-1 expression with response to chemotherapy in
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Figure 1. Representative APE1/Ref-1 immunostaining of primary ovarian carcinomas. Nuclear reactivity (A), both nuclear and cytoplasmic reacitivity (B) and

cytoplasmic reactivity (C).

primary ovarian cancer, we analyzed the APE1/Ref-1 expres-
sion of 78 primary ovarian carcinoma patients with standard
platinum-based chemotherapy after debulked operation.
Although the majority of the tumor specimens demonstrated
variation in the staining intensity, ovarian cancer tissues
also displayed strikingly different patterns of APE1/Ref-1
expression between different responses to platinum-based
chemotherapy: numerous cells showed APE1/ Ref-1 staining
in the nucleus in the platinum sensitive patients we studied,
while platinum-resistance patients exhibited more disperse
cytoplasm staining.

In Fig. 2A the association between APE1/Ref-1 intensity
and responses to chemotherapy in the overall series is also
summarized: 8 (38.10%) of the non-responding cases showed
high level of APE1/Ref-1 expression, while in patients respon-
ding to chemotherapy APE1/Ref-1 high level expression was
found in 9 out of 57 (15.79%) patients (p<0.05).

As shown in Fig. 2B, in the group of patients adminis-
tered platinum-based chemotherapy, APE1/Ref-1 nuclear
location was found in 10 out of 21 (47.62%) of non-
responding patients vs. 42 out of 57 (73.68%) of responding
patients. On the other hand, APE1/Ref-1 cytoplasm was
found in a statistically significant higher percentage of non-
responding cases than in patients responding to chemo-
therapy (n=11/21; 52.38% vs. n=15/57; 26.32%; p<0.05).

Expression of human APEI/Ref-1 in ovarian cancer cell
lines. We also investigated the role of APE1/Ref-1 in the
cisplatin-sensitive (A2780) and cisplatin-resistant ovarian
cancer cells (CP70) by immunohistochemistry and Western
blot analysis. As shown in Fig. 3A, the predominant pattern
of APE1/Ref-1 expression in A2780 cell line was nuclear. By
contrast, mixed nuclear/cytoplasmic expression was observed
in CP70 cell line. APE1 protein expression level was
noticeably higher in CP70, the cisplatin-resistant cell line. As
shown in Fig. 3B, the result of Western blot had a similar
difference between A2780 and CP70 cell lines. Analyzed by

using Quantity One software of Bio-Rad company, the CP70
cells displayed a 1.3-fold higher APE1/Ref-1 overexpression
compared with A2780 cells.

Cisplatin treatment-elevated APE1/Ref-1 expression in A2780
and CP70 cell lines. To determine whether APE1/Ref-1
expression correlated with cisplatin resistance, cells were
incubated with variance from 5 to 40 uM for 48 h, respe-
ctively. Cell lysates were analyzed by Western blotting. As
shown in Fig. 4, after different durations of cisplatin, in both
cell lines APE1/Ref-1 content increased in a dose-dependent
manner (p<0.05). The changes of APE1/Ref-1 content in
A2780 cells are more significantly compared with CP70
cells.

Ad5/F35-APE] siRNA supresses APEI/Ref-1 expression in
vitro. Following the treatment with Ad5/F35-APEl siRNA,
expression of APE1 protein was detected by Western blot
analysis and immunohistochemistry in A2780 and CP70 cell
lines. As shown in Figs. 5A and B, a dose-dependent decrease
in APE1/Ref-1 protein expression was observed 48 h after
infected with Ad5/F35-APE1 siRNA in A2780 and CP70 cell
lines, and APE1 protein expression level declined in excess
of 90% with 40 MOI of Ad5/F35-APEI1 siRNA; while no
change was observed after Ad5/F35-EGFP infection in control
group.

In another series of experiments, we investigated the
expression of APE1/Ref-1 protein in A2780 and CP70 cell
lines post-injection of 40 MOI of Ad5/F35-APEI siRNA by
immunohistochemistry. Cells were collected at 24 and 48 h,
respectively, after infected with adenoviruses. APE1/Ref-1
expression was apparently inhibited by the pretreatment with
Ad5/F35-APE1 siRNA in a time-dependent manner (Fig. 5C).

Cisplatin sensitivity after Ad5/F35-APEI siRNA treatment
in vitro. To determine the impact of APE1/Ref-1 down-
regulation on cell survival in response to cisplatin, MTT assays
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Figure 2. Correlation of APE1/Ref-1 expression with chemosensitivity to platinum-based chemotherapy. A, the frequency of intensity in responding and non-
responding patients; B, the frequency of subcellular location of APE1/Ref-1 in responding and non-responding patients.

Figure 3. Expression of APE1/Ref-1 protein by immunohistochemical staining and Western blot analysis. APE1/Ref-1 protein was detected in ovarian cancer
cell lines A2780 and CP70 with APE1/Ref-1 monoclonal antibodies. The APE1/Ref-1 antibody staining was predominantly localized in the nucleus of A2780
cells, whereas mixed nuclear/cytoplasmic expression was observed in CP70 cell line. In CP70 cells APE1/Ref-1 expression showed higher level compared

with A2780 cells.

CP70

cisplatin(pM) 0 5 10 20 40 0 5 10 20 40

Figure 4. Cisplatin upregulated the APE1/Ref-1 level in a dose-dependent manner in A2780 and CP70 ovarian cancer cells. Cells were treated with different
concentration of cisplatin for 48 h, respectively. Experiments were repeated at least 3 times independently.

A2780

reduced cell survival with APEI1 inhibition (Fig. 6). The
A2780 cell lines treated with APE1-siRNA had ICs, values
ranging from 6.70 to 1.74 uM cisplatin compared with 15.81
#M for control A2780 cells. The CP70 cell lines treated with
APE1-siRNA had 1.62-4.63-fold enhancement in cisplatin

were employed for adenovirus and control cells. The cells
were treated with cisplatin, recombinant Ad5/F35-APE1
siRNA and cisplatin, respectively. The cell in control group
was treated with the empty adenoviral vector named Ad5/
F35-EGFP. MTT assay analysis showed a significantly
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Figure 5. Knockdown of APE1 levels using RNA interference (siRNA). A, Western blot of A2780 and CP70 cells treated with APE1 siRNA. Samples were
collected 48 h after APE1-siRNA treatment, and Western blot was done with APE1 monoclonal antibody and reprobed with actin antibody as a loading
control. B, normalized APE1/Ref-1 levels after adjusting for loading. C, immunohistochemistry of A2780 and CP70 cells treated with APE1 siRNA. After
infection with 40 MOI of Ad5/F35-APEI siRNA, APE1/Ref-1 protein assay were detected at 24 and 48 h, respectively.

sensitivity (p<0.05), which indicates a protective effect of
APE1/ Ref-1 on cisplatin-induced apoptosis.

Cell apoptosis after Ad5/F35-APEI siRNA treatment in vitro.
We investigated the impact of Ad5/F35-APE1 siRNA and
cisplatin combination therapy on A2780 and CP70 cell lines.
Cells were treated with an empty adenoviral vector (Ad5/
F35-EGFP) or Ad5/F35-APEI siRNA, and cisplatin- (ICs,
concentration) treated. The effects of Ad5/F35-APE1 siRNA
on apoptosis induction by cisplatin were measured by TUNEL
assay. As shown in Fig. 7, Ad5/F35-APE1 siRNA induced a
slight increase in apoptotic cells compared with Ad5/F35-
EGFP, while Ad5/F35-APE1 siRNA increased significantly
cell apoptosis induction by cisplatin. These results demonstrate
that the combination of Ad5/F35-APE1 siRNA and cisplatin
induces cell apoptosis in A2780 and CP70 cells in a supra-
additive manner.

Cell cycle perturbations after Ad5/F35-APEI siRNA
treatment in vitro. An analysis of cell cycle perturbations
was performed in A2780 and CP70 cells which were divided
into four groups: a) Ad5/F35-EGFP 20 MOI, an empty
adenoviral vector as control group, b) Ad5/F35-APEI siRNA
20 MOI, c¢) Ad5/F35-EGFP 20 MOI + cisplatin (ICy, concen-
trations), and d) Ad5/F35-APE1 siRNA 20 MOI + cisplatin
(ICs, concentrations). After 24 h infection of Ad5/F35-EGFP
or Ad5/F35-APE1 siRNA, cisplatin of ICs, concentrations
were added to A2780 and CP70 cell lines. Cells were collected
and cell cycle status analyzed by DNA content after 24 h.
Flow cytometry analyses for cell cycle changes are shown
in Fig. 8. Exposure to ICy, concentrations of cisplatin resulted
in accumulation of A2780 in G2/M phase, while caused S
phase arrest in CP70, the cisplatin resistant cells. In
AdS/F35-APE1 siRNA-treated and untreated cells exposed to
cisplatin, it was observed that A2780 cell line was arrested at
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Figure 6. siRNA supression of APE1/Ref-1 produces greater sensitivity in A2780 and CP70 cell lines. MTT assays were used to determine the cell survival.
The A2780 cell lines treated with APE1-siRNA had ICs, values ranging from 6.70 uM to 1.74 uM cisplatin compared with 15.81 yM for control A2780 cells.

The CP70 cell lines treated with APE1-siRNA had 1.62-4.63-fold enhancements in cisplatin sensitivity (p<0.05).
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B *# Figure 7. A, Combined treatment with APEI siRNA and cisplatin-induced
50 4 w# apoptosis in A2780 and CP70 cell lines. A2780 and CP70 cells were treated
with Ad5/F35-APEI siRNA at 40 MOI; 48 h after infection, cells were treated
© with cisplatin (ICy, concentration), and apoptosis was determined 24 h after
cisplatin treatment by TUNEL staining. B, Bar graghs represent the mean
- values of triplicate determinations + SD. “p<0.05: versus control; “p<0.01:
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GO/G1 phase (p<0.05). In contrast, a significant increase in S
phase was observed in the CP70 cell line after combined
APEI siRNA and cisplatin treatment (p<0.05).

agents available and are used widely for the treatment of a
variety of human solid tumors. The cytotoxic lesion of
platinating agents is considered to be the platinum intrastrand
crosslink that forms on DNA, although treatment activates a
number of signal transduction pathways. The emergence of
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Figure 8. Analysis of relative cellular DNA content by flow cytometry. The relative DNA content of A2780 and CP70 cell lines following treatment with or
without APE1 siRNA and/or cisplatin was analyzed. The population of cells determined from the relative DNA content is shown in each panel for each
treatment condition. The results are representative of three independent determinations. The results are expressed as mean =+ standards (SD) of at least three
independent experiments. The symbols (*) denote significant difference (p<0.05) from control group (#) denote significant difference (p<0.05) from cisplatin

group.

cisplatin resistance is a major stumbling block to the
successful treatment of ovarian cancer. Both acquired and
intrinsic resistance can be caused by a number of cellular
adaptations, including reduced uptake, inactivation by gluta-
thione and other anti-oxidants, and increased levels of DNA
repair or DNA tolerance (3).

Repair of DNA damage is vital for maintaining genomic
stability and hence crucial for cell survival. Therefore, reducing
the DNA repair capability of cancer cells could enhance cyto-
toxicity of radio/chemotherapy. In addition, the expression
and/or upregulation of DNA repair enzymes can contribute
to the resistance of tumor cells in therapy where they are able
to repair their DNA and escape the deleterious effects of
treatment. One of these enzymes includes DNA repair
enzymes, such as APE1 gene. APE1/Ref-1 is a ubiquitous
bifunctional protein. APE1/Ref-1 is abundant in human cells
and accounts for nearly all of the abasic site cleavage activity

observed in cellular extracts (14). As a redox factor, APE1/
Ref-1 can reduce a conserved cysteine residue in members of
the Jun/Fos and related not only activating transcription
factor/cAMP-responsive element binding protein families of
proteins but also facilitating the formation of heterodimers
and homodimers that bind to transcriptional regulatory
elements containing activator protein 1 (AP-1). Importantly,
APE1/Ref-1, by both redox-dependent and -independent
mechanisms, also functions as a transcriptional coactivator
for different transcription factors either ubiquitous (i.e., AP-1,
Egr-1, NF-xB, p53 and HIF) or tissue-specific (i.e., PEBP-2,
Pax-5 and -8, and TTF-1), in controlling different cellular
processes such as apoptosis, proliferation, and differen-
tiation (15).

APE1/Ref-1 appears to form a unique link among the
DNA BER pathway, cancer, transcription factor regulation,
oxidative signaling, and cell-cycle control. It is reasonable to
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postulate that APE1/Ref-1 may contribute to the molecular
mechanism of resistance to platinum chemotherapy.

Recent evidence indicated that APE1/Ref-1, the key
enzyme in BER pathway, may be a crucial determinant of
chemotherapy sensitivity (16-22). In several tumors, APE1/
Ref-1 subcelluar localization has been demonstrated to have a
prognostic value or to correlate with aggressiveness (16,23,24).
Therefore, it is somewhat controversial whether APE1 is
correlated with platinum resistance in ovarian cancer (25).

In the present study, we assessed the role of APE1/Ref-1
in platinum resistance in primary ovarian tumors as well as
ovarian cancer cell lines. It was found that the expression
levels of APE1/Ref-1 gene were correlated with response to
platinum-based chemotherapy. Non-responding cases showed
higher level of APE1/Ref-1 expression compared with
responding patients. Non-platinum-responding patients
exhibited more disperse cytoplasm staining compared with
patients responding to platinum. Thus, we used cell lines of
ovarian cancer A2780 and stable cisplatin-resistant subline
CP70, which exhibits variable levels of cisplatin resistance
(between 15.81 and 64.19 yM) to investigate the mechanisms
of cellular accumulation of cisplatin. Similarly, the
expression of APE1/Ref-1 protein was obviously different in
A2780 and CP70 cell lines. The predominant pattern of
APE1/Ref-1 expression in A2780 cell line was nuclear. By
contrast, mixed nuclear/cytoplasmic expression was observed
in CP70 cell line. Both by immunohistochemistry and
Western blot, APEI protein expression level was noticeably
higher in CP70 cell line than A2780 cell line. Analysis of
Western blot demonstrated that CP70 cells displayed a 1.3-fold
higher APEI overexpression cmpared with A2780 cells.

According to these observations, it was shown that the
APE1/Ref-1 overexpression is correlated with platinum
resistance. It could be hypothesized that the exposure of
chemotherapeutic agents might stimulate tumor cells to
upregulate the levels of DNA repair proteins in order to
repair DNA damage. Consistently with this hypothesis,
APE1/Ref-1 content showed an increased trend in a dose-
dependent manner after different durations of cisplatin, in
both cells lines. Treatment of cisplatin resistant cell line with
cisplatin was associated with more significant increase in
APE1/Ref-1 protein level compared with the parent sensitive
cell line. The results may be due to chemo-resistance of
tumor cells that have higher DNA repair capability.
Similarly, Minisini and colleagues observed that patients
with breast cancer showing high topoisomerase Ila
expression and lower APE1/Ref-1 nuclear expression were
associated with favorable outcome (16). It is proposed that
higher expression of molecular targets of chemotherapy and
higher genetic instability due to the lack of DNA repair
systems could attribute to making DNA damaging agents
more effective in killing tumor cells.

With the increasing understanding of the molecular
mechanism of chemotherapy resistance, more and more gene
therapies emerge on cancer treatment which is being speci-
fically directed toward molecular pathways that underlie the
malignant phenotype. The above-described research indicates
that APE1/Ref-1 activity may be critical to platinum resistance;
we have studied whether we could increase cisplatin sensitivity
by downregulating APE1/Ref-1 expression. To accomplish
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this goal, we suppressed APE1/Ref-1 expression by using
silencing RNA targeting technology in A2780 and CP70 cell
lines.

The APE1 siRNA expression vector, entitled AdS5/F35-
APEI siRNA, constructed by De-Bing Xiang, could inhibit
APEI expression and AP endonuclease activity in a dose-
dependent manner (13). In this study, APE1 was supressed
from 80 to 95% at doses of 20-40 MOI Ad5/F35-APE1
siRNA. It is proposed that infection with Ad5/F35-APE1
siRNA would potentiate platinum-induced DNA damage
and enhance cytotoxicity of platinum. To test this hypothesis,
the effect of Ad5/F35-APE1 siRNA on sensitive (A2780)
and cisplatin-resistant (CP70) ovarian cancer cell lines was
investigated and compared to cisplatin sensitivity. Our findings
here demonstrate that reduced levels of APE1 dramatically
enhance the cisplatin sensitivity of A2780 and CP70 cell
lines. ICy, concentrations of cisplatin were 9.09- (A2780) or
4.63-fold (CP70) lower than those for cisplatin (MTT assay).
Our results are supported by those of others in that the
suppression of APEI results in hypersensitivity to chemo-
therapeutic agents (10,26,27). Additionally, targeted reduction
of Apel/Ref-1 protein by specific anti-sense oligonucleotides
renders mammalian cells hypersensitive to methylmethane
sulfonate (MMS), H,0,, bleomycin, temozolomide (TMZ)
and gemcitabine (22,28,29). Moreover, Robertson and
colleagues found that elevated expression of APEI in
testicular cancer cell lines results in resistance to certain
therapeutic agents, such as bleomycin and radiation (21).

We also examined the issue of whether the treatment with
APE1 siRNA enhanced cisplatin sensitivity was due to an
increase in apoptotic cell death. The TUNEL results showed
that a reduction in APE1/Ref-1 coincided with an increase in
apoptosis which was clearly demonstrated in siRNA-control
cells. A relatively high rate of apoptosis after exposure to
ICy, of cisplatin was observed in both A2780 and CP70 cell
lines after the APEI siRNA treatment. It was noted that this
increased apoptosis was markedly higher in resistant CP70
cells compared with A2780 cells. There is further evidence
that APE1 is involved in apoptosis. A 34-kDa protein, which
was isolated from apoptotic human leukemia cells induced
with camptothecin, was identified as an N-truncated form of
APE1 lacking residues 1-35 (-34 APEI) (30). Additionally,
another hypothesis on the APE1 role in apoptosis is based on
the finding that APE1 displays endonuclease activity towards
AP sites in single-stranded DNA (31).

The major cytotoxic lesion induced by platinum drugs is
considered to be platination of the DNA. One of the early
effects of the platination of DNA is a reduction in the rate of
DNA synthesis and a consequent slow-down in the traverse
of cells through the S phase of their cycle and subsequently,
there is a dose-dependent arrest in G2. To study the drug
resistance mechanism in which APE1/Ref-1 might be
involved, we analyzed the status of the cell cycle on A2780
and CP70 cell lines treated with Ad5/F35-APEl siRNA and
cisplatin. It was observed that, following exposure of cisplatin,
supression of APE1/Ref-1 is able to cause an arrest of cells in
the GO/G1 phase in the sensitive cell line A2780 compared
with untreated cells. In contrast, supression of APE1/Ref-1 in
resistance cell line CP70 showed accumulation S phase, which
paralleled the drop in DNA synthesis.
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DNA damage arising from exposure to cytotoxic agents
usually activates cell cycle checkpoints, which inhibit cell
cycle progression by decreasing the activities of Cdks leading
to cell cycle arrest at the G1 and G2/M phases. The cell cycle
arrest at these phases allows DNA repair and prevents DNA
replication or mitosis in the presence of damaged chromo-
somes. Non-reparable damage will trigger apoptosis under
certain circumstances. Treated cells arrest in S phase with a
complete withdrawal of cells from G/M phase, which
indicates that the effect on G2/M checkpoints, if any, is
overridden by the strong inhibition of DNA and RNA
synthesis. Previous flow cytometric studies have indicated
that the effect of APE1 siRNA on cisplatin sensitivity may be
partly due to the modulation of the cell cycle, as a result of
cellular response to DNA damage. New data demonstrate
that APE1 affects cell growth by directly acting on RNA
quality control mechanisms, thus affecting gene expression
through post-transcriptional mechanisms (32). Future research
is necessary in this area to identify the relationship between
APEI and cell cycle.

Although little is known of the mechanism of APE1/ Ref-1
impact on cisplatin resistance, some studies have provided us
useful clues to understand it. It was shown that potent down-
regulation of APE1/Ref-1 with siRNA arrests cell proli-
feration and causes apoptosis with accumulation of abasic
DNA damage in several human cell lines (33). APE1/Ref-1
has been implied to have a key role in regulation of p53
transcriptional activity by both redox-dependent and -
independent means (34), and the ability of p53 to induce
apoptosis is affected by APE1/Ref-1 levels (34,35). A
potential link has been found between APE1/Ref-1
expression and p53 status in different tumors with their
resistance to chemotherapeutic drugs (36). Recently,
Chattopadhyay and colleagues provided some evidence that
APEI] is a potential target for the drug sensitization of tumor
cells. Their studies show that APE1 stably interacts with Y-
box-binding protein 1 (YB-1) leading to the activation of the
multidrug resistance gene MDR1. APE1 downregulation
sensitizes MDR 1-overexpressing tumor cells to cisplatin or
doxorubicin, showing APE1's critical role in YB-1-
mediated gene expression and, thus, drug resistance in tumor
cells (37).

Although a vast amount of evidence indicate that
APE1/Ref-1 has a crucial impact on drug resistance, in this
study, we could not distinguish which function of APE1/Ref-1
is essential for survival. Several studies have focused on
some small molecules that blocked APE1 DNA repair
function or its redox function, respectively, to explore the
effect of APE1 or Ref-1 on the cancer cell response to
chemotherapeutic agents and radiotherapy. It has emerged
that some small molecules blocked APE1/Ref-1 DNA repair
function, or its redox function, such as methoxyamine (MX)
and 7-nitroindole-2-carboxylic acid (NCA), indirect and direct
inhibitor of APE1/Ref-1's DNA repair activity, respectively,
and lucanthone, direct inhibitor of APE1/Ref-1 repair activity
(28). For example, lucanthone sensitizes breast cancer cells
to methylating agents (38). These findings suggest that anti-
resistance chemotherapeutic targeting AP endo activity is
pharmacologically tractable and potentially efficacious.
Additionally, it has been confirmed that soy isoflavones,
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resveratrol and E3330 have effects on perturbing APE1/Ref-1
levels/function (21,28,35,39).

In summary, our observations in this study on the A2780
and CP70 cell lines provide proof of supression of
APE1/Ref-1 level/function, which might be a strategy to
overcome cisplatin resistance in primary ovarian cancer.
APE1/Ref-1 appears to form a unique link between the BER
pathway, cancer, transcription factor regulation, oxidative
signaling and cell-cycle control. This characteristic may
prove to be a valuable anti-resistance chemotherapeutic
target. Furthermore, the use of both APE1/Ref-1 repair
and/or redox inhibitors as single agent treatments or in
conjunction with standard chemotherapy and ionizing
radiation is an area that is unexplored to date and yet important
to investigate in certain cancer cells showing inherent
resistance to chemotherapy.
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