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ABSTRACT

Purpose: A crucial step in the DNA base excision repair
pathway involves the cleavage of an apurinic/apyrimidinic
site by an apurinic/apyrimidinic endonuclease (APE). The
major APE in mammalian cells is APE/ref-1, a multifunc-
tional enzymethat actsnot only asa DNA repair enzyme but
as a redox-modifying factor for a variety of transcription
factors. The purpose of this study is to determine whether
APE/ref-1 expression differs with ovarian cancer progres
sion and metastasis and in platinum-resistant disease.

Experimental Design: Ovarian tissue sections were ob-
tained from the Cooperative Human Tissue Network for
studies of APE/ref-1 expression and the metastatic process
and from our institutional Department of Pathology for
studies of APE/ref-1 expression and platinum resistance.
Tissue microsections from formalin-fixed, paraffin-embed-
ded specimens of epithelial ovarian cancers were stained
using a monoclonal antibody to APE/ref-1 followed by
standard immunohistochemical techniques. Slideswerethen
analyzed for the percentage of positively staining nuclei as
well as staining intensity using a blinded coding system.

Results: All epithelial ovarian cancers expressed APE/
ref-1. Therewereno significant differencesin the percentage
or intensity of nuclear staining in primary tumors from
patients with early- versus advanced-stage disease or in
primary tumors versus metastasis from patients with ad-
vanced disease. Both platinum-sensitive and platinum-
refractory tumors demonstrated a range from minimal to
high intensity staining nuclei with a median value of 2+
staining on a scale of 0-3+. The median value for the
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percentage of nuclei involved was 70% in the platinum-
sensitive group and 90% in the platinum-refractory group
(P = 0.118).

Conclusions. APE/ref-1 expression is ubiquitous among
epithelial ovarian cancers and is unaltered with the meta-
static process. APE/ref-1 expression does not appear to dif-
fer between platinum-sensitive and platinum-refractory
ovarian cancers and thus is not a useful biomarker for
platinum resistance. Combined with evidence that APE/
ref-1 expression and function may not be equivalent in all
cell types and tissues, future work will investigate APE/r ef-1
as a potential therapeutic target.

INTRODUCTION

Ovarian cancer is the leading cause of gynecological can-
cer death in the United States. The relatively asymptomatic
nature of early-stage disease and the lack of adequate screening
tests have resulted in the majority of cases presenting with stage
Il or stage IV disease. Standard treatment for advanced-stage
disease involves cytoreductive surgery followed by the admin-
istration of platinum-based combination chemotherapy. Ap-
proximately 15% of patients will not respond to this primary
chemotherapy regimen; furthermore, of those that initially re-
spond to chemotherapy, the majority of patients will eventually
relapse and die from chemoresistant disease.

Understanding the factors that determine the chemoresis-
tance of cells is therefore an important area of investigation.
DNA is thought to be the main target for the toxicity of plati-
num. The reactive complex binds to DNA to form inter- and
intrastrand cross-links, resulting in inhibition of both DNA and
RNA synthesis. The survival of cells after exposure to platinum
is governed by complex interactions between a large number of
proteinsinvolved in DNA damage recognition, DNA repair, and
the response of cellsto unrepaired or misrepaired DNA damage.

Evidence of the significance of DNA repair as a mediator
of platinum resistance first came from the study of DNA repair-
deficient mutants of bacteria, where it was found that low ability
to repair DNA damage results in hypersensitivity to DNA-
reactive drugs (1). Conversely, it has also been demonstrated
that cisplatin resistance to human ovarian cancer cells is asso-
ciated with increased DNA repair capacity. Masuda et al. (2)
reported increased DNA repair capabilities in vitro, relative to
the degree of cisplatin resistance, among cisplatin-resistant cells
versus cisplatin-sensitive controls. Therefore, it is reasonable to
anticipate that variations in the levels of expression of such
proteins may result in variations in clinical chemosensitivity.

DNA damage may occur as a result of oxidizing agents,
hydrolysis, UV or ionizing radiation, or alkylating agent chem-
otherapy. Apurinic/apyrimidinic sites are the most common
form of DNA damage, and the DNA base excision repair path-
way is primarily responsible for the repair of this type of
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damage (3). Excision repair involves recognition of DNA dam-
age, incision of DNA on either side of the lesion, generation of
a new DNA strand to replace the excised segment, ligation of
the new segment to the existing strand of DNA, and restoration
of the normal chromatin conformation. A crucial step in the base
excision repair pathway involves the cleavage of an apurinic/
apyrimidinic site in DNA by an APE.? The major APE in
mammalian cells is APE/ref-1, a multifunctional enzyme that
acts not only as an APE but as a redox regulation factor for
DNA binding of transcription factor (4). In vitro evidence sug-
geststhat APE/ref-1 activity isthe rate-limiting step in the repair
of DNA oxidative damage (5).

APE/ref-1 expression has been studied in other cancersin
relation to resistance to chemotherapy and radiotherapy. Kouk-
ourakis et al. (6) found that nuclear expression of APE/ref-1
[also referred to as human APE (HAPL/Ref-1)] in head and neck
cancer was associated with resistance to cisplatin chemoradia-
tion therapy and poor outcome. Herring et al. (7) reported that
there was an inverse association between intrinsic radiosensi-
tivity and the levels of HAPL in cervical carcinoma. There is
recent evidence that APE/ref-1 expression and base excision
repair capabilities may differ among cell types and tissues.
Based on demonstrable differences in immunohistochemical
expression, we previously postulated that APE/ref-1 function
may differ between epithelial ovarian cancers versus normal
ovarian tissues and benign ovarian neoplasms (8). The purpose
of the present study was to determine (a) whether APE/ref-1
expression is different in primary tumors of early versus ad-
vanced ovarian cancers, (b) whether APE/ref-1 expression is
different in the primary tumor versus metastasis in advanced
ovarian cancers, and (c) whether APE/ref-1 expression differsin
platinum-sensitive versus platinum-refractory epithelial ovarian
cancers.

MATERIALS AND METHODS

Tissue Specimens. Ovarian tissues prospectively col-
lected via the Gynecologic Oncology Group were obtained from
the Cooperative Human Tissue Network (Columbus, OH). Re-
quested were tissues from primary ovarian tumors in patients
with stage | disease and both primary ovarian tumors and
metastasis from patients with advanced ovarian cancers. Gyne-
cologic Oncology Group tissue acquisition viathe protocol #136
mechanism did not occur without prior Institutiona Review
Board approval and written informed consent from participating
patients. Tissue blocks from formalin-fixed, paraffin-embedded
ovarian cancer specimens were cut in approximately 6-pm
sections, fixed on glass dides, and shipped to the authors
|aboratory for further processing.

Archival ovarian tissues used for the correlative studies of
APE/ref-1 expression and platinum resistance had been obtained
during primary staging procedures by gynecologic oncology
surgeons at the Indiana University School of Medicine and
stored in the Department of Pathology. Patients with platinum-
sensitive (n = 20) and platinum-refractory (n = 17) tumors

2 The abbreviation used is: APE, apurinic/apyrimidinic endonuclease.
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Fig. 1 A, 1+ staining of tumor cell nuclei. Very light staining of nuclei
is present (H&E, X400). B, 2+ nuclear staining. Nuclel display darker
staining, but chromatin pattern is still visible (H&E, X400). C, 3+
nuclear staining. Nuclei are very darkly stained, and nuclear detail is
obscured by the stain (H&E, X400).

were identified from the gynecologic oncology database of
patients treated for ovarian cancer between July 1996 and June
1998 at Indiana University School of Medicine. All patients had
received primary platinum-based chemotherapy after surgery.
Platinum sensitivity was defined by response to first-line plati-
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Fig. 2 Percentage of nuclei with positive APE/ref-1 immunostaining in
the primary tumors of early versus advanced ovarian cancer. Mean
values, early (60%) versus advanced (56%), P = nonsignificant.

num-based therapy 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
relapsed within 6 months were considered to have platinum-
refractory disease. Criteria for persistence or recurrence in-
cluded 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.

All surgical specimens were fixed in 4% buffered formal-
dehyde and embedded in paraffin. Tissue blocks were cut in
6-m sections and fixed on glass slides. Slides were immuno-
stained and analyzed using a blinded coding system such that
staining procedures and microscopic assessments were per-
formed without knowledge of the histopathological diagnosis
and response to primary chemotherapy.

Antibody Preparation. The initial anti-APE/ref-1 poly-
clonal antibody was produced using overexpression of the hu-
man APE/ref-1 protein in a pGEX-glutathione S-transferase
Escherichia coli system (Pharmacia, Uppsala, Sweden), as de-
scribed previoudly (9, 10), and was obtained from Novus Bio-
logicals (Littleton, CO). However, we have more recently pro-
duced a monoclonal antibody (Affinity Bioreagents Inc.,
Golden, CO) that was used in the studies herein presented. Both
polyclona and monoclona antibodies yielded identical results.
Antibody purity was confirmed with Western blot analysis
before each use (9, 10), and each batch of dides was simulta-
neously processed using the same antibody concentration. Tis-
sues determined previously to express APE/ref-1 were used as
positive controls.

Immunohistochemistry. Tissue sections were coated
with anti-APE/ref-1 antibody (mouse antihuman APE/ref-1
monoclonal antibody) and incubated overnight at 4°C at a 1:200
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Fig. 3 Intensity of APE/ref-1immunostaining in the primary tumors of
early versus advanced ovarian cancer. Mean values, early (2.5+) versus
advanced (2.1%), P = nonsignificant.

dilution in 10% goat serum in PBS. The next day, sections were
washed three times for 5 min in PBS and incubated with
biotinylated goat antimouse 1gG (Vector Laboratories, Burl-
ingame, CA) at 15 w/ml in 10% goat serum for 1 h. After two
PBSwashes for 5 min each, sections were incubated with avidin
and biotinylated horseradish peroxidase complex (ABC elitekit;
Vector Laboratories) for 45 min. Slides were then incubated
with diaminobenzidine (Vector Laboratories). After the devel-
opment of color signal, the sections were washed briefly in
distilled H,O, counterstained with eosin, dehydrated through a
graded alcohol to xylene sequence, coverslipped, analyzed, and
selectively photographed. As a negative control, preimmune
1gG (50 w/ml) was used as the primary antibody in place of
anti-APE.

Slides were analyzed using light microscopy by the same
gynecologic pathologist for the percentage of nuclei staining
positive for APE/ref-1 and the intensity of staining on a 0—-3+
scale (Fig. 1). The pathologist was blinded to clinical data. Any
appreciable brown staining was considered positive and graded
as follows: 1+, barely detectable staining; 2+, easily seen fine
granules were present diffusely throughout the nucleus or cyto-
plasm; or 3+, staining was so strong that nuclear detail was
obscured. For scoring purposes, the nuclear intensity was graded
according to the strongest staining areas within that sample. The
percentage of cells exhibiting positive staining was estimated. A
corresponding H& E stain was reviewed to determine diagnosis
and map the location of the various histological patterns with the
staining patterns observed in the immunohistochemistry prepa-
rations.

RESULTS

From the Cooperative Human Tissue Network, we ob-
tained dlides from 20 patients with early-stage and 40 patients
with advanced-stage epithelial ovarian cancer. For patients with
advanced-stage disease, slides were available from both primary
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Fig. 4 Percentage of nuclei with positive APE/ref-1 immunostaining in
the primary tumor versus metastasis in patients with advanced ovarian
cancer.

and metastatic tumor. Slides from seven patients were deemed
inevaluable and excluded [no tumor seen (three patients), only
low malignant potential tumor seen (one patient), no viable
tumor or extensive necrosis (two patients), or inadequate sample
(one patient)]. All epithelial ovarian cancers expressed APE/
ref-1. Overall, there were no differences in the percentage or
intensity of nuclear staining in primary tumors from patients
with early- versus advanced-stage disease (Figs. 2 and 3) or in
the primary tumors versus metastasis from patients with ad-
vanced disease (Figs. 4 and 5). The staining pattern in the
primary tumor usually differed from that of the metastasis, but
there was no consistent trend. In some cases, APE/ref-1 immu-
noexpression was increased in the metastasis, in some cases it
was decreased, and in afew cases it was the same. Cytoplasmic
staining was predominant in four patients with early-stage ovar-
ian cancer and seven patients with advanced-stage ovarian can-
cer. Among patients with advanced-stage disease, cytoplasmic
staining was present in the primary tumor only (four patients),
the metastasis only (two patients), and in both (one patient).

A total of 37 tissue blocks from Indiana University School
of Medicine were processed and analyzed for APE/ref-1 expres-
sion with respect to platinum resistance. One specimen was
eliminated when no tumor could be found in the processed slide.
The groups were well matched for age and stage. All patients
had FIGO stage Il1 or 1V disease, except for two patients in the
platinum-sensitive group who had stage 1A disease and one
patient in the platinum-refractory group who had stage IC
disease.

The median value for nuclear intensity for both groups was
2+, with both groups showing a range of low- to high-grade
staining. The median value for percentage of nuclei involved
was 70% in the platinum-sensitive group and 90% in the plat-
inum-refractory group. Using a Mann-Whitney rank-sum test,
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Fig.5 Intensity of APE/ref-1 immunostaining in the primary tumor
versus metastasis in patients with advanced ovarian cancer.

the two groups were compared (Signa Stat Program, Version
2.0; SPSS Inc.), and this difference was not significant (P =
0.118). Cytoplasmic staining was uniformly absent in all sam-
ples. The mgjority of the tumor specimens demonstrated varia-
tions in the staining intensity, with some samples showing 1+
staining in one portion of the dide and 2+ staining in another
portion. In nearly al cases, the percentage of positive nuclear
staining was high, with only 5 of the 36 evaluable specimens
showing staining of <50% of nuclei. Only one tissue sample
showed no staining at all.

If APE/ref-1 expression were to be used in the clinical
setting as a biomarker for platinum resistance, a meaningful
difference in platinum-resistant versus platinum-sensitive pop-
ulations should be large (for example, a difference of intensity
of at least 1+ grade on a scale of 0—-3+ or a difference in
percentage of nuclei involved of 50%). The results of a power
analysis on these data suggest that our sample size was suffi-
cient to detect a difference of this magnitude, had one existed.

DISCUSSION

The ability to identify cases of platinum-refractory ovarian
cancer before initiating treatment would obviate unnecessary
toxicities from predictably ineffective platinum-based chemo-
therapy regimens in favor of alternative investigational treat-
ments. This study observed no difference in the pattern of
staining of APE/ref-1 between the two study groups; therefore
APE/ref-1 cannot be used as a clinical marker of platinum
resistance. Furthermore, immunohistochemical expression of
APE/ref-1 is not altered with more advanced stages of ovarian
cancer or with the metastatic process.

There are severa possible explanations for these observa-
tions. One factor that could influence results is that immuno-
histochemical methods observe quantitative, not qualitative, dif-
ferences in APE/ref-1 protein. Recent in vitro studies have
investigated whether changes in APE/ref-1 expression observed
at the protein level trandated into changes in APE/ref-1 DNA
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repair capabilities. Moore et al. (8) used an apurinic/apyrimidi-
nic site oligonucleotide cleavage assay to demonstrate that pro-
tein levels correlated well with appropriate changes in DNA
repair activities. The DNA repair domain of APE/ref-1 resides
near the COOH terminus (11). The DNA repair activity of
APE/ref-1 may be inactivated by phosphorylation (12). Various
investigators have linked single-nucleotide polymorphisms in
DNA repair genes with cancer susceptibility (13, 14). Hu et al.
(15) demonstrated that a single amino acid substitution in APE/
ref-1 resulted in increased susceptibility to ionizing radiation. It
is presently unknown whether the antibody used in these exper-
iments can distinguish between these subtle physical and func-
tiona states of APE/ref-1 protein. Consequently, observed ex-
pression differences via immunohistochemistry may not reflect
aterations in DNA repair capabilities.

A second factor that must be considered is that APE/ref-1
functions extend beyond DNA repair. Xanthoudakis and Curran
(16) found that APE/ref-1 is involved in the redox-activated
binding of transcription factors Fos, Jun, and activator protein-1.
Subsequently, APE/ref-1 has been shown to activate a host of
other transcription factors including nuclear factor kB, CAMP
response element-binding protein, p53, hypoxia-inducible factor
la, and HIF-like factor and facilitate their DNA binding via
redox regulation (17-21). The redox activities of APE/ref-1
reside in a separate domain near the NH, terminus (11). It is
possible that the effect of APE/ref-1 expression on platinum
sensitivity may be related to its other functions, specificaly the
redox control of transcription factor binding to DNA. At pres-
ent, there are no data demonstrating that DNA repair functions
and redox regulatory functions of APE/ref-1 are regulated in a
coordinate fashion. In fact, Prieto-Alamo and Laval (22) con-
structed a mutated protein endowed with normal APE activity
but devoid of redox function. When this mutated protein was
expressed in a cell line, elevated APE activity was measured,
however, sensitization to the lethal effects of compounds requir-
ing bioreduction (mitomycin C, porfiromycin, and daunorubi-
cin) was no longer observed (22). In addition to functioning as
amodulator of transcriptional activity through redox regulation,
there is evidence that APE/ref-1 is itself modulated via post-
transcriptional redox modifications. Hirota et al. (23) discovered
an association between APE/ref-1 redox activity and thiore-
doxin, a small ubiquitous protein with multiple biological func-
tions including cellular defense mechanisms against oxidative
stress. Translocation of thioredoxin from the cytoplasm to the
nucleus was essential for the association between APE/ref-1 and
thioredoxin and for the subsequent enhancement of activator
protein-1 binding (23). There is evidence that platinum induces
thioredoxin and that cells which overexpress thioredoxin display
increased resistance to platinum (24). It is quite apparent that
APE/ref-1 redox regulation involves a complex and still misun-
derstood cascade of events.

Previously, it was mentioned that nuclear expression of
human APE/ref-1 (HAPL) is associated with resistance to chem-
otherapy and poor outcome in head and neck cancer (6). Con-
versely, cytoplasmic (but not nuclear) expression of HAPL is
associated with poor predictors of outcome (angiogenesis,
lymph node positivity, and poor tumor differentiation) in breast
carcinoma (25). Uncertainties regarding in vivo functional status
notwithstanding, it may be that APE/ref-1 is expressed by all

epithelial ovarian cancers but under usual circumstances does
not otherwise function in this disease in a rate-limiting capacity
to influence the process of tumor metastasis or affect the clinical
emergence of platinum resistance. This possibility does not limit
the relevance of base excision repair in general or APE/ref-1
function in particular to ovarian carcinoma. In vitro studies have
shown that cell lines overexpressing specific DNA repair genes
are rendered resistant to ionizing radiation and certain chemo-
therapeutic agents (26, 27). The subsequent identification of
small molecule inhibitors, small interfering RNAs, or other
emerging technologies may lead to novel pharmacological strat-
egies designed to selectively target and inhibit specific enzymes
in DNA repair pathways and thereby sensitize tumor cells to
radiation therapy or chemotherapy.

This study suggests that resistance to platinum-based
chemotherapy in ovarian cancer isindependent of the DNA base
excision repair pathway. APE/ref-1 expression does not appear
to differ between platinum-sensitive and platinum-refractory
ovarian cancers and thus is not a useful biomarker for platinum
resistance. Additional studies are needed to confirm these find-
ings and in particular to clarify the functional role of APE/ref-1
in ovarian cancer. APE/ref-1 expression is ubiquitous among
epithelial ovarian cancers and is unaltered with the process of
metastasis. Future work should investigate APE/ref-1 as a po-
tential therapeutic target.
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