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Potential and Limitations in Early
Diagnosis of Ovarian Cancer

Nicole Urban and Charles Drescher

1 Ovarian Cancer Screening May Reduce Mortality
in the Future but Many Challenges Remain

Five-year survival rates for invasive epithelial ovarian cancer have changed little in
recent decades, remaining constant at about 30% when cancer has spread outside
the ovaries, and about 90% when disease is confined to the ovaries. Ten-year sur-
vival for ovarian carcinoma varies greatly according to the stage at diagnosis (1)
and survival is best when cancer is confined to the ovary at the time of diagnosis
(Fig. 1); even patients with high-grade serous tumors do well if they are diagnosed
while the tumors are confined to the ovary (Fig. 2).

The goal of screening is to reduce mortality by detecting cancer early. The
potential reduction in mortality is great, because currently fewer than 25% of cases
are confined to the ovary at diagnosis. Interest in diagnostic markers that can be
measured in blood products is particularly high, as several promising marker panels
have been reported in the last decade (2, 3). However, using these markers to detect
ovarian cancer early enough to reduce mortality remains challenging because
screening needs to identify cancer before symptoms occur, early enough that the
disease is still curable. It is well established that the best screening tests detect can-
cer before it becomes invasive, by identifying precursor lesions and enabling pre-
vention of invasive cancer through early intervention.

In considering the challenges inherent in ovarian cancer screening, it is helpful
to distinguish among diagnostic, early detection, and risk markers. Figure 3 depicts
the behavior of three hypothetical markers as cancer progresses through a precursor
lesion stage, an early invasive stage, metastasis, and death. Markers A, B, and C are
equally elevated at the time of diagnosis, but they are not equally good early detec-
tion markers because their behavior prior to diagnosis varies. Marker A performs
well as a diagnostic marker because it is highly elevated in women with cancer who
present clinically with symptoms, but it does not provide signal until the disease is
well advanced. Marker B is a better early detection marker because it elevates while
the disease is still potentially curable, signaling preinvasive as well as invasive dis-
ease. Marker C elevates even earlier; hence, it might be useful as a risk marker to
predict disease in the future especially if precursor conditions are unknown or

G. Coukos et al. (eds.), Ovarian Cancer. 3
© Springer 2008
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Ovarian Carcinoma 10 year Relative Survival
by FIGO Stage
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Fig. 1 Ten-year survival for ovarian cancer varies greatly according to FIGO stage at diagnosis,
only when the cancer is confined to the ovary is long-term survival above 80%
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Fig. 2 Ten-year survival is over 60% when the cancer is confined to the ovary at the time of
diagnosis even for serous ovarian cancers that are poorly differentiated
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Fig. 3 Conceptual framework for determining the clinical utility of a serum marker. The signal
provided by a screening test prior to symptoms and clinical diagnosis determines its utility as a
diagnostic (a), early detection (b), or risk (c) marker. Reproduced from (4) with permission from
Future Medicine Ltd

undetectable. Screening for elevated risk can reduce disease incidence if preventive
treatment is available; for example, screening for and treating high cholesterol/trig-
lycerides and high blood pressure effectively reduces the adverse events associated
with cardiac disease. A similar use of screening for ovarian cancer risk markers
may be important to explore because of the many challenges to early detection of
curable invasive lesions.

2 Good Early Detection Serum Marker Candidates
Complement CA125 and Show Stability Over Time

The potential for reducing ovarian cancer mortality through earlier diagnosis and
treatment is great, but available screening approaches such as CA125 and trans-
vaginal sonography (TVS) often fail to detect early, asymptomatic disease; in addi-
tion they can lead to unnecessary surgery. The hope for early detection remains
high, however, because emerging technologies are facilitating identification of



6 N. Urban and C. Drescher

novel markers that complement CA125. Many serum biomarkers have been identi-
fied for ovarian cancer, including CA125 (5), prolactin (6), mesothelin (7), HK11
(8), osteopontin (9), HE4 (10), B7-H4 (11), and SPINT2 (12).

To date, only CA125 has been shown to detect ovarian cancer prior to symptoms.
CA125 above 30U mL™" was used to select postmenopausal women for ultrasound
screening in a pilot trial in the UK. Prevalence screening (22,000 women) yielded
sensitivity of 85% and 58% at 1-year and 2-year follow-up, respectively, and specifi-
city of 99.6%. Results of the 2-arm RCT (11,000 per arm) suggest that survival was
better in the screened group (72.9 vs. 41.8) and that the positive predictive value was
acceptable at 20% (13). For a disease as rare as ovarian cancer, specificity of 99.6%
is needed in a screening test with 80% sensitivity to achieve a positive predictive
value (PPV) of 10%. A high PPV is important because definitive diagnosis requires
major abdominal surgery. Results of the pilot trial in the UK suggest that use of a
marker panel including CA125 to select women for TVS and/or surgery may be a
cost-effective screening strategy. These results are consistent with predictions of a
microsimulation model of ovarian cancer screening (14) that uses three interrelated
components to estimate screening outcomes. Assumptions were made regarding the
natural history of ovarian cancer in the absence of diagnosis and treatment; disease
detection as a function of characteristics of the woman, her cancer, and detection
modalities used; and survival as a function of age of the woman and the stage of her
disease at the time of diagnosis. The model predicted that using rising CA125 to
select women for TVS is a cost-effective approach to screening, and that frequent
screening may be needed to realize benefits if the disease progresses quickly from a
curable to an incurable condition.

On the basis of these and other observations, statistical methods have been
developed for using marker history to improve screening performance. Methods
such as the Risk of Ovarian Cancer algorithm (ROCA) (15) or the Parametric
Empirical Bayes (PEB) decision rule (16) are particularly useful when marker lev-
els rise (or fall) as cancer develops relative to an individual woman’s usual marker
levels. As illustrated in Fig. 4, a marker’s levels in the absence of cancer may vary
more among women than within an individual woman over time, rising (or falling)
significantly relative to a woman’s usual level only in the presence of cancer. This
is characteristic of many potentially useful markers including CA125.

Testing for change over time in a marker can improve sensitivity without loss in
specificity. In the PEB approach (16), at each screen, a woman’s serum is tested for
deviance from her own normal value of the marker. The threshold for positivity can
be set such that a targeted percent of women are referred for further work-up at each
screen, so that sensitivity is maximized within desired specificity. Women’s char-
acteristics such as age are accounted for using the PEB rule. The risk-of-ovarian
cancer algorithm (ROCA) is similar but tests specifically for exponential rise in
CA125 using call-backs for repeat testing (15).

Markers that are specific to malignancy are needed to avoid identification of
benign ovarian conditions that are much more common than ovarian cancer. Several
such markers are under evaluation. For example, the human epididymis protein 4
(HE4/WFDC?2) (17) has been studied independently by several institutions and is
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Fig. 4 Conceptual framework for developing decision rules for markers such as CA125. When
marker levels vary less over time within an individual woman than among women in a screening
population, change over time in a marker can signal cancer earlier than a single threshold rule

found to be promising as a marker for ovarian carcinoma (10). It is a secreted glyc-
oprotein that is overexpressed by serous and endometrioid ovarian carcinomas (18).
It is one of the several genes showing in silico chromosomal clustering and display-
ing altered expression patterns in ovarian cancer (19). Evaluation in serum suggests
that HE4 is as sensitive as CA125 and more specific in that it detects fewer benign
tumors; it is also stable over time in healthy women (10).

Similarly, mesothelin (MSLN) has been shown to be a soluble protein present in
serum, and is potentially useful in a diagnostic panel including CA125. Mouse
monoclonal antibodies were used in a sandwich ELISA to measure MSLN in serum
(7). Receiver operating characteristics (ROC) curve analysis was used to evaluate
the value added of MSLN to a composite marker including CA125, using 53 cases
and 220 controls (20). Logistic regression was used to define a composite marker
including CA125 and MSLN. The composite marker is a linear combination of the
markers in the panel. Marker levels were converted to logs and standardized.
Logistic regression was used to estimate the weights for each marker (21), control-
ling for menopausal status: CM = 1.4 x CA 125 + 1.0 x MSLN. The CM can be
analyzed as if it were a single marker in ROC curves (Fig. 5) and in longitudinal
algorithms such as the PEB for use in screening.

HE4, MSLN, CA125, and 15 other candidate markers were further evaluated in
200 blinded serum specimens from ovarian cancer cases and healthy women, includ-
ing 41 healthy controls from a screening study (20 contributed blood two times one
year apart), 47 otherwise healthy women undergoing pelvic surgery without tubal/
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Fig. S Addition of MSLN to a panel that includes CA125 improves detection of ovarian cancer

ovarian pathology, 24 surgical controls with benign ovarian conditions and 68 cases
including 11 stage 1, 5 stage 2, 39 stage 3, 11 stage 4, and 2 unstaged ovarian cancers.
All epithelial cancer histologies were represented, including 34 serous, 7 endome-
trioid, 3 mucinous, 2 clear cell, 17 other and 5 undifferentiated. Several good
marker candidates were identified, including 8 markers with sensitivity > 50% at 80%
specificity. Three had sensitivity >50% at 85% specificity, two had sensitivity >50% at
90% specificity, and one had sensitivity >50% at 99% specificity as well as sensitivity
>75% at 95% specificity.

Markers that performed well as individual diagnostic markers were further
evaluated in clinical samples for their contribution to a panel including CA125,
at Fred Hutchinson Cancer Research Center (FHCRC) in Seattle; some of these
and other novel markers were evaluated similarly at Dana Farber Cancer Center
(DFCC) in Boston. At both institutions, clinical samples were obtained from
women with ovarian cancer at the time of diagnosis, prior to any treatment
including surgery. Markers that showed univariate sensitivity of at least 30% at
95% specificity included seven markers from the FHCRC panel and five markers
from the DFCC panel. Six markers improved the sensitivity of CA125 at 95%
specificity. Eight markers showed correlation >0.5 for samples taken 1 year, apart
from the same woman, suggesting stability over time within women. The screen-
ing performance of these markers can be improved using a longitudinal screening
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algorithm such as the PEB (22). Research to identify the markers that provide
signal early, when the disease may still be curable, is currently underway but
results are not yet available.

3 The Best Candidates for Use in an Early Detection Panel
Provide Signal Prior to Symptoms, Early in the Disease Process

Estimates of the lead times of candidate markers are needed to accurately predict
the markers’ contribution to an effective early detection panel for use in a screening
program. Promising serum markers have been evaluated independently in clinical
samples at several institutions, but their lead times remain unknown. To address this
need, a 2-year validation study has been initiated by the National Cancer Institute
(NCI) in the US to evaluate candidate markers, using the serum repository of the
NCI Prostate, Lung, Colorectal, and Ovarian Cancer (PLCO) screening trial, a
repository that contains serial preclinical samples from over 100 women who have
been diagnosed with ovarian cancer as well as serial samples from healthy compa-
rable controls. Preclinical samples are needed to estimate the markers’ lead times
and the probability that cancer will be diagnosed within an arbitrary period such as
2 years, as a function of marker levels and change. The PLCO trial is a large, multi-
center randomized controlled screening trial that includes collection and storage of
6 serum samples collected one year apart from 37,000 healthy women randomized
to the screened arm, as well as 10 years of follow up for cancer diagnosis for all
74,000 women participating in the trial (Table 1).

It has long been recognized that collaboration is needed to identify and validate
the best diagnostic and early detection panels, as promising results from single-
institution studies have seldom been reproducible. The NCI collaboration is a Phase
II/1IIT Validation Study (23) of a Consensus Panel of Early Detection Serum Markers
led by Dan Cramer (DFCC) and Nicole Urban (FHCRC). A 2-year study began in

Table 1 The Prostate, Lung, Colon, and Ovary (PLCO) trial provides serial serum samples from
healthy post-menopausal women with follow up for cancer. Reproduced from (4) with permission
from Future Medicine Ltd

Centers collaborating 10

Arms 2

Study population Women aged 55-74

Endpoint Cause-specific mortality

Size 74,000 total (37,000 in each of two arms)
Power 88% for 35% mortality reduction (1-sided test)
Enrollment period 3 years

Duration of screening 4 screens 1 year apart®

Duration of follow-up Minimum of 10 years postrandomization
Screening protocol Annual TVS, CA-125, bimanual pelvic exam

*The PLCO design was revised to continue screening for an additional 2 years using only CA125
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August 2005, which includes investigators from five Ovarian Cancer Specialized
Program of Research Excellence (SPORE) sites (DFCC, FHCRC, Fox Chase
Cancer Center, MD Anderson Cancer Center, and University of Alabama,
Birmingham), three Early Detection Research Network (EDRN) sites (FHCRC,
DFCC, U Pittsburgh), and the PLCO trial at NCI. In the first year, a new set of
Phase II (clinical) specimens will be used to evaluate the most promising diagnostic
markers including HE4 and MSLN as well as an expanded panel of markers meas-
ured by bead-based assays. In the second year, the best diagnostic markers will be
evaluated in PLCO (preclinical) specimens to predict their utility as early detection
or risk markers. Using data from analysis of PLCO preclinical blood samples, diag-
nosis of ovarian cancer within 2 years (or another arbitrary period) of a blood draw
can be predicted. Because the women who contributed blood samples were all
participating in screening, cancer could have been detected by CA125, TVS or
symptoms, or symptoms. Blood samples were not collected from women allocated
to the control group of the PLCO trial.

The NCI collaborative study will test the hypothesis that a panel of biomarkers
will have better performance characteristics than any single marker, and yield a
longer lead time than CA 125 alone. Over 20 putative biomarkers have been evaluated
by SPORE and EDRN investigators using bead-based (Luminex®) assays as well as
standard ELISA. In the first year, candidate biomarkers will be evaluated in a new set
of 160 cases (80 early-stage and 80 late-stage), 160 surgical controls, 480 general
population controls, and serial samples collected 1 year apart in 40 healthy controls.
Samples will be provided by five ovarian cancer SPORE institutions for blinded
measurement of assays at three laboratory sites: DFCC, FHCRC, and U Pittsburgh.
A consensus panel will be identified including the biomarkers that are most informa-
tive on their own or most complementary when used together, within specimen vol-
ume constraints. For as many markers in the consensus panel as possible, bead-based
assays will be developed and evaluated for their reproducibility, validity, and perform-
ance relative to standard ELISA. Bead-based assays, multiplexed if possible, will be
used in PLCO specimens to preserve PLCO specimen volume for future studies.

In the second year, PLCO preclinical samples from approximately 100 cases and
1,000 matched controls will be used to estimate the lead time of each individual
marker and establish the best marker combination. Markers that show elevation
within a year prior to diagnosis will be evaluated using the entire preclinical history
to estimate the lead time for each marker and the marker panel. A small amount of
serum from prediagnostic specimens from the PLCO cases and controls will be
made available for the study. Some will be allocated for testing bead-based
(Luminex® platform) assays, and the remainder will be used for high-priority mark-
ers that can be measured only by standard ELISA. Any remaining sera from false
positive and false negative cases will be used to discover additional biomarkers that
complement the existing panel, using novel high throughput proteomic discovery
platforms.

A research challenge is that specimen quantities are limited in the stored sam-
ples from the PLCO trial. Accordingly, to the extent possible, bead-based assays
will be used to measure candidate markers in the PLCO samples to minimize specimen
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requirements. In preparation for this and other validation studies using preclinical
specimens, bead-based assays have been developed for top marker candidates,
including CA125 and HE4. For CA125, four commercially available monoclonal
antibody pairs were tested on a bead-based platform to select the best pair with
respect to assay feasibility (affinity) and accuracy in assessing known antigen con-
centrations. Two CA125 bead-based assays were optimized and evaluated in serum
samples using the two best pairs of CA125 antibodies, and one HE4 assay was
similarly optimized using the only available monoclonal antibody pair. These three
bead-based assays were then measured blinded in a triage set of 64 cases, 55
screening controls, and 70 surgical controls, most of which had been previously
characterized for CA125 and HE4, using ELISA. Each bead-based assay was evalu-
ated for reproducibility, validity, and screening performance (24).

The best CA125 bead-based assay uses antibodies from RDI, with a correlation
between replicates of 0.99 overall and 0.83 in screening controls. Its correlation
with CA125I1I is 0.95 overall and 0.64 in screening controls. The HE4 bead-based
assay showed correlation between replicates of 0.95 overall and 0.86 in healthy
controls, and its correlation with ELISA was 0.95 overall and 0.86 in screening
controls. A composite marker (CM) was constructed for CA125 and HE4, defined
as a linear combination of the HE4 and CA125 (RDI antibody pair) bead-based
assays. Using published methods (21), marker levels were converted to logs and
standardized, and logistic regression was used to estimate the weights for each
marker: CM = 0.56 x CA125 + 1.20 x HE4. Its diagnostic performance was meas-
ured by the area under the curve (AUC) for the ROC curve estimated using the
triage set described earlier. Performance for the CM using bead-based assays for
cases vs. all controls (AUC = 0.91) was better than that of the CA125II RIA assay
used alone (AUC = 0.87), the bead-based CA125 assay used alone (AUC = 0.85),
or the HE4 bead-based assay used alone (AUC = 0.89) (24). Interassay CVs for the
bead-based assays were found high by commercial ELISA standards but have been
recently improved by normalizing across plates.

These analyses suggest that bead-based assays for HE4 and CA125 combine to
form a panel that performs better than either marker used alone, particularly at the
very high specificities needed in screening programs. Multiplexed bead-based
assays may reduce specimen requirements even further. The availability of assays
that require 15UL or less of serum, such as those described earlier, may make it
possible to explore the behavior of candidate markers in stored samples from the
Women’s Health Initiative (WHI) (25) as well as those from the PLCO. The WHI
population is restricted to women aged 50-79 at entry and represents the average-
risk, postmenopausal population from which the majority of ovarian cancers arise.
A total of 68,000 women were randomized in the clinical trial (CT) and 93,000
women were enrolled in the observational study (OS). The women provided self-
reported demographics, reproductive, medical, and family history, and lifestyle data
as well as blood samples at baseline and either 1 year (CT) or 3 years (OS) later.
Table 2 reports the number of women for whom samples are currently available for
biomarker validation from the OS, reported by months elapsed between the blood
draw and the cancer diagnosis.
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Table 2 Women'’s Health Initiative (WHI) samples are appropriate for estimating
lead time and best clinical use of each candidate marker: Samples are available for
over 250 women of whom 70 provide two samples 3 years apart, and the second
sample obtained within 2 years of the cancer diagnosis

Number of cases after Number of cases

Months from draw baseline blood after 3-year blood
to diagnosis draw (n = 250) draw (n = 100)
0-6 11 20

6-12 19 14

12-18 25 16

18-24 19 20

24-30 17 5

30-36 20 7

36-42 24 7

42-48 26 4

48+ 88 7

Note: This table contains information on incident ovarian cancer cases in the
OS through August 2003 currently available for biomarker validation work

Although they are less well-suited to describing marker behavior over the pre-
clinical phase of the disease in individual cases, preclinical samples from the WHI
have several advantages over the PLCO samples. First, the WHI is larger: As of
August 2006, 374 and 243 cases of ovarian cancer have been diagnosed in the
observational study (OS) and the clinical trial (CT) components of the WHI,
respectively, providing samples that could potentially be used both to develop and
to validate a screening decision rule. Second, samples from the WHI allow unbi-
ased estimation of markers’ lead time relative to clinical detection and diagnosis,
whereas in the PLCO many of the cases were detected by screening using CA125
or TVS or both. Third, because some of the blood samples were obtained many
years prior to diagnosis, and follow up of over 10 years has been completed, the
relative risk of a cancer diagnosis within 5 or 10 years can be estimated from data
generated by the WHI and the behavior of each marker as cancer develops (Fig. 3)
can be determined.

The availability of preclinical samples from the PLCO and WHI trials will
greatly improve our understanding of the behavior of candidate markers during the
preclinical phase of epithelial ovarian cancer. However, analysis of these samples
cannot reveal the presence or absence of invasive disease at the times prior to diag-
nosis when the preclinical serum samples were obtained. Accordingly, these sam-
ples may be most useful for estimating the relative risk of subsequent ovarian
cancer diagnosis on the basis of marker levels or changes in marker levels.
Knowledge of the presence or absence of disease at the time a marker first provides
signal requires a prospective screening study in which surgical intervention is trig-
gered by the marker. Until such a study is initiated and completed, it may be useful
to invoke a different screening paradigm focusing on markers that predict, rather
than detect, disease (4). Particularly useful would be markers that could predict
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5-year or 10-year risk that would provide indications for risk-reducing surgery.
Women identified as high risk would not be expected to have invasive disease at the
time of surgery, but some might have premalignant changes that could be confirmed
using markers detectable in ovarian or tubal tissue.

4 Significant Progress Can be Expected in the Future

We can reduce ovarian cancer mortality through screening if (1) cancer detected
early can be cured, (2) biomarkers in the blood can signal early cancer, (3) available
technology can identify biomarkers, (4) appropriate research can be conducted to
demonstrate screening efficacy, and (5) biomarkers can be used cost-effectively for
cancer screening. In the last decade, methods have been developed for discovering
and prioritizing candidate markers, predicting the cost-effectiveness of alternative
screening strategies, combining markers for use in a panel, using marker history in
a longitudinal decision rule for early detection, and evaluating specimen-efficient
bead-based assays for use in validation research. Several candidate markers have
been identified that perform well as diagnostic markers, and studies are underway
to evaluate their potential as early detection markers. It is likely that additional
markers will be needed to detect ovarian cancer early enough to reduce mortality
through screening, including risk markers that detect precursor lesions or signal
developing disease several years before it becomes invasive and potentially incura-
ble. New proteomics technologies that make discovery in serum possible are likely
to revolutionize the field in the near future.
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SMRP and HE4 as Biomarkers

for Ovarian Carcinoma When Used Alone
and in Combination with CA125

and/or Each Other

Ingegerd Hellstrom and Karl Erik Hellstrom

1 There is a Need for Biomarkers to Detect Ovarian
Carcinoma by Assaying Serum and/or Other Body Fluids

Assays measuring tumor antigens in serum have the advantage that they are nonin-
vasive, quick, and relatively inexpensive. Early detection as well as monitoring of
disease in treated patients requires high specificity and sensitivity and constant lev-
els of circulating marker unless there is a change in the patient’s clinical status.

CA125 is the present “gold standard” for diagnosis of ovarian carcinoma using
serum samples (1-4). However, it is elevated in several nonmalignant conditions,
which can lead to false-positive results (5). There is a need for additional markers to
improve sensitivity with retained or better specificity, and many new biomarkers have
been introduced and continue to be evaluated. Our group has focused on soluble
mesothelin-related proteins (SMRP) and on HE4, a protease that is secreted into serum.
In immunohistological studies of ovarian cancer samples with little or no detectable
CA125 expression, mesothelin and HE4 stood out as the most promising markers, when
reactivity with normal tissues was taken into account (6). Other biomarkers in this study
included HK4, HK6, OPN, claudin 3, DF3, VEGE, MUC1, and CA19-9.

2 SMRP as Marker for Diagnostic Assays of Serum and Urine

With the goal to obtain monoclonal antibodies (MAbs) for therapy, our group
immunized mice with human ovarian carcinoma cells in the mid-1990s. This work
resulted in MAb569, which reacts with ovarian carcinomas and has low reactivity
with normal tissues except for the mesothelium. N-terminal amino acid sequencing
of the antigen recognized by MADb 569 showed identity with the sequence of mes-
othelin, a tumor marker first described by Pastan’s group (7), except for the lack of
a 24bp insert. By following our standard procedures for characterizing antigens
detected by MAbs (8), we found the MAb569-defined antigen in supernatants of
antigen-positive tumor cells and subsequently in malignant effusions, suggesting
that it may be a marker for serum-based diagnosis. This finding was surprising
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because studies by Pastan’s group had indicated that mesothelin is stably expressed
at the cell surface and not released in to tumor culture supernatants or body fluids
from cancer patients (9).

To develop a double determinant (sandwich) immunoassay, as our group had
done for other tumor antigens in the past (10), additional MAbs were generated by
immunizing mice with Mab569 immunoaffinity-purified antigen and applied MAbs
to two different epitopes to construct a “sandwich” ELISA specific for mesothelin
(11). In the initial study, a SMRP variant with an 82 bp insert was also detected. In
view of Pastan’s finding indicating that mesothelin is not soluble, we speculated
that this variant is the molecule that is measured with the original ELISA (11).

A “blinded” study was performed in collaboration with B. Robinson’s group
from the University of Western Australia in Perth. We demonstrated the value of
our SMRP-specific ELISA for the diagnosis of patients with mesothelioma (12).
Eight of 40 individuals who had been exposed to asbestos but were clinically cancer
free had increased levels of circulating SMRP. Importantly, three of those individu-
als subsequently developed mesothelioma within 15, 26, and 69 months, dying after
3, 6, and 6 years, respectively, and one developed lung carcinoma. In contrast, none
of the 32 subjects with normal SMRP levels got mesothelioma or lung cancer
within 6 years of follow up, suggesting a potential predictive value of the assay.

Another “blinded” study was performed together with Dr. N. Urban and her
colleagues at the Fred Hutchinson Cancer Research Center in Seattle. It showed
that SMRP has similar sensitivity and specificity as CA125 for diagnosis of
ovarian carcinoma and that a combination of CA125 with SMRP has higher
sensitivity than either assay alone. Like CA125, SMRP has temporal stability,
suggesting that repeated studies on the same high risk subjects may facilitate
earlier diagnosis (13).

A third study was performed in collaboration with Dr. N. Sardesai and his col-
leagues at Fujirebio Diagnostics, Inc. It indicated that SMRP is released into
urine of patients with ovarian carcinoma and that the measurements of SMRP in
urine, using the original ELISA, offer promise for detection of ovarian carci-
noma. If confirmed by ongoing studies, the ease by which urine can be obtained
would facilitate frequent studies on subjects that have high genetic risks of devel-
oping ovarian cancer.

As illustrated in Fig. 1, three mesothelin variants have been identified (14):
one without inserts (variant 1), one with a 24 bp insert (variant 2), and one with
an 82 bp insert (variant 3). To explore which variants are released into the circula-
tion from ovarian carcinoma cells, we created recombinant fusion proteins of the
three variants, immunized the mice with them, and obtained specific MAbs. Flow
cytometry on live cells was performed with MAbs to the different mesothelin
variants and showed that a MAb to variant 1 identifies as many tumors as a MAb
to all three variants, while variants 2 and 3 are expressed infrequently (15). The
published ELISA (11) was found to recognize variants 1 and 3 and has much
higher sensitivity (68% vs. 15%) and specificity than a newly constructed ELISA
specific for variant 3 (15). SMRP released into ascites from a patient with ovarian
carcinoma was shown to have a molecular weight of approximately 40kDa.
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Fig. 1 Mesothelin variants

According to amino acid sequencing, variants 1 and 2 were found in the ascites,
and variant 3 could not be excluded (15). A standard curve was constructed to
measure SMRP with a limit of detection of 200 pg/ml, and an assay for clinical
use is marketed by Fujirebio Inc, in Europe and Australia, for monitoring mes-
othelioma patients. Today, there is an agreement between Pastan’s and our group
that mesothelin is released from antigen-positive tumor cells as a useful diagnos-
tic marker for serum assays (16).

3 Autoantibodies to Mesothelin

Autoantibodies to tumor-associated antigens have been detected in many cancer
patients (17-22) and are sometimes found to correlate with the clinical state. We
have started to investigate whether patients with ovarian cancer form antibodies to
mesothelin, whether such antibodies can also be found in healthy subjects, and
whether the presence of anti-mesothelin antibodies provides clinically useful infor-
mation. Native mesothelin was purified by Mab569 immunoaffinity chromatogra-
phy from urine of patients with ovarian cancer and used to coat ELISA plates. Sera
were added from patients with ovarian cancer at various stages, as well as from
control donors, and bound autoantibodies were detected with anti-human IgG anti-
body as a probe. Antibodies were detected in a fraction of sera from both patients
with ovarian cancer (Fig. 2) and healthy women (data not shown). Experiments are
ongoing to find out whether the presence of these antibodies provides information
on diagnosis or monitoring of ovarian cancer.

There are several reasons why antibodies to mesothelin can have important func-
tions that relate to the development and progression of ovarian cancer. Anti-
mesothelin antibodies have been shown in vitro to prevent binding of mesothelin to
CA125 and thereby impact cellular adhesion (23). Furthermore, antibodies can be
cytotoxic in the presence of complement, mediate antibody-dependent cellular cyto-
toxicity in the presence of NK cells or macrophages, and the generation and expan-
sion of T cell responses to tumor antigens may be impacted by such antibodies as
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Fig. 2 Data from an ELISA detecting antibodies in the sera from patients with ovarian cancer (31
patients studied). Values above 0.4 are considered positive. Patients studied at two serum dilutions
(1:20 first, 1:80 second bar)

well (24). Anti-cancer therapy is likely to influence antibody formation, not only by
decreasing the number of tumor cells releasing antigen but also by acting directly on
antibody forming cells, as in the case of cytotoxic drugs, and changes in antibody
levels are likely to influence the amount of SMRP, which is detectable by ELISA.

4 HE4 as a Marker for Ovarian Carcinoma

The WFDC2 (HE4) gene (25), which is a member of the disulfide-core family of
secreted proteins, is amplified in ovarian carcinoma (26). On the basis of this
already published information, we decided to evaluate HE4 as a biomarker for ovar-
ian cancer and hence made fusion proteins, immunized mice, and constructed a
Sandwich ELISA. “Blinded” studies on sera from postmenopausal women with ovar-
ian carcinoma and controls were then carried out in collaboration with Dr. N. Urban
and her colleagues at FHCR. They showed the sensitivity of the HE4-based ELISA
to be equivalent to that of CA125, but that HE4 was found to be less frequently
positive in women with nonmalignant disease, i.e., to be more specific. Therefore,
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HE4 may complement CA125 for diagnosis and monitoring of ovarian cancer (27).
Like CA125 and SMRP, HE4 has temporal stability, which should make longitudi-
nal studies possible to facilitate earlier diagnosis.

According to an ongoing, collaborative study with Dr. E. Friedman’s group in
Israel on 329 sera from 111 patients with clinical evidence of ovarian carcinoma,
68% of the patients were positive for CA125, 57% for HE4, and 65% for SMRP. A
combination of all three markers detected 85% of the patients (E. Friedman et al.,
unpublished data).

5 Detection of Other Tumors by Assaying for SMRP or HE4

Mesothelin is overexpressed by carcinomas of the pancreas (unpublished findings
in collaboration with Dr. P. Goedegebuure), indicating that assays for SMRP in
serum and other body fluids should be evaluated as possible aids to diagnose and
monitor patients with that tumor. Recent immunohistological studies have demon-
strated expression of HE4 in most adenocarcinomas of the lung. This suggests that
it may be a biomarker for serum assays also for those tumors, a matter that needs
to be studied further (28).

6 Summary

Assays measuring SMRP (mesothelin) and HE4 (a secreted protease) in serum and
other body fluids (including urine for SMRP) are likely to be clinically useful
for patients with ovarian cancer, as data indicate that they complement CA125 for
diagnosis and monitoring of patients. Both markers have temporal stability, as does
CA125, which may be utilized to facilitate earlier diagnosis by performing longitu-
dinal studies on high risk subjects. Preliminary data show autoantibodies to native
mesothelin in some patients with ovarian carcinoma and in some healthy women.
We are presently studying their relationship to the patients’ clinical state to learn
whether measurements of antibody levels provide information that can aid diagno-
sis and monitoring of treated patients. Prospective studies are needed to establish
the clinical relevance of our findings.
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1 Introduction

Ovarian cancer is the most lethal gynecologic cancer, accounting for over 16,000
deaths. In the US annually (1). The poor prognosis of this disease is due to the lack
of reliable screening tools, the late stage of disease at the time of diagnosis, the high
rate of recurrence of the disease, and the poor response to chemotherapy in the recur-
rent setting. Patients who present with stage I disease have over 90% 5-year survival,
while those diagnosed with stage III disease have less than 20% 5-year survival (2).
However, only 25% of patients with ovarian cancer are diagnosed with stage I dis-
ease (1). Despite new chemotherapeutic regimens and radical surgical debulking
procedures, only minimal improvement in overall survival has been appreciated in
the last several decades.

Epithelial ovarian cancer encompasses four major histotypes: papillary serous,
endometrioid, mucinous, and clear cell. These histotypes resemble various miille-
rian cell types, with serous tumors resembling Fallopian tube, endometrioid tumors
resembling uterine endometrium, mucinous tumors resembling the endocervix, and
clear cell tumors resembling endometrial glands during pregnancy (2). Tumors are
graded from 1 to 3, with grade 3 being the most poorly differentiated. Tumors of
low malignant potential (LMP) display the atypical cellular features of cancer, but
do not invade into the ovarian stroma (2).

The clinical characteristics of ovarian tumors vary according to histology and
grade. Although clear cell ovarian cancer usually presents with earlier stage of the
disease, there is a higher rate of recurrence among these patients. In fact, the 5-year
survival for patients with stage I of clear cell ovarian cancer is only 60% (2). Late
stage clear cell cancer also carries a worse prognosis when compared with papillary
serous cancer, with an overall median survival of 12 months compared with 22
months (3). Mucinous cancers have a poorer response to chemotherapy and worse
survival than the other epithelial ovarian histotypes (4). Patients with endometrioid
ovarian cancers tend to have a better prognosis. Higher tumor grade correlates with
poorer prognosis. Patients with LMP tumors have a 5-year survival over 95%.
Among patients with early stage of disease, the survival drops down from 97% for
patients with grade I tumors to 50% for those with grade III tumors (5).
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These clear clinical differences among ovarian tumors likely reflect different
underlying molecular mechanisms. Elvcidating how these tumors vary from a
molecular biology standpoint can help us understand the pathogenesis and clinico-
pathologic characteristics of these tumors. Since gene expression is a critical deter-
minate for many molecular features, gene expression profiling is a powerful
approach to determine the underlying mechanism for these biologic and clinical
differences.

Recent advances in molecular technology have provided the ability to perform
whole genome expression profiling. This technique provides a global analysis of
the transcriptional activity in ovarian tumors, which can then be correlated to path-
ologic and clinical determinates. Microarray determines the expression of genes by
measuring mRNA levels using the ability of mRNA to hybridize to the DNA tem-
plate. Over a dozen commercial platforms are currently available, each utilizing
different technologies to fabricate their microarray chip. Much progress has been
achieved in the microarray field since it was first introduced over a decade ago, and
whole genome expression profiling, analyzing over 37,000 genes, is now possible
on a single microarray chip.

2 Choice of Normal Ovarian Control

Identifying genes whose expression is altered during the transformation process
relies on comparing malignant cells with their normal counterpart. Expression pro-
filing of normal ovarian epithelium has utilized several sources of “normal” cells,
including whole ovary samples (WO), ovarian surface epithelium exposed to short-
term culture (NOSE), and immortalized ovarian surface epithelium cell lines
(IOSE). WO has the advantage of providing a large amount of RNA; however, a
large stromal component may mask true genomic expression differences within the
epithelial component. Short-term cultures of ovarian surface epithelium scrapings
provide a robust sample of ovarian surface epithelia, but are exposed to tissue cul-
ture conditions. Cultured media may select a subset of cells that are not representa-
tive of the original culture, altering overall gene expression. Immortalization
methods of ovarian surface epithelia have utilized SV40 large T-antigen (6) and
telomerase immortalization techniques (TIOSE) (7). These immortalized cells are
exposed to tissue culture conditions, and they can demonstrate a large increase in
chromosomal imbalance that could cause gene expression differences due to the
immortalization process (8).

Another option for obtaining normal ovarian cells involves the preservation of
ovarian surface epithelium brushings (OSE) without culturing (9). Brushings are
obtained at the time of surgery followed by direct immersion in solution to preserve
RNA quality. These cells are not immortalized and are not exposed to culture.

Zorn et al. (10) analyzed these five types of ovarian surface epithelium by com-
paring each group’s expression profile with that of a set of 24 serous ovarian carci-
nomas. Hierarchical clustering and multidimensional scaling of the expression
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profiles of these groups demonstrated very distinct clusters (Fig. 1). In fact, the dif-
ferences between “normal” samples were larger than those among the cancer speci-
mens. When any two “normal” groups were compared with one another, the
Pearson correlation coefficient for all combinations ranged from 0.04 to 0.54 (Table 1).
When the individual gene lists were compared with the gene expression profile for
the set of serous ovarian cancer samples, there was a majority of genes that were
unique to each list. No gene appeared on all five lists. From their analysis, WO,
NOSE, IOSE, TIOSE, and OSE had distinct expression profiles, and they con-
cluded that OSE brushings seemed to be the most reasonable control as this sample
was not affected by culture conditions or immortalization techniques.

o OSE
o * WO
o < |OSE
A NOSE
= TIOSE
. © CANCER

Fig. 1 Multidimensional scaling (MDS) of the expression profiles of ovarian specimens. MDS
allows assessment of the likeness of the samples’ expression patterns by compressing their gene
expression profiles into a three-dimensional space. Samples with similar profiles cluster relatively
close. (a) Unsupervised MDS of the normal groups. (b) Unsupervised MDS of the normal groups
and the serous ovarian carcinoma samples

Table 1 Pearson correlation coefficient (r) of expression profiles between different normal ovar-
ian epithelium samples in a group and between groups

Within With With With With With
Group group OSE WO IOSE TIOSE NOSE
OSE 0.78 1 0.47 0.23 0.04 0.36
WO 0.86 0.47 1 0.10 0.22 0.39
I0OSE 0.73 0.23 0.10 1 0.28 0.54
TIOSE 0.93 0.04 0.22 0.28 1 0.27

NOSE 0.90 0.36 0.39 0.54 0.27 1
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3 Genes Expression Profiling of Different Tumor Grades

Serous ovarian tumors represent about 50% of all ovarian cancer. A small propor-
tion of these tumors are classified as those of low malignant potential (LMP).
LMP tumors display an atypical nuclear structure and can be metastatic, but
because they lack stromal invasion, they are not characterized as “cancer.” There
is a debate as to how LMP tumors relate to the other frankly invasive tumors. One
hypothesis states that LMP tumors are a distinct disease from invasive carcinoma,
while another hypothesis argues that these tumors represent an early precursor
lesion that eventually develops into malignant disease. Given that LMP tumors
with micropapillary features have a lower overall survival when compared with
LMPs without these features (11), it has been hypothesized that this small subset
of LMP tumors with micropapillary histology can develop into low-grade inva-
sive ovarian cancer (12).

Bonome et al. addressed this debate by evaluating the biological relationship
among serous LMP, low-grade, and high-grade invasive ovarian carcinomas (13).
They generated global gene expression profiles for 66 microdissected serous
tumors. Unsupervised hierarchical clustering demonstrated distinct clusters that
differentiated LMP and high-grade tumors. Of note, the majority of low-grade
tumors clustered with LMP tumors. This strongly supports that LMP tumors are a
unique disease entity from high-grade invasive cancer. Low-grade invasive cancers
are essentially indistinguishable from LMP tumors.

Gene ontological analysis between high-grade tumors and LMP tumors found
statistically significant differences (p < 0.001) between the number of genes
involved in mitotic cell cycle, M phase, mitosis, G2-M transition, and cytokinesis.
The majority of genes were upregulated in the high-grade specimens when com-
pared with normal ovarian surface epithelium (Table 2). Specifically, genes linked
to cell proliferation that were upregulated on the microarray analysis in high-grade
tumors but not in LMP tumors included PDC4, CCNDBPI, E2F3, CDC2, CCNBI,

Table 2 GO categories associated with cell cycle progression in high-grade, low-grade, and
LMP tumors

Late-stage high-grade Early-stage high-grade =~ LMP/low-grade

Gene ontology Number Number Number
category Present  of genes Present of genes Present  of genes ®
Mitotic cell cycle Yes 70 Yes 58 No 0

M phase Yes 66 Yes 55 No 0

Mitosis Yes 51 Yes 43 No 0

G2/M

transition Yes 14 Yes 14 No 0
Cytokinesis Yes 28 No 0 No 0

There was a statistically significant difference (p < 0.05) in number of genes associated with cell
cycle progression that were over-expressed in high-grade tumors that were not differentially
expressed in low-grade and LMP tumors
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CCNB2, ASK, STMN1, CCNEI, MCM4, MCM5, MCM7, RFC4, FENI, STKG,
CENP-A, CDC20, EIF4G1, PTTG, and PCNA.

Major differences between p53 and its associated genes were noted between
LMP tumors and high-grade tumors. LMP tumors displayed elevated levels of p53
RNA and its principal effector CDKNIA, while high-grade tumors did not.
Dysregulated genes that were unique to LMP tumors included UBE2DI1 and
ADNP. Both are negative regulators of p53 (14), and they were down-regulated in
LMP tumors. PPM1A, which has been shown to increase the overall level of p53,
was over-expressed in LMP tumors (15). LMP tumors also demonstrated an over-
expression of important targets of p5S3. PML, which modulates apoptosis (16), and
GDF15, which mediates growth arrest (17) are both over-expressed in LMP tumors
but not in high-grade tumors. These results demonstrated clear differences between
LMP tumors and high-grade tumors among p53-modulated genes, suggesting this
pathway may play an important role in the distinct phenotypic differences between
these two tumor grades.

4 Gene Expression Profiling of Different Tumor Histotypes

Gene expression profiling has also been used to characterize differences among the
four main histotypes of ovarian cancer. Marquez et al. (18) compared whole
genome expression profiles of serous, endometrioid, mucinous, and clear cell ovar-
ian tumors with each other and to mucosal scrapings of normal fallopian tube,
endometrium, and colon. Hierarchical clustering displayed grouping by the indi-
vidual histotypes. They found a statistically significant correlation between serous
tumors and normal fallopian tube, mucinous tumors with normal colonic epithe-
lium, and endometrioid and clear cell tumors with normal endometrium. Their
analysis utilized whole genome expression profiling, and when comparing the indi-
vidual histotypes, mucinous cancers displayed a greater number of dysregulated
genes than the other histotypes.

A comparison of tumors of similar histotypes across different organs has also
been analyzed (19). Serous, endometrioid, and clear cell cancer histotypes of ovar-
ian and endometrial origin were compared using a cDNA microarray. Although
distinct expression patterns were appreciated among serous and endometrial tumors
with respect to their organs of origin, clear cell tumors demonstrated a similar gene
expression pattern for tumors originating in the ovary and endometrium (Fig. 2).
This unique gene signature for clear cell tumors is consistent with an earlier study
(20). Furthermore, in Zorn et al.’s analysis, expression profiling of renal clear cell
cancers demonstrated that they were unable to be distinguished from clear cell tumors
from the ovary or endometrium. This common pattern of clear cell tumor gene
expression among these organs may represent a common precursor cell or similar
processes of transformation.

Clear cell ovarian cancer is a rare histotype, and its clinical course presents a
poorer prognosis. Patients with early stage disease have a higher recurrence rate,
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Fig. 2 Graphic depiction of the principal component analysis of ovarian and endometrial cancers
categorized by histology. The ellipses represent a region where an additional sample of particular
groups would fall with a 95% confidence interval. a. Analysis of serous tumors demonstrates non-
overlapping ellipses separating endometrial (fop) and ovarian (bottom) specimens. b. Analysis of
endometrioid tumors demonstrates nonoverlapping ellipses separating endometrial (top) and ovar-
ian (bottom) specimens. ¢. Analysis of clear cell tumors showing overlapping of endometrial (fop)
and ovarian (bottom) specimens. d. Analysis of clear cell tumors of ovarian, endometrial, and renal
origin demonstrate three overlapping elliptical regions, with two different orientations (1 and 2)

with 37% of stage IC patients recurring (21). Clear cell tumors also have a lower
response rate to standard platinum and taxane chemotherapy, which is the usual
first line therapy for ovarian cancer. Clear cell ovarian tumors have chemotherapy
response rates as low as 15%, when compared with over 70% in serous tumors (22).
In the analysis by Zorn et al. (19), genes that were common in clear cell tumors of
the ovary and endometrium included ANXA4 and UGTIAI. Both genes have been
associated with chemoresistence, wherein ANXA4 has been associated with paclit-
axel resistance and UGTIAI has been shown to detoxify the active metabolite of

irinotecan, SN-38 (23, 24).

The conclusions from these expression profiling studies of ovarian cancers of
different histologies suggest that clear cell tumors represent a unique disease. Clear
cell ovarian tumors are clinically and biologically distinct tumors from the other
ovarian histotypes. As such, clinical trials addressing the optimal treatment of these
tumors are needed. Research is needed that will hopefully identify molecular path-
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ways that are unique to clear cell tumors, exposing targets for chemotherapeutic
intervention.

Mucinous tumors also represent a rare ovarian cancer subtype, with the majority
of tumors being benign (2). Although advanced stage disease represents the minor-
ity of mucinous tumors, this group has been found to have a worse prognosis and
poorer response to chemotherapy when compared with other epithelial ovarian
cancers, with chemotherapy response rates as low as 26% (4). Invasive mucinous
ovarian tumors frequently have coexisting cells of varying malignancy, transition-
ing between benign and malignant cells on the same tumor (Fig. 3). Furthermore,
identical K-ras mutations are frequently found in coexisting LMP and invasive
epithelia within the same mucinous tumor (25). This suggests a progression model
for mucinous ovarian tumors.

To evaluate the potential reasons behind the biological and clinical differ-
ences between mucinous tumors and other epithelial ovarian tumors,
Wamunyokoli et al. performed global gene expression of mucinous cystadeno-
mas, tumors of low malignant potential, and cystadenocarcinomas (26). The
expression profiles of the mucinous tumors were compared with OSE and
serous tumors. Unsupervised hierarchical clustering and binary tree analysis
showed clustering of OSE with serous LMP tumors, and clustering of grade III
serous tumors with invasive and LMP mucinous tumors (Fig. 4). Serous tumors
had distinct clustering between LMP tumors and advanced stage tumors, while
mucinous tumors of all grades had a high misclassification rate among the grades.
Furthermore, the clustering of mucinous tumors with advanced stage serous
tumors suggests the existence of a set of genes that may account for the poorer
prognosis of mucinous ovarian cancer.

Benign Borderline

Fig. 3 This mucinous tumor specimen demonstrates close regions that display cells that are inva-
sive as well as those with low malignant potential
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Fig. 4 Unsupervised hierarchical clustering of OSE, mucinous cystadenomas, mucinous LMP
tumors, mucinous adenocarcinomas, and serous tumors. This dendogram illustrates OSE speci-
mens grouping independently of serous LMP tumors, while high-grade serous tumors were
closely associated with mucinous LMP and invasive tumors

To analyze what genes may be associated with the development of the muci-
nous phenotype, gene lists for mucinous cystadenomas and cystadenocarcinomas
were evaluated to identify coregulated pathways. Genes common and unique to
the different grades of tumors were also identified. Genes that were found to be
upregulated in LMP tumors and cystadenocarimomas, but not OSE and cystadeno-
mas, included NETI and ERBB3, suggesting the involvement of these genes in
transformation. These genes have been found to increase tumorigenicity and pro-
mote invasiveness (27, 28). Genes involved in multidrug resistance, such as
ABCC3 and ABCC6 (29) were upregulated in mucinous LMP tumors and cystade-
nocarimomas, but not cystadenomas. This is consistent with the known lower
response rate of mucinous tumors to chemotherapy. Genes that modulate cell
morpholophy, such as CDC42, ECT2, IQGAP2, and Cortactin (30, 31), were
found to be upregulated in mucinous cystadenocarcinomas, but not in mucinous



Classification of Ovarian Cancer: A Genomic Analysis 31

LMP tumors. The differential regulation of these genes by tumor grade suggests a
role of these genes in tumor progression.

5 Conclusion

Gene expression profiling can be used to evaluate ovarian cancer and identify genes
and pathways important in tumor transformation and progression. Serous LMP
tumors and low-grade serous cancer appear to have pathogenetic pathways that
differ from high-grade serous cancer, implying these tumors are separate entities.
Recent studies evaluating clear cell, serous, and mucinous epithelial ovarian cancer
have found molecular differences that could explain their different clinical and
biologic phenotypes. Clear cell ovarian tumors have an expression profile that is
distinct from the other ovarian histologies, and similar to clear cell tumors originat-
ing in other organs. Mucinous ovarian cancer pathogenesis, unlike serous tumors,
represents a continuum. Mucinous benign tumors may develop from ovarian inclu-
sion cysts, acquire further KRAS mutations and other molecular changes to become
mucinous borderline tumors, and then progress to low-grade and subsequently
high-grade tumors. With gene expression profiling, novel pathways for these
tumors will eventually be identified, exposing new and more specific targets for
chemotherapy.
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1 Introduction

Ovarian cancer is the fourth leading cause of cancer death in women, and has the
highest mortality rate of the reproductive cancers (1). Ovarian cancer is often
asymptomatic in its early stages and because of lack of early detection strategies,
most patients are diagnosed with disseminated disease, for whom the 5-year overall
survival rate is only 20% (2). In the absence of an early detection test, improved
therapies for advanced disease are critical to improving the survival for women with
ovarian cancer. Most patients receive cytotoxic chemotherapy following surgical
resection of their tumor; however, although the majority of patients are initially
responsive to chemotherapy, most of them eventually develop drug-resistant dis-
ease, that is essentially incurable. A better understanding of the molecular patho-
genesis underlying ovarian cancer is the key to identifying markers for early
detection and novel therapeutics.

Both genetic (changes in DNA sequence such as deletions/amplifications and
mutations) and epigenetic changes, defined as heritable changes in gene expression
that occur without changes to the DNA sequence (3), contribute to malignant trans-
formation and progression. Commonly occurring epigenetic events include DNA
methylation, the addition of a methyl group to the 5’-carbon of cytosine in CpG
sequences, and chromatin remodeling via histone protein acetylation and methylation
(4). The human genome is not methylated uniformly, containing regions of unmeth-
ylated segments interspersed with methylated regions (5). Although spontaneous
deamination of methylated cytosine through evolution has decreased the proportion
of CpG dinucleotides in the genome, there are regions ranging from 0.5 to 5kb that
contain clusters of CpG dinucleotides called CpG islands (6). These CpG-rich
regions are often located in the 5” region of genes and are associated with the promot-
ers of genes. In contrast to the bulk of DNA, the CpG sites within CpG islands are
almost always methylation free. This appears to be a prerequisite for active transcrip-
tion of the genes under their control (7). The relationship between DNA methylation
and posttranslational modification of histones appears to be complex but they collec-
tively result in transcriptional silencing through effects on transcription factor bind-
ing and repression of gene expression in normal cellular processes (4, 8, 9).
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The methylation patterns in cancer cells are significantly altered compared with
those of normal cells. Cancer cells undergo changes in 5-methylcytosine distribution
including global DNA hypomethylation (10) as well as hypermethylation of CpG
islands (11-15). Genome hypomethylation, mainly due to hypomethylation of normally
silenced repetitive sequences such as long interspersed nuclear elements, is present in
most cancer cells compared with the normal tissue from which it originated (16, 17).
Hypomethylation has been hypothesized to contribute to oncogenesis by transcriptional
activation of oncogenes, activation of latent transposons, or by chromosome instability
(18-22). At the same time, aberrant CpG island DNA methylation and histone modifi-
cation, leading to transcriptional activation and gene silencing, is a common phenome-
non in human cancer cells and an early event in carcinogenesis (4). In particular,
hypermethylation of CpG islands in gene promoter regions is a frequent mechanism of
inactivation of tumor suppressor genes (4, 10, 14, 15), and has been proposed as one of
the two hits in Knudson’s two hit hypothesis for oncogenic transformation (15).

Epigenetic alterations, including CpG island DNA methylation, occur in ovarian
cancer (23, 24), and the identification of specific genes that are altered by these epi-
genetic events is an area of intense research. Although there are CpG islands that
become methylated in multiple tumor types, differential patterns of methylation of
specific genes can vary amongst neoplasms (25), with certain CpG islands only
methylated in specific tumor types (26—29). Neoplasm-specific events may be useful
as molecular biomarkers for early detection and prognostic significance. Large scale
screening to identify ovarian cancer-specific epigenetic fingerprints is underway.

In this review, we discuss genes identified as being deregulated by epigenetic
mechanisms in ovarian cancer, with a focus on genes with potential as diagnostic
markers or markers of disease progression and therapeutic response.

2 Epigenetically Regulated Genes in Ovarian Cancer

Most studies to date have focused on candidate gene approaches to identify epige-
netically regulated genes in ovarian cancer, in particular, methylated and silenced
candidate tumor suppressor genes. Selected targets include genes with downregu-
lated expression in ovarian cancer, genes in regions with known loss of heterozy-
gosity (LOH) in ovarian cancer and thus where tumor suppressors likely reside, and
genes that have been shown to be epigenetically regulated in other cancers. There
is also a small but significant literature on hypomethylated genes in ovarian cancer.
Although in their infancy, genome-wide array-based approaches to epigenetically
regulated gene discovery are also beginning to emerge.

2.1 Hypermethylated and Silenced Genes

Epigenetic regulation of BRCAI (breast cancer susceptibility gene 1) has been
studied extensively because of its known role in inherited forms of ovarian cancer.



Epigenetic Markers of Ovarian Cancer 37

BRCAI, a breast and ovarian cancer susceptibility gene, is involved in the mainte-
nance of genome integrity. Carriers of BRCAI germline mutations develop pre-
dominantly breast and ovarian tumors. BRCAI promoter methylation only occurs
in breast and ovarian cancers (30, 31) and mirrors the classical genetic mutation
studies of familial cancers. Studies investigating BRCAI hypermethylation report
methylation in 5-24% of epithelial ovarian cancers (24, 32-38) in association with
loss of BRCAI expression (32, 39, 40). No correlation of methylation with histo-
logical subtypes or grade or stage has been found (40); however, BRCA1 silencing
is detectable in early (stage 1A) tumors (40). LOH at the BRCA/ locus occurs in a
significant proportion of sporadic ovarian cancers (30, 41); moreover, BRCAI
hypermethylation is predominantly detected in cancers that exhibit LOH at the
BRCA1 locus (31, 39). Thus, silencing of BRCAI expression by methylation likely
acts as the second hit required for tumor suppressor gene inactivation in Knudson’s
two hit hypothesis (15).

Several other genes located at regions of LOH are methylated and silenced in
ovarian cancer. ARHI (Ras homologue member 1), a maternally imprinted tumor
suppressor of the ras superfamily, expressed monoallelically from the paternal
allele, maps to chromosome 1p31, which is associated with LOH in 40% of ovarian
carcinomas. ARHI expression is lost in ovarian cancers (42, 43) compared with
normal ovarian tissue including the ovarian surface epithelium (OSE). The remain-
ing paternal allele is silenced by methylation in 10-15% of cases (44).

DLEC] (deleted in lung and esophageal cancer 1) is located on 3p22.3 in a
region of frequent LOH in cancer, and is a putative tumor suppressor in lung and
other cancers. DLEC]1 expression is downregulated in ovarian cancer cell lines and
primary invasive epithelial ovarian cancers, where its expression is correlated with
hypermethylation of the DLECI promoter (45).

pl6 (CDKN2A) encodes a cyclin-dependant kinase inhibitor involved in the reg-
ulation of the cell cycle. p16 expression is frequently disrupted in cancer. The p16
locus at chromosome 9p21 is located in a region of LOH documented in a wide
variety of cancers, including ovarian carcinoma (46, 47). Hypermethylation of the
pl6 promoter region is important in a subset of human carcinomas including lung,
head and neck, and pancreatic cancer (30, 48, 49), but there is conflicting evidence
whether p/6 methylation plays a role in ovarian carcinogenesis (24, 37, 38,
50-54).

OPCML, located at 11q25, is hypermethylated in 33-83% of epithelial ovarian
cancers (38, 55, 56). SFRP1, a Wnt antagonist located at chromosome 8p11.2, is
methylated in 5-12% of primary ovarian cancers (38, 57). MYOI18B, located at
22q121.1, is methylated and silenced in primary ovarian cancer (58). The TRAIL
receptor DR4, located at 8p21.1, is methylated in 28% of ovarian cancers and is
associated with loss of expression (59). Each of these genes is located in chromo-
somal regions associated with LOH in ovarian cancer.

Certain epigenetically regulated genes postulated to act as tumor suppressors in
other carcinomas are also methylated and transcriptionally silenced in ovarian can-
cer. For example, de novo methylation and inactivation of the ras homologue
RASSFIA tumor suppressor gene is one of the most frequently detected epigenetic
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events in human cancer (60). RASSFIA is methylated and silenced in 10-50% of
primary ovarian cancers (36-38, 61, 62). Hypermethylation and loss of expression
of insulin-like growth factor binding protein 3 (IGFBP-3), a member of the IGFBP
family, which regulates mitogenic and apoptotic effects of insulin-like growth fac-
tors, occurs in nonsmall cell lung cancer and hepatocellular carcinoma (63, 64).
IGFBP-3 promoter methylation is detected in 44% of samples from epithelial ovar-
ian cancer patients (65). ARLTSI, a tumor suppressor previously described as a low
penetrance cancer gene, shows downregulated expression in ovarian carcinomas
because of DNA methylation in its promoter region (66).

Gene methylation patterns can also represent molecular characterizations of
pathological and clinical features of ovarian carcinomas. For example, 14-3-3sigma
(SFN), an inhibitor of cell cycle progression that is epigenetically deregulated in
other cancers (67, 68), is methylated at a higher frequency in ovarian clear cell car-
cinomas than in other histological types of ovarian cancer (69). Similarly, aberrant
methylation of TMS1 (target of methylation-induced silencing) and the WT'/ (Wilms
tumor suppressor 1 gene) sense and antisense promoters is more frequent in clear
cell ovarian tumors than in other histological types (38, 70-72). Methylation pro-
files can also differentiate between ovarian low malignant potential (LMP) tumors
and invasive ovarian carcinoma, for example, RASSFIA, APC, GSTPI1, and MGMT
show aberrant methylation exclusively in invasive ovarian carcinomas (53).

There are numerous other genes that exhibit promoter methylation and decreased
expression in ovarian cancer. For example, loss of expression of TCEAL7 (Bex4)
in primary cancers correlates with methylation of CpG sites in the promoter (73).
Decreased levels of FANCF expression found in most ovarian cancers are in part
due to promoter hypermethylation (28%) (74). Promoter methylation of p33™N¢b,
the inhibitor of growth /b gene, is found in 24% of ovarian cancers and are signifi-
cantly correlated with loss of mRNA expression (75). The CpG islands of the sup-
pressor of cytokine signaling genes SOCS/ and SOCS2 are hypermethylated in
23% and 14% primary ovarian cancers, respectively (76). TCF2, which encodes the
transcription factor HNF1p, is methylated in 26% of primary ovarian cancers (77).
Finally, methylation of MLHI (6-13%) (24, 38, 78, 79), HICI (16-35%) (24, 37,
38), hTR (24%) (24), p73 (10%) (24), and MINT25 (12-16%) (24, 38) have been
reported in primary ovarian cancers.

2.2 Chromatin Modifications Influencing Gene Expression

Histone modification leads to changes in chromatin structure and results in altera-
tion of transcriptional activity of a gene locus (80—82). Multiple acetylations at both
histone H3 and H4 subunits are associated with transcriptionally active sequences
and a lack of histone acetylation (hypoacetylation) correlates with transcriptional
silencing (82). The removal of acetyl groups can lead to chromatin condensation
and result in repression of transcription. Additionally, the unmodified histone lysine
residues can be mono, di, or trimethylated. Histone H3 di or trimethylation at lysine
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K4 is also associated with active transcription (82). In contrast, histone H3 di and
trimethylation at lysine K9 are enriched in transcriptionally silenced, densely
packed heterochromatin and are thus associated with gene silencing (82—84).

The emergence of chromatin immunoprecipitation (ChIP) analysis as a method
to identify histone modifications has aided the identification of genes silenced by
chromatin remodeling in ovarian cancer. For example, there is an enhanced associa-
tion between acetylated histone H3 and H4 and the DLECI promoter in cells that
have lost DLEC1 expression (45), indicating that histone hypoacetylation is used to
suppress DLECI1 expression in ovarian cancers. Acetylation and methylation of
chromatin in the promoter region of ARHI is associated with loss of expression in
ovarian cancer cells (85). GATA4 and GATA6 gene silencing, via an alteration of
chromatin conformation, correlates with hypoacetylation of histones H3 and H4
and loss of histone H3 lysine K4 trimethylation at their promoters in ovarian cancer
cell lines (86). In contrast to DLEC1 where gene silencing is also associated with
DNA hypermethylation (45), GATA4 and GATAG silencing is independent of pro-
moter methylation (86).

In addition to gene silencing, increased histone acetylation can lead to reexpres-
sion of genes in ovarian cancer cells. For example, high histone H3 acetylation and
an open chromatin conformation, in addition to reduced DNA methylation, are
important in claudin-4 (CLDN4) overexpression in ovarian cancer (§7-92).

2.3 Hypomethylated Genes

Global DNA hypomethylation increases with malignancy in ovarian epithelial neo-
plasms (93). There are, however, limited examples of specific gene activation by
hypomethylation in ovarian cancer. Demethylation of the maspin (SERPINBS) pro-
moter in ovarian cancer cells is associated with a gain of maspin mRNA expression
(94). Demethylation is also important in the abnormal expression of the metastasis-
related gene synuclein-y (SNCG), a member of a family of small cytoplasmic pro-
teins. Synuclein-y is not normally expressed in OSE because of dense methylation
in the promoter region but is hypomethylated and reexpressed in aggressive ovarian
cancer cell lines (95) and in a substantial proportion of malignant ovarian carci-
noma samples (96).

Similarly, little is known about activation of latent retrotransposons, though
hypomethylation of the CpG dinucleotides associated with the L1 and HERV-W
retrotransposons occurs in malignant relative to nonmalignant ovarian tissue con-
sistent with an elevation in expression levels (97).

Hypomethylation and rearrangements in heterochromatin in the vicinity of the
centromeres of chromosomes 1 and 16 are frequent in many types of cancer, includ-
ing ovarian epithelial carcinomas (98). Satellite 2 (Sat2) DNA is the main sequence
in the heterochromatin region adjacent to the centromere of these chromosomes. In
all normal tissues, Sat2 DNA is highly methylated but in ovarian carcinomas there
is significantly more hypomethylation in Sat2 DNA sequences in the juxtacentromeric
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heterochromatin of chromosome 1 (Chrl Sat2) and chromosome 16 compared with
borderline (LMP) ovarian tumors and cystadenomas (99). Thus degree of malig-
nancy significantly correlates with the extent of Sat2 DNA hypermethylation (99).
In addition, the study by Widschwendter et al. (100, 101) of 115 ovarian cancers
and 26 nonneoplastic ovarian specimens demonstrated a highly significant differ-
ence in levels of satellite hypomethylation in the major DNA component of all the
human centromeres, satellite o (Sata), in ovarian cancer. Advanced stage of disease
and tumor grade were associated significantly with frequent hypomethylation of
Chrl Sat2 or Chrl Sata, and serous and endometriod ovarian cancers had signifi-
cantly higher hypomethylation levels than LMP or mucinous tumors (100). Finally,
the methylation status of NBL2, a complex tandem DNA repeat in acrocentric chro-
mosomes, is significantly related to degree of malignancy of ovarian epithelial car-
cinomas, with hypomethylation seen only in the carcinomas (102).

3 Clinical Epigenetic Markers

Alterations in epigenetic patterns, including changes in DNA methylation, have
several advantages as a means to detect and classify cancer: (1) methylation analy-
sis utilizes DNA, a more chemically stable molecule than RNA or protein; (2)
aberrant DNA methylation is a “positive” signal that can be detected in a back-
ground of excess normal DNA molecules by sensitive assays that depend on signal
amplification by PCR. Such assays include methylation-specific PCR (MSP) (103)
and quantitative MSP (104) including the fluorescence-based real-time PCR-based
MethyLight technique (105) and headloop suppression PCR, which allows the
detection of a single methylated allele in 10,000 unmethylated alleles (106). These
assays have sufficient signal-to-noise ratio and throughput capacity to sensitively
analyze a broad spectrum of markers and thus may be useful in the clinical setting
(101, 107, 108); (3) assay design can focus on a single amplifiable region (eg., CpG
island) rather than scanning an entire gene for mutations. Moreover the detection
of methylation of multiple genes can be combined in a high throughput manner to
improve the specificity of cancer detection; (4) aberrant methylation is frequently
observed in early cancer development, and hence has applicability to the detection
of early stage disease; and (5) methylation biomarkers are present in patient serum/
plasma and other bodily fluids (109), and hence may have application as the basis
of noninvasive detection tests. To this end, a number of studies have shown the fea-
sibility of detecting hypermethylation of multiple genes in circulating DNA from
patients with a broad spectrum of tumors (110-112).

3.1 Prognostic Markers

Several epigenetically regulated genes have been assessed for their positive prog-
nostic potential in ovarian cancer. For example, /IGFBP-3 methylation is associated
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with disease progression and death in ovarian cancer, particularly in patients with
early-stage disease, where methylation was associated with a threefold higher risk
of disease progression and a fourfold higher risk of death (65). Similarly, hyper-
methylation of 18S and 28S rDNA is associated with prolonged progression-free
survival of ovarian cancer patients (113). Patients who demonstrated little or no
hypomethylation of Chrl Sat2 or Chrl Sato. had a significantly longer relapse-free
survival compared with patients with strong hypomethylation of these regions
(100). However, the small sample sizes used in these studies require these results to
be confirmed by large independent studies.

It is quite likely that determining the methylation status of multiple genes simul-
taneously rather than individual genes will provide a more sensitive and specific
assay for molecular classification and prognosis of ovarian cancer patients. To this
end, genome-wide array-based approaches are being utilized to identify prognostic
“methylation signatures” that can predict patient outcome. For example, using dif-
ferential methylation hybridization, Wei et al. could stratify late-stage of ovarian
tumors into two distinct groups with significantly different outcome on the basis of
methylation profiling of 956 CpG island-containing loci (114, 115). This study was
recently extended to identify 112 discriminatory methylated gene loci capable of
predicting progression-free survival with 95% accuracy using rigorous classifying
algorithms (116). Hence, although in its infancy, the identification of a prognostic
panel of hypermethylated DNA markers for ovarian cancer remains a realistic
possibility.

3.2 Markers of Therapeutic Responsiveness

Variations in patterns of methylation can occur within the same tumor types and in
addition to providing prognostic information, methylation patterns are associated
with response to chemotherapy. Epigenetic gene regulation plays a prominent role
in both intrinsic and acquired drug resistance in cancer (117), and epigenetic mark-
ers may therefore prove useful in predicting chemotherapy response and outcome
in patients with ovarian cancer. Methylated genes implicated in drug resistance are
those involved in processes known to influence chemosensitivity, such as DNA
repair and damage response pathways, cell cycle control, and apoptosis (118). For
example, Teodoridis et al. (38) showed that methylation of at least one of the three
genes involved in DNA repair/drug detoxification (BRCA1, GSTPI, and MGMT) is
associated with improved response to chemotherapy of patients with late-stage epi-
thelial ovarian tumors (38).

Chemotherapy itself can exert a positive selective pressure on subpopulations of
cells in an initially chemoresponsive tumor. A number of recent studies suggest a direct
role for epigenetic inactivation of genes underlying acquired chemoresistance at dis-
ease relapse. For example, matched cell line models of acquired resistance have shown
that common patterns of CpG island methylation can be identified as being selected for
chemotherapy in vitro (119). There is an increasing volume of evidence from clinical
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studies that supports this hypothesis. In the study by Wei et al., discussed in the above
Prognostic Markers section, patients stratified as having a short progression-free sur-
vival (with a high degree of CpG island methylation) have a poorer response to second-
line cytotoxic therapies when compared with patients with a longer progression-free
survival (and low CpG island methylation), suggesting that patients with high CpG
island methylation more readily acquire resistance to chemotherapy (115).

Silencing of hMLHI, a DNA mismatch repair gene, by hypermethylation of its
promoter CpG island (24) has been linked with acquired resistance to platinum-based
drugs in ovarian cell line models (24, 120, 121). Methylation of MLH] is increased
at relapse in epithelial ovarian cancer patients; 25% (34/138) of plasma samples from
relapsed patients showed methylation of MLHI, which is not evident in matched
prechemotherapy plasma samples but consistent with acquisition of methylation after
chemotherapy. Moreover, acquisition of MLHI methylation at relapse predicts poor
overall patient survival and is associated with drug resistance (122).

FANCEF is crucial for the activation of the DNA repair complex containing
BRCAL1 and BRCA2. Methylation-induced inactivation of FANCF is observed in
ovarian cancer cells with a defective BRCA2 pathway, associated with increased
sensitivity to cisplatin. Demethylation and reexpression of FANCF is associated
with acquisition of cisplatin resistance in ovarian cancer cell lines (123). It has been
proposed that inactivation of FANCF occurs early in tumor progression but chemo-
therapy selects for cells in which FANCF methylation has been reversed and there-
fore displays higher resistance to platinum-based chemotherapy (123). Methylation
of FANCF has been observed in primary ovarian cancers (123), but its relevance to
clinical outcome following chemotherapy is yet to be established.

Although no functional role has yet been assigned, methylation-controlled
DNAJ (MCJ) was identified as a gene that rendered epithelial cells more sensitive
to cisplatin and paclitaxel, the mainstay of chemotherapy for ovarian cancer
patients (124). Unusual for a CpG island-associated gene, cell-type-specific DNA
methylation and gene silencing of MCJ are observed in normal cells, including
OSE (125). The majority of late-stage ovarian cancers also exhibit MCJ methyla-
tion; however, many of these have undergone a partial demethylation of the MCJ
gene promoter, with only 17% of cancers maintaining very high (>90%) methyla-
tion, which is correlated with a poor response to chemotherapy and decreased sur-
vival (125, 126). Hence, MCJ methylation may be a useful marker of response to
chemotherapy in ovarian cancer.

These data remain to be validated in large prospective studies; nonetheless, the
identification of ovarian cancer-specific epigenetic changes clearly has promise in
disease stratification and treatment individualization (118, 122).

3.3 Early Diagnostic Markers

Early diagnosis is critical for the successful treatment of many types of cancer,
including ovarian cancer. The detection of cancer at early stages by noninvasive
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methods may be aided by the identification of cancer-specific biomarkers detecta-
ble in body fluids. It has been known for many years that tumors appear to “shed”
DNA into the circulation (127). Moreover, specific methylated DNA markers can
be detected in the serum/plasma and peritoneal fluid of ovarian cancer patients (36).
The challenge remains to identify methylated markers that are commonly found in
patients with ovarian cancer and would be suitable for diagnostic purposes. Unlike
prostate cancer, in which GSTP1 is methylated in over 90% of cancers (128, 129),
no single gene in ovarian cancer has been identified as being methylated in more
than a relatively small proportion of cancers. Although new genome-wide
approaches may discover such a gene(s), it is quite likely that a panel of methylated
genes will be required to detect ovarian cancer at sufficient specificity and sensitiv-
ity. A combination of genes that are commonly methylated in cancer and genes that
are methylated specifically in ovarian cancer is the most likely methylation signa-
ture capable of distinguishing ovarian cancers from neoplasms of other organs and
from benign disease.

The detection of RASSF1A methylation in body fluids promises to be a useful
marker for early cancer detection (60). In a recent feasibility study, tumor-spe-
cific hypermethylation of at least one of a panel of six tumor suppressor gene
promoters, including RASSFIA, BRCAI, APC, pl4, pl6, and DAPK, could be
detected in the serum or plasma of ovarian cancer patients with 100% specificity
and 82% sensitivity (36), including 13/17 cases of stage I disease. Methylation
was observed in only one peritoneal fluid sample from 15 stage IA or B patients,
but 11/15 paired sera were positive for methylation (36). In addition to proof of
principle, these data indicate that circulating ovarian tumor DNA is more readily
accessible in the bloodstream than in the peritoneum, consistent with previous
studies (127).

Although several limitations still exist, including the sensitivity of methylation
assays relative to the amount of circulating tumor DNA, in principal, detection of
specific epigenetic markers in the circulation of patients appears a promising can-
didate for the detection of early stage ovarian cancer.

4 Conclusions

There is an ever-increasing literature detailing epigenetically regulated genes in ovar-
ian cancer, in particular, hypermethylated and silenced genes. However, many of
these reported changes remain unverified in independent studies. Moreover, the fre-
quency of methylation detection for individual genes can vary widely between stud-
ies. This variability in detection is likely a result of disparate tumor cohorts, DNA
integrity, and assay platform and design. There are now several validated assays to
assess DNA methylation, including high-throughput quantitative approaches; how-
ever, it should be emphasized that regardless of the approach chosen, careful assay
design and correct interpretation of the results are critical in determining the true
methylation frequency of a given chromosomal region.



44 C.A. Barton et al.

To date, no gene(s) have been identified that are methylated and silenced in a
high proportion of ovarian cancer cells. However, only a fraction of potential meth-
ylation targets have been examined. It is quite likely that a shift from candidate
gene to genome-wide array-based approaches will aid in the discovery of methyl-
ated genes (23, 59, 130). We would anticipate from earlier studies that some of
these methylation targets will be specific to the majority of cells in a particular
stratified group of ovarian cancers, such as histological phenotype or cancers with
acquired resistance to chemotherapy. Like other array-based data discovery plat-
forms, methylated genes identified by high-throughput screening approaches will
require careful analysis and validation. In particular, it will be important to concur-
rently analyze expression and DNA sequence changes in matched clinical samples
to allow accurate analysis of methylation profiling data. Data analysis will also rely
on prior knowledge of normal levels of DNA methylation in the ovary to establish
a baseline from which to identify alterations in ovarian cancer which will, in part,
be aided by the establishment of the Human Epigenomic Project (131).

In combination with genetic changes, it is clear that a distinct set of epigenetic
changes underlie ovarian cancer initiation and development. Identifying the methyla-
tion signature of ovarian cancer cells will likely lead to a greater understanding of the
molecular pathways causing ovarian cancer progression (115). Precise functional and
genetic studies will be necessary to determine which epigenetic events are critical to
tumorigenesis and thus have biological consequences, when compared with
“bystander” genes that are methylated and selected during tumor development, per-
haps due to epigenetic silencing of large chromosomal regions containing tumor sup-
pressor genes (132), despite having no immediate effect on tumor phenotype (117).

Finally, the identification of epigenetic changes that correlate with clinicopatho-
logical parameters and patient outcome may provide new markers of clinical bene-
fit. There is now accumulating evidence that epigenetic biomarkers offer great
potential in the detection of cancer in its earliest stages and accurate assessment of
individual risk. Moreover, epigenetically silenced cancer genes offer new targets
for therapeutic approaches based on reexpression of tumor suppressor genes via
demethylation and deacetylating drugs (133). The next decade will determine
whether the promise of epigenetic markers holds true.
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Role of Genetic Polymorphisms in Ovarian Cancer
Susceptibility: Development of an International
Ovarian Cancer Association Consortium

Andrew Berchuck, Joellen M. Schildkraut, C. Leigh Pearce,
Georgia Chenevix-Trench, and Paul D. Pharoah

The value of identifying women with an inherited predisposition to ovarian cancer has
become readily apparent with the identification of the BRCAI and BRCA2 genes.
Women who inherit a deleterious mutation in one of these genes have a very high life-
time risk of ovarian cancer (10-60%) and lesser risks of fallopian tube and peritoneal
cancer. These highly lethal cancers are almost completely prevented by prophylactic
salpingoophorectomy. BRCA1/BRCA2 mutation testing has become the accepted
standard of care in families with a strong history of breast and/or ovarian cancer. This
approach has the potential to reduce ovarian cancer mortality by about 10%.

Although the ability to perform genetic testing for BRCA1 and BRCA2 repre-
sents a significant clinical advance, the frequency of mutations in these high pene-
trance ovarian cancer susceptibility genes in the general population is low (about 1
in 500 individuals). There is evidence to suggest that ovarian cancer susceptibility
is affected by low penetrance genetic polymorphisms that are much more common.
Although such polymorphisms would increase risk to a lesser degree, they could
contribute to the development of many ovarian cancers by virtue of their high fre-
quency in the population. It has been shown that the most powerful approach to
studying low penetrance genes is an association study rather than a linkage study
(1). Several groups have obtained funding to initiate such studies and these gener-
ally have focused on polymorphisms in candidate genes purportedly involved in
ovarian biology or carcinogenesis.

Over the last decade, initial reports from ovarian cancer association studies have
been disappointing. Although numerous positive associations have been reported,
in most cases these have not been confirmed by other groups. The accumulated
experience to date has served to highlight how difficult it is to conduct statistically
and methologically rigorous ovarian cancer association studies. The main issues are
summarized below.

1. Association studies of genetic polymorphisms require large numbers of subjects
to have adequate power to identify low penetrance effects; but because of the
relative rarity of ovarian cancer, most studies include hundreds of subjects rather
than the thousands that are needed.

2. Because of the large number of polymorphisms in the human genome (about 10
million), false-positive associations are inevitably more frequent than true-positive
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associations even when studies are conducted in a scientifically rigorous fash-
ion. For example, using a significance level of 0.05, one false-positive result
would be expected for every 20 polymorphisms examined.

3. Epithelial ovarian cancer is composed of several histological types that are
somewhat heterogeneous with respect to predisposing risk factors and somatic
mutations, and likewise it is possible that a given polymorphism may not affect
the risk of all histologic types. The power of analyses stratified by histology is
limited because of the smaller numbers of cases in each group.

4. Careful attention must be paid to issues of population stratification because both
ovarian cancer rates and allele frequencies vary with race/ethnicity leaving open
the possibility of residual confounding by race/ethnicity. This issue is one possi-
ble explanation for false-positive associations in the literature.

5. Epidemiological risk factor data should be considered in association studies to
allow for examination of interactions between known etiologic factors (e.g.,
ovulation, endometriosis) and genetic risk factors. Because large samples sizes
are needed to detect interactions, the power of these types of analyses in associa-
tion studies has been extremely limited.

In view of the above-noted issues, over the last few years, collaborations have been
initiated between groups in the US, UK, Europe, and Australia that are performing
ovarian cancer association studies. To continue and expand this collaborative
momentum, a meeting was held in Cambridge, England, in April 2005 to review
the results of ongoing ovarian cancer association studies. The above-noted method-
ological issues that have slowed progress in the field were reviewed in detail.
Presently, despite significant efforts by the various groups, little real progress has
been achieved in understanding the contribution of genetic polymorphisms to ovar-
ian cancer susceptibility. There was a consensus that many of the challenges inher-
ent in this field can best be addressed by cooperative efforts. In view of this, the
group unanimously decided to establish an ovarian cancer association consortium
(OCAQ). Shortly after the Cambridge meeting, an invitation to join the OCAC was
extended to other groups known to be performing ovarian cancer association stud-
ies, and this was met with an enthusiastic response. Presently, 16 groups that are
performing ovarian cancer case—control genetic association studies have joined the
OCAC (Table 1). Together, over 10,000 cases and 15,000 controls have been
accrued in these studies.

The work of the OCAC was funded in October 2005 by a generous donation
from the family and friends of Kathryn Sladek Smith to the Ovarian Cancer
Reseach Fund (www.ocrf.org). Biannual group meetings have been held for the
past 2 years. The immediate goal of the group is to work together collaboratively
to reach definitive results regarding polymorphisms that have been previously
studied and to plan for future high quality studies. The development over time of
a track record of collaboration and joint accomplishments will lay the ground-
work for future studies, such as whole genome scans of thousands of
polymorphisms.
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Table 1 The Ovarian Cancer Association Consortium
United States

Duke University — North Carolina Ovarian Cancer Association Study

University of Southern California — Los Angeles Ovarian Cancer Association Study

University of Pittsburgh — HOPE (Hormones and Ovarian Cancer Prediction)

University of Washigton, Fred Hutchinson Cancer Institute — DOVE Study (Diseases of
the Ovary and their Evaluation), OvCARE Study (Ovarian Cancer Contraceptive and
Reproductive Experiences Study)

Mayo Clinic — Mayo Clinic Ovarian Cancer Association Study

Stanford University — San Francisco Bay Area Ovarian Cancer Genetic Epidemiology Study

Harvard University — New England Ovarian Cancer Case Control Study

Yale University — Connecticut Ovarian Cancer Study

University of California, Irvine — Orange County California Ovarian Cancer Study

University of South Florida, Moffitt Cancer Center — Tampa Bay Ovarian Cancer Study

University of Hawaii — Hawaii Ovarian Cancer Study

International

Cambridge University, UK — SEARCH East Anglian and West Midlands Study

University College London, UK — UK Ovarian Cancer Study

Queensland University, Australia — Australian Ovarian Cancer Study and Australian Cancer
Study

Denmark — The Danish Malignant Ovarian Tumor study (“MALOVA”)

NCI/Poland — Warsaw and Lodz Ovarian Cancer Study

Poland — West-Pomerania Region Hereditary Ovarian Cancer Study

1 Clinical Utility of Ovarian Cancer Susceptibility
Polymorphisms

Although epidemiological risk factors for ovarian cancer have been identified, they
are not sufficiently powerful to direct risk stratification in the clinic. Presently, ovar-
ian cancer risk stratification is not used to guide clinical surveillance or interventions
in the vast majority of women, other than in those rare individuals with mutations in
the BRCA or HNPCC genes. The long-term goal of the OCAC is to identify a panel
of ovarian cancer susceptibility polymorphisms that can be used in combination with
known epidemiological risk factors such as family history, parity, and oral contracep-
tive use to better stratify ovarian cancer risk. We envision a future in which reduction
of ovarian cancer incidence and mortality will be accomplished by implementation of
screening and prevention interventions that focus on women defined as high risk,
based on genetic and epidemiological risk factors. Such a focused approach likely
will be more feasible and cost-effective than population-based approaches, given the
relative rarity of ovarian cancer. Identifying genetic risk factors will also likely lead
to improved understanding of the underlying biology and etiology of ovarian cancer
and ultimately results in better ways of treating the disease.

Ovarian cancer is a highly lethal disease because most cases are detected at an
advanced stage. Several obstacles to early detection of ovarian cancer exist, including
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its relative rarity, the occult location of the ovaries, and the lack of a well-defined
preinvasive lesion. Despite these challenges, intensive efforts aimed at the develop-
ment of a screening test are ongoing. In addition to screening strategies, the protec-
tive effect of oral contraceptives, pregnancy, and NSAIDs against ovarian cancer
provides evidence that risk reduction through preventive approaches may be possi-
ble. In view of the relative rarity of ovarian cancer, both screening and prevention
approaches likely would be most cost effective if focused on populations at
increased risk, based on epidemiological and genetic risk factors.

The next sections summarize the present understanding of the contributions of
epidemiological risk factors and genetic susceptibility to ovarian cancer risk.

2 Epidemiology of Ovarian Cancer

In addition to genetic susceptibility, reproductive behaviors are the other main risk
factors for ovarian cancer. Both pregnancy and use of oral contraceptives (OCs) dra-
matically reduce ovarian cancer incidence (2). Women who have three children or use
OCs for more than 5 years have more than a 50% risk reduction. It is thought that
reductions in numbers of lifetime ovulations due to pregnancy, OC use, and breast-
feeding may decrease risk by reducing gonadotropin levels, oxidative stress, DNA
replication errors, and inclusion cyst formation in the ovarian epithelium. In addition,
both pregnancy and use of OC are characterized by a protective progestagenic hor-
monal milieu (2, 3), and it has been suggested that this may reduce ovarian cancer
risk by stimulating apoptosis of genetically damaged ovarian epithelial cells that oth-
erwise might eventually evolve a fully transformed phenotype (4, 5). This may
account for the observation that the protective effect of pregnancy and OCs is far
greater than the extent to which lifetime ovulatory cycles are reduced (2). It has been
suggested that combination OCs with high progestin potency were associated with a
greater ovarian cancer risk reduction than those with low progestin potency (6, 7).

Additional risk factors apart from those that affect hormonal events and ovula-
tion have been identified. Most notably, it has been shown that tubal ligation and
hysterectomy reduce ovarian cancer risk by about 20-50% (2), perhaps by inter-
rupting the access of perineal carcinogens such as talc to the ovary. In addition,
endometriosis is associated with a two to threefold increased risk, particularly for
clear cell and endometrioid cancers (8). Ovarian cancer incidence also has been
noted to be higher in Northern regions with lower sunlight exposure (9). Finally,
there is evidence that NSAIDs and other antiinflammatory drugs reduce ovarian
cancer risk, as has also been noted for colon and breast cancer (10).

3 Genetic Susceptibility

Population-based case—control studies have described a two to threefold increased
risk in first degree relatives of ovarian cancer patients. In principle, the familial
aggregation of ovarian cancer may be the result of genetic or nongenetic factors that
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are shared within families. Twin studies that compare the concordance of ovarian
cancer between monozygotic and dizygotic twins have shown that most of the
excess familial risk of ovarian cancer is due to genetic factors (11). About 10% of
invasive epithelial ovarian cancers are attributable to inherited mutations in high
penetrance genes: BRCAI (3—6%), BRCA2 (1-3%), HNPCC DNA mismatch repair
genes (1-2%) (12, 13). Most deleterious BRCA mutations encode truncated protein
products, although missense mutations that alter a single amino acid in BRCA1 or
BRCA2 have been found to segregate with disease in a handful of familial ovarian
cancer clusters (14, 15). Inheritance of a BRCA mutation increases lifetime risk of
ovarian cancer from a baseline of 1.5% to about 15-25% in BRCA2 carriers and
20—40% in BRCAL carriers (16-18). Highly penetrant germline BRCA mutations
are rare, however, and are carried by less than 1 in 500 individuals in most popula-
tions, with the notable exception of Ashkenazi Jews (1 in 40 carrier rate) (19). The
ability to identify BRCA mutation carriers is an exciting advance, as these women
can consider oophorectomy and other approaches aimed at decreasing ovarian can-
cer mortality (12, 20). On the other hand, because BRCA mutations are rare, the
overall impact on mortality will be inevitably small.

Rare, high penetrance susceptibility alleles for many cancer types have been
cloned by focusing on families with multiple and/or early onset cases. More recently,
it has been hypothesized that common, weakly penetrant alleles may exist, which
contribute to the burden of cancers classified as sporadic. Several million common
genetic variants (polymorphisms) have been identified in the human genome
(21-25). The most common of these polymorphisms involves substitution of a sin-
gle nucleotide (SNP). Many of these SNPs are located either outside genes, in
introns, or in the coding sequence of genes, and are “silent” because they do not alter
the amino acid encoded. However, some SNPs that change a single amino acid may
significantly alter the activity of a protein or its interactions with other molecules.
SNPs that arise in introns or promoter regions may also alter expression of the pro-
tein by affecting transcription. In addition, insertion/deletion polymorphisms may
occur in repetitive DNA sequences. Some trinucleotide repeats encode a stretch of a
single amino acid, and variant alleles may alter the number of amino acid residues.

All genes have numerous polymorphisms, and current estimates suggest that on
average there is one common SNP for every 300 bp across the genome. Identification
of common polymorphisms that predispose more weakly to cancer involves associ-
ation studies using groups of individuals with a given type of cancer and unaffected
controls (1, 25). Although the potential effects of these polymorphisms on risk are
less striking than seen with BRCA mutations, they could account for a larger frac-
tion of ovarian cancer cases by virtue of their high prevalence. There are two
approaches that can be taken to association studies — direct and indirect. In the
direct approach, putative functional variants are studied in the expectation that they
are causally related to the disease of interest. Alternatively, the indirect approach
takes advantage of the fact that polymorphisms in physical proximity are often
inherited together as a haplotype block. The elucidation of the haplotype structure
of genes is facilitating association studies by reducing the number of SNPs that
must be examined in each gene (http://www.hapmap.org/) because of the correlated
nature of the SNPs.
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4 Link Between Epidemiological and Genetic Risk Factors

Ovarian cancer risk is quite likely determined by a complex interaction between
various inherited and acquired factors. For example, it has been proposed that
ovulation may increase ovarian cancer risk by increasing mutations in the epithe-
lium that occur due to spontaneous errors in DNA synthesis or oxidative stress at
the ovulatory site. If so, polymorphisms in genes involved in DNA repair or
metabolism of free radicals could affect ovarian cancer risk. Similarly, any
increased risk of ovarian cancer associated with talc use and other exogenous car-
cinogens could be modified by genes that affect xenobiotic metabolism. It has
been proposed that high levels of gonadotropins associated with ovulation may
stimulate sex steroid hormone production, which may enhance proliferation and
transformation in the ovarian epithelium. Thus, polymorphisms in genes, which
regulate and facilitate these processes, such as gonadotropin releasing hormone,
the androgen receptor, and genes involved in sex steroid hormone biosynthesis and
metabolism could affect ovarian cancer susceptibility. In addition, it is thought that
the progestagenic milieu of pregnancy and OCs may have a protective effect by
virtue of increasing apoptosis of ovarian epithelial cells that have undergone
genetic damage. Thus, polymorphisms in the progesterone receptor or its down-
stream effectors could affect ovarian cancer risk. Likewise, the relationship
between low sunlight exposure and increased ovarian cancer risk could be attribut-
able to vitamin D activity, and polymorphisms in genes involved in its action could
be a determinant of risk.

5 Review of Prior Ovarian Cancer Association Studies

Prior reports have examined the relationship between polymorphisms in several
candidate genes and ovarian cancer risk. This includes the progesterone receptor
(26-33), androgen receptor (34, 35), CYP17 (36, 37), p53 (38, 39), prohibitin (40),
epoxide hydrolase (41, 42), BRCAI and BRCA2 (43, 44), and others. Positive
associations reported by some groups have not been confirmed by others, and this
is attributable to chance; however, methodological weaknesses including using
hospital- rather than population-based controls and employing controls that are
poorly matched with respect to the presence of ovaries, age, and race (45). A few
illustrative examples of some of these studies are described later.

5.1 Brcal/Brca2

Polymorphisms in BRCA genes are high priority ovarian cancer susceptibility can-
didates, since inactivation of these proteins strikingly increases ovarian cancer risk.
Several members of the OCAC have examined common polymorphisms in BRCA1/
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BRCAZ2. Initially, Ponder et al. reported that homozygosity for the H allele of the
N372H polymorphism in BRCA2 gene conferred a 1.3-fold increased risk of breast
cancer (46). This is the only BRCA2 polymorphism with a rare allele frequency
greater than 5% that results in an amino acid change. Dr. Chenevix-Trench examined
N372H in UK and Australian ovarian cancer cases and controls and found a 1.7-fold
increased risk (43). This polymorphism was also examined in the North Carolina
Ovarian Cancer study, but no association was found between the H allele and risk of
ovarian cancer (44). The overall odds ratio for HH homozygotes was 0.8 (95% CI =
0.4-1.5) and was similar in all subsets including invasive serous cases.

With regard to BRCAI, five amino acid changing polymorphisms have minor
allele frequencies greater than 5% (Q356R, L871P, E1038g, K1183R, S1613G)
(47). With the exception of Q356R, the others are highly correlated and only three
haplotypes occur with a frequency of greater than 1.3% (48). In a population-based
study of BRCA1 sequence variants in Southern California by Anton-Culver et al.,
the Q356R polymorphism was significantly associated with a family history among
cases, suggesting that this polymorphism may influence risk (49). However, in the
North Carolina Ovarian Cancer Study, neither the BRCA1 Q356R (OR = 0.9, 95%
CI0.5-1.4) nor P§71L (OR =0.9, 95% CI 0.6—1.9) polymorphisms were associated
with ovarian cancer risk (44). A significant racial difference in allele frequencies
was noted for the P871L polymorphism (P = 0.64 in Caucasians, L = 0.76 in
African Americans, p < 0.0001).

5.2 Progesterone Receptor

In view of the protective effect of a progestin-dominant hormonal milieu (OC use,
pregnancy), progesterone receptor variants with altered biological activity might
affect ovarian cancer susceptibility. Polymorphisms in this gene have been studied
in greater depth than those of any other gene, yet it remains unclear whether spe-
cific variants affect risk of ovarian cancer.

A German group reported that an insertion polymorphism in intron G of the pro-
gesterone receptor was associated with a 2.1-fold increased ovarian cancer risk (26,
27). It subsequently was shown that this intronic Alu insertion is in linkage disequi-
librium with polymorphisms across the locus, including an amino acid changing
SNP in exon 4 and a silent SNP in exon 5. However, several subsequent studies have
failed to confirm an association between these polymorphisms and ovarian cancer
risk (28-31). In addition, the evidence that this complex of polymorphisms, termed
PROGINS, alters progesterone receptor function remains uncertain (50).

More recently, sequencing of the progesterone receptor gene by Pearce et al. at
USC revealed the presence of four major haploytpe blocks within the gene (32). In
this study, the association of PROGINS with ovarian cancer was explained by its
cosegregation with the minor allele of the SNP rs608995. Homozygosity for the
minor allele was seen in 4% of 387 controls compared with 11.2% of 267 cases
(OR =3.0; 95% CI = 1.63-5.89).
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In addition to polymorphisms in the exons and introns of the progesterone recep-
tor gene, additional polymorphisms have been identified in the promoter region
(51). The A allele of the +331SNP creates an unique transcriptional start site that
favors production of the progesterone receptor B (PR-B) isoform over progesterone
receptor A (PR-A) (51). The PR-A and PR-B isoforms are ligand-dependent mem-
bers of the nuclear receptor family that are structurally identical except for an addi-
tional 164 amino acids at the N-terminus of PR-B, but their actions are distinct. The
full length PR-B functions as a transcriptional activator and in the tissues where it
is expressed, it is a mediator of various responses, including the proliferative
response to estrogen or the combination of estrogen and progesterone (52). PR-A
is a transcriptionally inactive dominant-negative repressor of steroid hormone tran-
scription activity that is thought to oppose estrogen-induced proliferation. An asso-
ciation has been reported between the +331A allele of the progesterone receptor
promoter polymorphism and increased susceptibility to endometrial (51) and breast
cancers (53), although the breast cancer association has not been confirmed in two
subsequent studies (32, 54). It was postulated that upregulation of PR-B in carriers
of the +331A allele might enhance formation of these cancers because of an
increased proliferative response.

Through collaborative efforts between two members of the OCAC (Duke and
Australia), convincing evidence of association has been found between the
+331A allele and ovarian cancer risk (33). Analyses involving the combined data
set between these two studies showed a significant association between the
+331A allele and decreased risk of endometrioid/clear cell cases (OR = 0.46,
95% CI = 0.23-0.92) (P = 0.027). The example underscores the importance of
working together because the major finding is present among the less common
endometrioid and clear cell subtypes of ovarian cancer that represent 21% of
invasive cases. Endometriosis is known to increase risk of endometrioid and
clear cell ovarian cancers, many of which may arise in ovarian deposits of
endometriosis (8).

The literature is fraught with false-positive association studies of genetic suscep-
tibility polymorphisms (25, 45), but several features mitigate the likelihood of this
in the present study. First, the known protective benefit of progestins against ovar-
ian cancer provides a preexisting biologic plausibility for the observed association.
In addition, this collaborative effort showed a consistent effect across both the Duke
and Australian study populations. Lastly, we have been able to combine the results
from two additional OCAC members to provide further evidence of a true-positive
association (Fig. 1). This is one of the first three variants that will be studied by the
OCAC. Although the results appear convincingly positive, we cannot rule out pub-
lication bias as an issue for this association and therefore the combined efforts of
the OCAC are necessary.

Finally, there is evidence to suggest that steroid hormones other than progester-
one play a major role in ovarian carcinogenesis, both via affects on ovulation and
direct effects on the ovarian epithelium. In view of this, polymorphisms in genes
that comprise the estrogen, progesterone, androgen, and vitamin D receptor path-
ways also are high priority candidates
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Fig. 1 Metaanalysis of the +331G/A progesterone receptor promoter polymorphism in endome-
trioid and clear cell ovarian cancers. The X axis represents the relative risk on a log scale. The
diamond for each study represents the relative risk and the error bar the confidence intervals. A
value of 1 indicates no association with values to the right representing increased risk and values
to the left decreased risk. With all of the data combined there are 479 cases and 2,158 controls.
The odds ratio for all of the data combined is 0.56 (95% CI 0.37-0.83)

5.3 DNA Repair Genes

The very strong association between mutated forms of BRCAI, BRCA2, and
HNPCC mismatch repair genes and cancer underscores that DNA damage response
pathways may be critical in the development of ovarian cancer. It is possible that
variants in the genes that encode other proteins in the BRCA1 or BRCA2-associated
complexes may adversely affect the efficiency of DNA repair and increase the risk
of cancer, even if there are no high penetrance mutations in BRCAI, BRCA2, or
HNPCC genes (e.g., FANCD2, PMS2, BACHI, BARDI, GADD45, XPD, XRCC1).
In addition, polymorphisms associated with DNA damage response and the p53
DNA damage checkpoint may be important in the pathogenesis of ovarian cancer
and affect the frequency of p53 overexpression and/or spectrum of p53 mutations
(e.g., p21, MDM?2, ARF, and PIG3). Genes involved in apoptosis also are appealing
candidates, as failure to undergo cell death when DNA repair is not adequate may
play a role in the development of some cancers.

5.4 Inflammation Pathways

Many of the established risk factors for ovarian cancer including ovulation and
endometriosis have a link with inflammatory processes. Furthermore, it has been
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shown that analgesic use is associated with decreased ovarian cancer risk. In view
of this, polymorphisms in genes involved in inflammation pathways could affect
ovarian cancer risk. This includes genes that encode cytokines or other molecules
related to cytokine activity (e.g., TNF-o, IL-1B and IL-6, IL-1RA and IL-10). In
addition, polymorphisms in genes involved in analgesic drug metabolism, drug
effects (e.g., cyclooxygenases), and those that mediate the actions of arachidonic acid
metabolites affect ovarian cancer risk (e.g., CYP2C9, CYP3A4, PTGS1, PTGS1) and
could modify the protective effect of analgesics against ovarian cancer.

5.5 Other Pathways

Additional pathways to consider include those involved in methylation and acetyla-
tion of genes and chromatin remodeling as well as DNA replication and cell cycle
regulation. Genes that regulate angiogenesis, invasion and metastasis, stromal—epi-
thelial interactions, and those shown to be overexpressed in ovarian cancers using
genomic approaches also represent appealing candidates.

6 Ovarian Cancer Association Consortium

6.1 Candidate Gene Approaches

The OCAC will work together to validate initial associations between single SNPs
in candidate genes and ovarian cancer that are reported by individual groups. Data
will be pooled for joint analyses. It is becoming increasingly desirable to study
genes using a comprehensive approach to “rule out” the involvement of a given
gene with a given phenotype (e.g., ovarian cancer). Taking this approach a step
further, studies of complete biological pathways (e.g., DNA repair) involving mul-
tiple genes are being conducted at increasing frequency (55-57). In future, the
OCAC will increasingly attempt to examine a set of SNPs that capture as com-
pletely as possible the underlying population variability within the chosen genetic
loci. Although a locus or gene will contain many SNPs, a few “tag” SNPs can pro-
vide most of the information on its pattern of genetic variation such that all of the
variation in the locus is marked by the tag SNPs. This is the principle of the indirect
approach through which it is unnecessary to identify the “key” SNP in a gene as
long as it is coinherited or in linkage disequilibrium (LD) with a representative
genotyped SNP. The International HapMap Project (HapMap) was organized to
provide extensive genotype data to the scientific community for the purposes of
identifying disease associations (http://www.hapmap.org/) and this resource can be
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used to select tag SNPs. We will select tag SNPs using standard methods (http://
www.broad.mit.edu/mpg/tagger/) (58, 59).

There remain many important methodological issues to address in analyzing SNP
data. For example, the optimal design strategy with regard to determining the number
of samples that need to be genotyped is unclear in the context of preserving both
financial and biological material resources. In addition, because both allele frequency
and ovarian cancer rates vary by race/ethnicity, it will be important to consider the
issue of population substructure among studies. In addition, the best way to explore
the effect of multiple genes in a pathway is an area of active research (60).

The goal of genetic association studies is to determine whether a specific variant
is associated with the risk of developing a given disease. However, the phenotypic
expression of genetic variants is affected by environmental and behavioral factors.
Information regarding known epidemiological risk factors should be incorporated
into genetic association studies. For example, it is possible that the effect of certain
polymorphisms on risk may only be manifest in women who are nulliparous or in
those with a history of endometriosis. Because of the moderate size of most ovarian
cancer association studies, it has not been possible for individual groups to perform
meaningful analyses of gene—environment interactions. One of the aims of the con-
sortium will be to establish a common data sheet that includes basic information
relating to the major epidemiological risk factors. This will focus mainly on family
history and reproductive risk factors. Analyses will be performed to examine interac-
tions between specific risk factors, genetic polymorphisms, and ovarian cancer risk.

6.2 Whole Genome Studies

The discussion above focuses on association studies of polymorphisms in candidate
genes that are selected based on a biological or epidemiological link to ovarian
cancer. A potential pitfall of studies aimed at identification of ovarian cancer sus-
ceptibility polymorphisms using a candidate gene approach is the large number of
polymorphisms in the genome. In addition, because our understanding of ovarian
carcinogenesis is incomplete, many of the relevant genes may still be unidentified.
An alternative strategy involves nonhypothesis-based high throughput approaches
that examine thousands of polymorphisms across the genome to look for linkage.
These whole genome approaches are arduous and generate many regions across the
genome that must be studied further. Also, the optimal design for whole genome
association scans is still an area of extensive debate. The infrastructure and working
relationships established as the OCAC matures will lay the ground work for whole
genome association studies in ovarian cancer.

Acknowledgments The Ovarian Cancer Association is funded by a generous donation from the
family and friends of Kathryn Sladek Smith to the Ovarian Cancer Research Fund.



64

A. Berchuck et al.

References

1.

2.

10.

11.

12.

13.

15.

16.

17.

Risch, N. and Merikangas, K. The future of genetic studies of complex human diseases,
Science, 273: 15161517, 1996.

Whittemore, A.S., Harris, R. and Itnyre, J. Characteristics relating to ovarian cancer risk.
Collaborative analysis of twelve US case-control studies. II. Invasive epithelial ovarian can-
cers in white women, Am J Epidemiol, /36: 1184-1203, 1992.

. Risch, H.A. Hormonal etiology of epithelial ovarian cancer, with a hypothesis concerning the

role of androgens and progesterone, J Natl Cancer Inst, 90: 1774—1786, 1998.

. Rodriguez, G.C., Walmer, D.K., Cline, M., Krigman, H.R., Lessey, B.A., Whitaker, R.S.,

Dodge, R.K. and Hughes, C.L. Effect of progestin on the ovarian epithelium of macaques:
Cancer prevention through apoptosis? J Soc Gynecol Invest, 5: 271-276, 1998.

. Rodriguez, G.C., Nagarsheth, N.P., Lee, K.L., Bentley, R.C., Walmer, D.K., Cline, M.,

Whitaker, R.S., Isner, P., Berchuck, A., Dodge, R.K. and Hughes, C.L. Progestin-induced
apoptosis in the macaque ovarian epithelium: Differential regulation of transforming growth
factor-beta, J Natl Cancer Inst, 94: 50-60, 2002.

. Schildkraut, J.M., Calingaert, B., Marchbanks, P.A., Moorman, P.G. and Rodriguez, G.C.

Impact of progestin and estrogen potency in oral contraceptives on ovarian cancer risk, J Natl
Cancer Inst, 94: 32-38, 2002.

. Pike, M.C., Pearce, C.L., Peters, R., Cozen, W., Wan, P. and Wu, A.H. Hormonal factors and

the risk of invasive ovarian cancer: A population-based case-control study, Fertil Steril, 82:
186-95, 2004.

. Ness, R.B. Endometriosis and ovarian cancer: Thoughts on shared pathophysiology, Am J

Obstet Gynecol, 189: 280-294, 2003.

. Lefkowitz, E.S. and Garland, C.F. Sunlight, vitamin D, and ovarian cancer mortality rates in

US women, Int J Epidemiol, 23: 1133-1136, 1994.

Fairfield, K.M., Hunter, D.J., Fuchs, C.S., Colditz, G.A. and Hankinson, S.E. Aspirin, other
NSAIDs, and ovarian cancer risk, Cancer Causes Control, /3: 535-542, 2002.

Lichtenstein, P., Holm, N.V., Verkasalo, PK., Iliadou, A., Kaprio, J., Koskenvuo, M.,
Pukkala, E., Skytthe, A. and Hemminki, K. Environmental and heritable factors in the causa-
tion of cancer — analyses of cohorts of twins from Sweden, Denmark, and Finland, N Engl J
Med, 343: 78-85, 2000.

Berchuck, A., Schildkraut, J.M., Marks, J.R. and Futreal, P.A. Managing hereditary ovarian
cancer risk, Cancer, 86: 2517-2524, 1999.

Frank, T.S., Manley, S.A., Olopade, O.I., Cummings, S., Garber, J.E., Bernhardt, B., Antman,
K., Russo, D., Wood, M.E., Mullineau, L., Isaacs, C., Peshkin, B., Buys, S., Venne, V., Rowley,
P.T., Loader, S., Offit, K., Robson, M., Hampel, H., Brener, D., Winer, E.P,, Clark, S., Weber,
B., Strong, L.C. and Thomas, A. Sequence analysis of BRCAI and BRCA2: Correlation of
mutations with family history and ovarian cancer risk, J Clin Oncol, /6: 2417-2425, 1998.

. Couch, FJ. and Weber, B.L. Mutations and polymorphisms in the familial early-onset breast

cancer (BRCAI) gene, Hum Mutat, 8: 8-18, 1996.

Shattuck-Eidens, D., Oliphant, A., McClure, M., McBride, C., Gupte, J., Rubano, T., Pruss, D.,
Tavtigian, S.V., Teng, D.H., Adey, N., Staebell, M., Gumpper, K., Lundstrom, R., Hulick, M.,
Kelly, M., Holmen, J., Lingenfelter, B., Manley, S., Fujimura, F., Luce, M., Ward, B.,
Cannon-Albright, L., Steele, L., Offit, K., Thomas, A., et al. BRCA1 sequence analysis in
women at high risk for susceptibility mutations. Risk factor analysis and implications for
genetic testing, JAMA, 278: 1242-1250, 1997.

Whittemore, A.S., Gong, G. and Itnyre, J. Prevalence and contribution of BRCA1 mutations
in breast cancer and ovarian cancer: Results from three U.S. population-based case-control
studies of ovarian cancer, Am J] Hum Genet, 60.: 496-504, 1997.

Struewing, J.P., Hartge, P., Wacholder, S., Baker, S.M., Berlin, M., McAdams, M., Timmerman,
M.M., Brody, L.C. and Tucker, M.A. The risk of cancer associated with specific mutations of
BRCAL1 and BRCA2 among Ashkenazi Jews, N Engl ] Med, 336: 1401-1408, 1997.



Role of Genetic Polymorphisms in Ovarian Cancer Susceptibility 65

18.

20.

21.

22.

23.

24.
25.
26.

217.

28.

29.

30.

31.

32.

33.

Risch, H.A., McLaughlin, J.R., Cole, D.E., Rosen, B., Bradley, L., Kwan, E., Jack, E.,
Vesprini, D.J., Kuperstein, G., Abrahamson, J.L., Fan, I., Wong, B. and Narod, S.A. Prevalence
and penetrance of germline BRCA1 and BRCA2 mutations in a population series of 649
women with ovarian cancer, Am J Hum Genet, 68: 700-710, 2001.

. Szabo, C.I. and King, M.C. Invited editorial: Population genetics of BRCA1 and BRCA2, Am

J Hum Genet, 60: 1013-1020, 1997.

Guillem, J., Wood, W., Berchuck, Karlan, B., Mutch, D., Gagel, R., Weitzel, J., Morrow, M.,
Weber, B., Giardiello, F., Rodriguez-Bigas, M., Church, J., Gruber, S. and Offit, K. ASCO/
SSO review of current role of risk-reducing surgery in common hereditary cancer syndromes,
J Clin Oncol, 24: 4642-60, 2006.

Cargill, M., Altshuler, D., Ireland, J., Sklar, P., Ardlie, K., Patil, N., Shaw, N., Lane, C.R., Lim,
E.P, Kalyanaraman, N., Nemesh, J., Ziaugra, L., Friedland, L., Rolfe, A., Warrington, J.,
Lipshutz, R., Daley, G.Q. and Lander, E.S. Characterization of single-nucleotide polymor-
phisms in coding regions of human genes, Nat Genet, 22: 231-8, 1999.

Halushka, M.K., Fan, J.B., Bentley, K., Hsie, L., Shen, N., Weder, A., Cooper, R., Lipshutz, R.
and Chakravarti, A. Patterns of single-nucleotide polymorphisms in candidate genes for
blood-pressure homeostasis, Nat Genet, 22: 239-47, 1999.

Sachidanandam, R., Weissman, D., Schmidt, S.C., Kakol, J.M., Stein, L.D., Marth, G., Sherry, S.,
Mullikin, J.C., Mortimore, B.J., Willey, D.L., Hunt, S.E., Cole, C.G., Coggill, P.C., Rice, C.
M., Ning, Z., Rogers, J., Bentley, D.R., Kwok, P.Y., Mardis, E.R., Yeh, R.T., Schultz, B.,
Cook, L., Davenport, R., Dante, M., Fulton, L., Hillier, L., Waterston, R.H., McPherson, J.D.,
Gilman, B., Schaffner, S., Van Etten, W.J., Reich, D., Higgins, J., Daly, M.J., Blumenstiel, B.,
Baldwin, J., Stange-Thomann, N., Zody, M.C., Linton, L., Lander, E.S. and Altshuler, D. A
map of human genome sequence variation containing 1.42 million single nucleotide polymor-
phisms, Nature, 409: 928-33, 2001.

The International HapMap Project, Nature, 426: 789-96, 2003.

Carlson, C.S., Eberle, M.A., Kruglyak, L. and Nickerson, D.A. Mapping complex disease loci
in whole-genome association studies, Nature, 429: 446-452, 2004.

McKenna, N.J., Kieback, D.G., Carney, D.N., Fanning, M., McLinden, J. and Headon, D.R.
A germline Taql restriction fragment length polymorphism in the progesterone receptor gene
in ovarian carcinoma, Br J Cancer, 71: 451-455, 1995.

Rowe, S.M., Coughlan, S.J., McKenna, N.J., Garrett, E., Kieback, D.G., Carney, D.N. and
Headon, D.R. Ovarian carcinoma-associated Taql restriction fragment length polymorphism
in intron G of the progesterone receptor gene is due to an Alu sequence insertion, Cancer Res,
55:2743-2745, 1995.

Spurdle, A.B., Webb, PM., Purdie, D.M., Chen, X., Green, A. and Chenevix-Trench, G. No
significant association between progesterone receptor exon 4 Val660Leu G/T polymorphism
and risk of ovarian cancer, Carcinogenesis, 22: 717-721, 2001.

Lancaster, J.M., Berchuck, A., Carney, M., Wiseman, R.W. and Taylor, J.A. Progesterone
receptor gene and risk of breast and ovarian cancer, Br J Cancer, 78: 277, 1997.

Manolitsas, T.P., Englefield, P., Eccles, D.M. and Campbell, I.G. No association of a 306-bp
insertion polymorphism in the progesterone receptor gene with ovarian and breast cancer, Br
J Cancer, 75: 1398-1399, 1900.

Lancaster, J.M., Wenham, R.M., Halabi, S., Calingaert, B., Marks, J.R., Moorman, P.G.,
Bentley, R.C., Berchuck, A. and Schildkraut, J.M. No relationship between ovarian cancer risk
and progesterone receptor gene polymorphism in a population-based, case-control study in
North Carolina, Cancer Epidemiol Biomarkers Prev, /2: 226-227, 2003.

Pearce, C.L., Hirschhorn, J.N., Wu, A .H., Burtt, N.P,, Stram, D.O., Young, S., Kolonel, L.N.,
Henderson, B.E., Altshuler, D. and Pike, M.C. Clarifying the PROGINS allele association in
ovarian and breast cancer risk: A haplotype-based analysis, J Natl Cancer Inst, 97: 51-59,
2005.

Berchuck, A., Schildkraut, J.M., Wenham, R.M., Calingaert, B., Ali, S., Henriott, A., Halabi, S.,
Rodriguez, G.C., Gertig, D., Purdie, D.M., Kelemen, L., Spurdle, A.B., Marks, J. and
Chenevix-Trench, G. Progesterone receptor promoter +331A polymorphism is associated with



66

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

A. Berchuck et al.

increased risk of endometrioid and clear cell ovarian cancers, Cancer Epidemiol Biomarkers
Prev, 13: 2141-2147, 2004.

Spurdle, A.B., Webb, P.M., Chen, X., Martin, N.G., Giles, G.G., Hopper, J.L. and Chenevix-
Trench, G. Androgen receptor exon 1 CAG repeat length and risk of ovarian cancer, Int J
Cancer, 87: 637-643, 2000.

Levine, D.A. and Boyd, J. The androgen receptor and genetic susceptibility to ovarian cancer:
results from a case series, Cancer Res, 6/: 908-911, 2001.

Garner, E.I, Stokes, E.E., Berkowitz, R.S., Mok, S.C. and Cramer, D.W. Polymorphisms of
the estrogen-metabolizing genes CYP17 and catechol-O-methyltransferase and risk of epithe-
lial ovarian cancer, Cancer Res, 62: 3058-3062, 2002.

Spurdle, A.B., Chen, X., Abbazadegan, M., Martin, N., Khoo, S.K., Hurst, T., Ward, B., Webb,
P.M. and Chenevix-Trench, G. CYP17 promotor polymorphism and ovarian cancer risk, Int J
Cancer, 86: 436-439, 2000.

Runnebaum, I.B., Tong, X.W., Konig, R., Zhao, H., Korner, K., Atkinson, E.N., Kreienberg, R.,
Kieback, D.G. and Hong, Z.c.t.Z.H. p53-based blood test for pS3PIN3 and risk for sporadic
ovarian cancer, Lancet, 345: 994, 1995.

Lancaster, J.M., Brownlee, H.A., Wiseman, R.W. and Taylor, J. p53 polymorphism in ovarian
and bladder cancer, Lancet, 346: 182, 1995.

Spurdle, A.B., Purdie, D., Chen, X. and Chenevix-Trench, G. The prohibitin 3 untranslated
region polymorphism is not associated with risk of ovarian cancer, Cancer Res, 90: 145-149,
2003.

Lancaster, J.M., Taylor, J.A., Brownlee, H.A., Bell, D.A., Berchuck, A. and Wiseman, R.W.
Microsomal epoxide hydrolase polymorphism as a risk factor for ovarian cancer, Mol
Carcinog, 17: 160-162, 1996.

Spurdle, A.B., Purdie, D.M., Webb, PM., Chen, X., Green, A. and Chenevix-Trench, G. The
microsomal epoxide hydrolase Tyrl113His polymorphism: Association with risk of ovarian
cancer, Mol Carcinog, 30: 71-78, 2001.

Auranen, A., Spurdle, A.B., Chen, X., Lipscombe, J., Purdie, D.M., Hopper, J.L., Green, A.,
Healey, C.S., Redman, K., Dunning, A.M., Pharoah, P.D., Easton, D.F., Ponder, B.A.,
Chenevix-Trench, G. and Novik, K.L. BRCA2 Arg372His polymorphism and epithelial ovar-
ian cancer risk, Int J Cancer, 103: 427-430, 2003.

Wenham, R.M., Schildkraut, J.M., McLean, K., Calingaert, B., Bentley, R.C., Marks, J.R. and
Berchuck, A. Polymorphisms in BRCA1 and BRCA?2 and risk of epithelial ovarian cancer,
Clin Cancer Res, 9: 4396-4403, 2003.

Thomas, D.C. and Witte, J.S. Point: Population stratification: A problem for case-control stud-
ies of candidate-gene associations? Cancer Epidemiol Biomarkers Prev, /7: 505-512, 2002.
Healey, C.S., Dunning, A.M., Teare, M.D., Chase, D., Parker, L., Burn, J., Chang-Claude, J.,
Mannermaa, A., Kataja, V., Huntsman, D.G., Pharoah, P.D., Luben, R.N., Easton, D.F. and
Ponder, B.A. A common variant in BRCAZ2 is associated with both breast cancer risk and pre-
natal viability, Nat Genet, 26: 362-364, 2000.

Durocher, F., Shattuck-Eidens, D., McClure, M., Labrie, F., Skolnick, M.H., Goldgar, D.E. and
Simard, J. Comparison of BRCA1 polymorphisms, rare sequence variants and/or missense
mutations in unaffected and breast/ovarian cancer populations, Hum Mol Genet, 5: 835-842,
1996.

Dunning, A.M., Chiano, M., Smith, N.R., Dearden, J., Gore, M., Oakes, S., Wilson, C.,
Stratton, M., Peto, J., Easton, D., Clayton, D. and Ponder, B.A. Common BRCA1 variants and
susceptibility to breast and ovarian cancer in the general population, Hum Mol Genet, 6:
285-289, 1997.

Janezic, S.A., Ziogas, A., Krumroy, L.M., Krasner, M., Plummer, S.J., Cohen, P., Gildea, M.,
Barker, D., Haile, R., Casey, G. and Anton-Culver, H. Germline BRCA1 alterations in a popu-
lation-based series of ovarian cancer cases, Hum Mol Genet, 8: 889-897, 1999.

Agoulnik, L.U., Tong, X.W., Fischer, D.C., Korner, K., Atkinson, N.E., Edwards, D.P.,
Headon, D.R., Weigel, N.L. and Kieback, D.G. A germline variation in the progesterone



Role of Genetic Polymorphisms in Ovarian Cancer Susceptibility 67

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

receptor gene increases transcriptional activity and may modify ovarian cancer risk, J Clin
Endocrinol Metab, 89: 6340-6347, 2004.

DeVivo, I, Huggins, G.S., Hankinson, S.E., Lescault, P.J., Boezen, M., Colditz, G.A. and
Hunter, D.J. A functional polymorphism in the promoter of the progesterone receptor gene
associated with endometrial cancer risk, Proc Natl Acad Sci USA, 99: 12263-12268, 2002.
Giangrande, P.H., Kimbrel, E.A., Edwards, D.P. and McDonnell, D.P. The opposing transcrip-
tional activities of the two isoforms of the human progesterone receptor are due to differential
cofactor binding, Mol Cell Biol, 20: 3102-3115, 2000.

DeVivo, L., Hankinson, S.E., Colditz, G.A. and Hunter, D.J. A functional polymorphism in the
progesterone receptor gene is associated with an increase in breast cancer risk, Cancer Res,
63: 5236-5238, 2003.

Feigelson, H.S., Rodriguez, C., Jacobs, E.J., Diver, W.R., Thun, M.J. and Calle, E.E. No asso-
ciation between the progesterone receptor gene +331G/A polymorphism and breast cancer,
Cancer Epidemiol Biomarkers Prev, /3: 1084-5, 2004.

Lohmueller, K.E., Pearce, C.L., Pike, M., Lander, E.S. and Hirschhorn, J.N. Meta-analysis of
genetic association studies supports a contribution of common variants to susceptibility to
common disease, Nat Genet, 33: 177-82, 2003.

Conti, D.V.,, Cortessis, V., Molitor, J. and Thomas, D.C. Bayesian modeling of complex meta-
bolic pathways, Hum Hered, 56: 83-93, 2003.

Conti, D.V. and Gauderman, W.J. SNPs, haplotypes, and model selection in a candidate gene
region: The SIMPle analysis for multilocus data, Genet Epidemiol, 27: 429-41, 2004.

Stram, D.O., Haiman, C.A., Hirschhorn, J.N., Altshuler, D., Kolonel, L.N., Henderson, B.E.
and Pike, M.C. Choosing haplotype-tagging SNPS based on unphased genotype data using a
preliminary sample of unrelated subjects with an example from the Multiethnic Cohort Study,
Hum Hered, 55: 27-36, 2003.

Johnson, G.C., Esposito, L., Barratt, B.J., Smith, A.N., Heward, J., Di Genova, G., Ueda, H.,
Cordell, H.J., Eaves, I.A., Dudbridge, F., Twells, R.C., Payne, F., Hughes, W., Nutland, S.,
Stevens, H., Carr, P., Tuomilehto-Wolf, E., Tuomilehto, J., Gough, S.C., Clayton, D.G. and
Todd, J.A. Haplotype tagging for the identification of common disease genes, Nat Genet, 29:
233-237, 2001.

Thomas, D.C. The need for a systematic approach to complex pathways in molecular epide-
miology, Cancer Epidemiol Biomarkers Prev, /4: 557-559, 2005.



MicroRNA in Human Cancer: One Step
Forward in Diagnosis and Treatment

Lin Zhang, Nuo Yang, and George Coukos

Cancer is a disease involving multistep dynamic changes in the genome. However,
studies to date on the cancer genome have focused most heavily on protein-coding
genes, and our knowledge on alterations of the functional noncoding sequences in
cancer is largely absent. MicroRNAs (miRNAs) are ~22 nucleotide (nt) noncoding
RNAs, which regulate gene expression in a sequence-specific manner via transla-
tional inhibition or mRNA degradation. Mounting evidence shows that miRNAs
may play an important role in tumor development, and a better understanding of
their alteration in cancer genome and oncogenic property should contribute to the
diagnosis and treatment of cancer.

1 miRNAs in Human Genome

miRNAs are endogenous ~22 nt noncoding small RNAs, which negatively regulate
gene expression in a sequence-specific manner via mRNA degradation, transcrip-
tional regulation, or translational repression (1-8). The human genome may contain
~1,000 miRNAs, and more than 300 of them have been identified by molecular
cloning (8). Vertebrate miRNA targets are thought to be plentiful in number (9—13).
Up to one-third of human mRNAs is predicted to be miRNA targets (12). Each
miRNA can target about 200 transcripts directly or indirectly (14, 15), while more
than one miRNA can converge on a single protein-encoding gene target (9—13).
Therefore, the potential regulatory circuitry afforded by miRNA is enormous.
Increasing evidence indicates that miRNAs may in fact be key regulators of proc-
esses such as development (16, 17), cell proliferation and death (18), apoptosis and
fat metabolism (19), hematopoiesis (20), and stem cell division (21).

The expression of miRNAs is highly specific for tissues and developmental
stage (5—7) and has recently allowed for molecular classification of tumors (22), but
little is known about how these expression patterns are regulated. Most miRNA
genes are located in regions of the genome distinct from previously known protein-
encoding genes (2, 4) and primary transcripts (pri-miRNA) are generated by
polymerase II (23). These transcripts are capped, polyadenylated, and are usually
several thousand bases in length (24). Smaller portions are of miRNAs located
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within introns of pre-mRNAs and are likely transcribed together with the cognate
protein-encoding genes (2, 10). Some miRNAs are clustered and transcribed as
multicistronic primary transcripts, but the majority of human miRNAs are not clus-
tered and are transcribed independently (5-7). The biogenesis and function of
miRNA require a common set of proteins. Drosha, an RNase III endonuclease, is
responsible for processing of pri-miRNAs in the nucleus and releasing 60- to 70-nt
precursor miRNAs (pre-miRNAs) (25). Drosha associates with the double-stranded
RNA-binding protein DGCRS in human (26) or Pasha in flies (27) to form the
microprocessor complex, which is required for directing the specific cleavage of
pri-miRNA by Drosha (26, 27). Pre-miRNAs with hallmarks of Drosha-mediated
cleavage and specific hairpin secondary structure are then transported to the cyto-
plasm by Exportin-5 (28, 29). The RNase III endonuclease Dicer further cleaves
pre-miRNA, releasing a 22-nt mature double-stranded miRNA (30). One strand of
the miRNA duplex is subsequently incorporated into an effector complex termed
RNA-induced silencing complex (RISC), which mediates target gene expression.
Argonaute 2 is the key component of RISC, and it may function as an endonulease
that cleaves target mRNAs (31, 32).

2 Expression of miRNAs is Deregulated in Cancer

Increasing evidence shows that expression of miRNAs is deregulated in human
cancer including leukemia (33-35), lymphoma (36-43), glioblastoma (44, 45),
colon (22, 46-49), lung (22, 47, 50-53), breast (22, 47, 54, 55), prostate (55), thy-
roid (56, 57), liver (58), and ovarian cancer (59). Most recently, high-throughput
miRNA quantification technologies, such as miRNA microarray (60-63), bead-
based flow cytometric method (22), RNA-primed array-based Klenow enzyme
(RAKE) assay (64), miRNA serial analysis of gene expression (miRAGE) (48), and
real-time RT-PCR-based TagMan miRNA assay (65, 66), have provided powerful
tools to study the global miRNA profile in whole cancer genome. Some important
questions on miRNA deregulation in cancer are being addressed with the advent of
these new technologies.

First, is there a differential global expression profile between tumors and their
corresponding normal tissues? According to high-throughput studies to date, global
expression of miRNAs is ostensibly deregulated in most, if not all, cancer types
(22,47, 52, 54, 56, 58). Most interestingly, miRNA expression seems globally ele-
vated more in normal tissues than in tumors, as revealed by a large-scale bead-
based flow cytometric study with human samples of multiple tumor types (22). As
the authors pointed out, global downregulation of miRNAs might reflect the state
of cellular differentiation in cancer, suggesting that abrogation of miRNA at large
may in fact be a hallmark of all human cancers (22). However, such exclusive
downregulation of miRNAS in cancer was not observed in other studies based on
microarrays (47, 52, 54, 56). In fact, a mixed pattern of downregulation and upregu-
lation of select miRNA genes has been reported, which appears to be tumor specific
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(47, 52, 54, 56). Second, is miRNA expression signature informative enough to
identify and/or classify human cancers? Indeed, several recent studies have proven
a surprisingly promising answer to this question. It is progressively becoming obvi-
ous that although the number of miRNAs (~300) is much smaller than the protein-
coding genes (~22,000), miRNA expression signatures quite accurately reflect the
developmental lineage and tissue origin of human cancers (22, 47). Third, can
miRNA expression signature reflect the distinguished subtypes or predict biologi-
cal and clinical behavior within the same cancer type? The dawning example is that
a specific miRNA signature that was identified in B cell chronic lymphocytic leuke-
mia (CLL) could predict the presence or absence of the 70-kDa zeta-associated
protein (ZAP-70), one of the few known factors that can be used to predict early
disease progression (34). Subsequent large-scale studies with human tumor speci-
mens further demonstrated that miRNA expression signatures are associated with
specific subtypes as well as clinical behaviors of the same cancer type (22, 35, 52,
54). Last but not least, is miRNA expression associated with the prognosis and pro-
gression of human cancer? The earliest insight comes from the expression of let-7
miRNA family in lung cancer (50). Using a real-time RT-PCR-based method,
Takamizawa et al. reported that certain ler-7 family numbers are downregulated in
lung cancer, and the reduced expression is significantly associated with the poor
outcome of those patients (50). Follow-up studies of large-scale global miRNA
profiling further proved that expression signatures of miRNA genes have diagnostic
and prognostic significance in leukemia (35) and lung cancer (52). For example, a
unique miRNA expression signature composed of 13 genes can differentiate indi-
vidual cases of CLL, and can predict disease progression (35).

Taken together, deregulated miRNA expression in human cancer may prove to
be a powerful tool for diagnosis, classification, and prediction of clinical behavior.
In addition, further studies of deregulated miRNA genes should contribute remark-
ably to our understanding of their involvement in tumorigenic mechanisms and in
the development of new drug targets.

3 miRNA Expression Might be Regulated by Epigenetic
Alterations in Cancer

Epigenetic changes such as DNA methylation and histone modification play impor-
tant roles in chromatin remodeling and general regulation of protein-coding gene
expression in human cancer (67). Likewise, such mechanisms may also function to
affect miRNA expression in cancer. To test this hypothesis, several groups treated
cancer cell lines with DNA-demethylating reagents and/or histone deactylase
inhibitors in vitro and monitored miRNA expression by microarray analysis (52,
68-70). In SKBr3, a human breast cancer cell line, rapid alteration of miRNA levels
was observed in response to histone deacetylase (HDAC) inhibitor LAQ824 (68).
In T24, a human bladder cancer cell line, expression of 17 of 313 miRNAs was
significantly upregulated upon simultaneous treatment with chromatin-modifying
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drugs, 5-aza-2’-deoxycytidine and 4-phenylbutyric acid (69). For example, mir-
127, which is generally expressed in normal cells but absent in cancer cells, was
markedly induced after treatment. Intriguingly, a predicted target of mir-127,
BCL6, was translationally downregulated after treatment (69). These data suggest
that epigenetic alteration might play a critical role in tuning miRNA expression in
human cancers, and epigenetic treatment may provide a novel strategy for cancer
therapy. By contrast, reports from other groups have shown that demethylation and
HDAC inhibitors do not alter the expression of miRNAs in lung cancer cell lines
A549 and NCI-H157 (52, 70). This discrepancy might be due to the unique epige-
netic regulation on miRNAs in a tumor/tissue-type specific manner. Nevertheless,
further investigation of the epigenetic regulatory mechanisms on miRNA expres-
sion is warranted in both malignant and in normal cells.

4 miRNAs Exhibit High Frequency DNA Copy Number
Alterations in Cancer

Alterations in DNA copy number is one mechanism to modify gene expression and
function, and DNA dosage alterations occurring in somatic cells are frequent con-
tributors to cancer (71). In 2002, the first example of an miRNA gene with DNA
copy number alteration in cancer was reported in CLL patients (Fig. 1). It was
found that mir-16-1 and mir-15a at 13q14 are deleted in more than 50% patients,
with concurrent reduced expression in ~65% patients (33). Further studies demon-
strated that these two miRNAs suppress BCL2 expression and may serve as tumor
suppressor genes in this disease (72). Deletion of mir-16-1 and mir-15a was also
identified in epithelial tumors, such as pituitary adenomas (73), ovarian, and breast
cancers (59). In 2004, amplification of C130rf25 at 13q31-32 was first reported in
lymphoma patients (37). Most interestingly, this amplified region contains seven
miRNAs as a polycistronic cluster, and the expression of primary and mature miR-
NAs derived from this locus is increased in this type of lymphoma (39, 40). We now
know that this miRNA cluster actually serves as an oncogene in human cancer (39,
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53, 74) through disturbed balance between cell death and proliferation via the pro-
tooncogene c-Myc-mediated pathway (74, 75).

Using public database-retrieval and bioinformatics-based approaches, Calin
et al. compared 186 miRNA loci to the sequences of previously reported nonran-
dom genetic alterations and discovered for the first time that miRNA genes are
frequently residing in fragile sites, as well as in minimal regions of loss of hetero-
zygosity, minimal regions of amplification, or common breakpoint regions. On the
basis of their study, 98 of 186 (52.5%) miRNA genes are in the cancer-associated
genomic regions (76). Most recently, this result was further confirmed by an array-
based comparative genomic hybridization (aCGH) study in 227 human tumors.
Zhang et al. analyzed 283 known miRNA genes using a high-resolution aCGH
(~1Mbp). It was found that a large proportion of miRNA gene-containing genomic
loci exhibit DNA copy number alterations in ovarian cancer (37.1%), breast cancer
(72.8%), and melanoma (85.9%) (59). These findings support the notion that copy
number alterations of miRNAs are highly prevalent in cancer and may account
partly for the frequent miRNA gene deregulation. At this point, the mechanisms
underlying the high-frequency DNA copy number alteration of miRNA genes
observed in cancer genome remain unclear. One potential explanation is that
genomic aberrations preferentially involve the fragile regions that contain miRNA
genes at a high density. Alternatively, clones with miRNA amplifications or dele-
tions are selected because of the biological advantage that is afforded by these
miRNA expression changes.

5 Mutations of miRNAs are Identified in Cancer

Germ-line and/or somatic mutations of protein-coding genes efficiently render
gain- or loss-of-function of the important proteins involved in tumorigenesis. At
present, the information on the mutation and polymorphism of miRNAs in cancer
is just emerging. Recently, germ-line or somatic mutations of miRNA genes were
identified in CLL samples. Sequencing of 42 miRNA genes in 75 patients revealed
mutations in 5 of the 42 analyzed genes (34). C to T germ-line mutation (or rare
polymorphism) in primary mir-16-1 and mir-15a sequences was found in 2 of the
75 patients. Most interestingly, this mutation is associated with a lower expression
of the mature mir-16-1 and mir-15a (34). Sequence variations of miRNAs have also
been reported in solid human tumors in which 15 cancer-associated miRNAs were
analyzed in 91 cancer cell lines of epithelial-origin (70). One sequence variation in
an miRNA precursor and 15 variations in primary miRNAs were identified.
However, no functional consequence (e.g., obscured processing of miRNA) was
observed as a result of those aberrations (70).

Because the ultimate function of miRNAs is mediated by the miRNA/mRNA
duplex, in addition to the mutation of miRNA gene per se, mutations in the 3-
terminal untranslated region (3' UTR) of protein-coding genes might also interfere
with the recognition of their target sequence by miRNAs. One interesting example
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was recently reported in human papillary thyroid carcinoma (PTC) (56). Mir-221,
mir-22, and mir-146 are significantly upregulated in this disease, whereas the
expression of their predicted target gene KIT is lost concurrently with the miRNA
upregulation. Germ-line single-nucleotide changes were identified in the 3’ UTR of
KIT and these SNPs seem to lead to the alterations in the miRNA/target mRNA
duplex conformation (56). In summary, mutation or polymorphism in the miRNA-
targeted genes might also disturb the miRNA/mRNA interaction and thus contrib-
ute to cancer development.

6 miRNA: One Step Forward for Cancer Diagnosis
and Treatment

The pivotal role of miRNAs in development has been widely investigated and
recently their involvement in pathological processes, such as cancer, are beginning
to be understood (1-8). Some miRNAs function as tumor suppressor genes by reg-
ulating critical oncogenic events. For example, let-7, which regulates Ras (51), is
downregulated in lung cancer (50, 51). Mir-15 and mir- 16, which target BCL2
(72), are deleted or downregulated in leukemia (33). On the other hand, other miR-
NAs seem to play a more direct role in tumorigenesis. Strong clinical and experi-
mental evidence indicates that the miRNA polycistron, mir-17-92 (75), may serve
as an oncogene in lymphoma (39) and in lung cancer (53), while mir-372 and mir-
373 may be novel oncogenes in testicular germ cell tumors (77). Because of the
imperfect complementarity between miRNA and its target sequence, the mecha-
nism of those so-called “oncomirs” (78) in cancer is being painstakingly studied. A
better understanding of their role in tumor development may provide invaluable
cues for cancer diagnosis and treatment.
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Ovarian Carcinogenesis: An Alternative
Hypothesis

Jurgen M.J. Piek, Paul J. van Diest, and René H.M. Verheijen

1 Introduction

Cancer of the ovary is among the most common female genital tract cancers and
has the worst prognosis. This is largely caused by the fact that these cancers are
detected at late stage of disease, because of absence of early clinical symptoms.
Consequently, early events in ovarian carcinogenesis remain remarkably unknown.
Therefore, the precursor cell of these tumours remains a matter of debate (1, 2).

Three explanations as to the origin of serous ovarian adenocarcinomas have been
put forward. The first one points towards the ovarian surface epithelium (OSE) as
tissue of origin (3). Second, remnants of the embryologic Miillerian duct, the sec-
ondary Miillerian system, have been suggested as possible tissue of origin (4). The
third is the Fallopian tube inner surface epithelium (TSE) (=oviduct epithelium)
(1, 5). In this chapter, the third possible origin is highlighted.

2 Women at Risk to Develop Ovarian Carcinoma

Women harbouring a mutation in one of the breast cancer (BRCA) 1 or BRCA2
genes are at high risk to develop breast and/or female adnexal (ovarian and
Fallopian tube) carcinoma (6). Several studies highlighted the occurrence of
Fallopian tube carcinoma in women harbouring these mutations (Table 1).
Lifetime risk of female adnexal carcinomas in mutation carriers is in the order
of 60% (17, 18). To reduce the risk of adnexal cancer, prophylactic bilateral
salpingo-oophorectomy is advised to women who have completed their families
(19). These adnexes are a potential source for studies into early steps of
carcinogenesis, since pre-malignant and early malignant lesions can be expected to
be present in these tissues. Reports on findings of pre-malignant changes in prophy-
lactically removed ovaries are inconclusive whether such lesions do exist (Table 2).
Some of these studies indicate that cortical inclusion cysts, papillomatosis, cortical
invaginations, nuclear enlargement, and stromal activity are more common in
ovaries from women with hereditary predisposition for female adnexal
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Table 1 Studies indicating Fallopian tube carcinoma to be part of the BRCA-related cancer

spectrum

J.M.J. Piek et al.

Author

BRCA germline mutation

Schubert et al. (16)

Tong et al. (16)
Sobol et al. (16)

Rose et al. (16)
Zweemer et al. (16)

Hartley et al. (16)
Colgan et al. (16)
Aziz et al. (16)

Hébert-Blouin et al. (16)
Agoft et al. (16)

Scheuer et al. (16)
Leeper et al. (16)

Peyton-Jones et al. (16)
Dijkhuizen et al. (16)
Levine et al. (16)

Baudi et al. (16)
Olivier et al. (7)

Casarsa et al. (8)
Powell et al. (9)

Meeuwissen (10)
Cassetal. (11)

Carcangiu et al. (12)
Finch et al. (13)

Damayanti et al. (14)
Medeiros et al. (15)

-BRCA2 3034delAAAc
-BRCA2 3034delAAAc
-BRCA1 Cys61Gly
-BRCA1

-N/A

-BRCA2 6563delGA
-BRCA1 1410insT
-BRCA1 2804delAA
-BRCA1 N/A
-BRCA?

-BRCA1 185delAG
-BRCAZ2 2024del5
-BRCA1 5083del19
-BRCA1 C61G
-BRCA1 5382insC
-BRCA1 R1495M
-BRCA2 6174delT
-BRCA1 K679X
-BRCA1 2800delAA
-BRCA1 2800delAA
-BRCA2 2558insA
-N/A

-N/A

-BRCA1 Q563X
-BRCA1 2800delAA
-BRCA1 2800delAA
-BRCAZ2 2558insA
-BRCA2

-BRCAI

—4 x BRCAI 185delAG
-BRCA1 5382insC
-BRCA2 6174delT
-BRCA2 q3034R
-BRCA1 3875del4
-BRCAI1
-BRCA12312del5
-3 x BRCA2
-BRCA2 6174delT
-BRCA2 6174delT
-BRCA1 Y1563X
-BRCA1 5382insC
-BRCA1

—11 x BRCA1

-1 x BRCA2
-BRCA1 1207delA
-BRCA2

-BRCA2

-BRCA1

-BRCA1 2845insA
-3 x BRCA2

-2 x BRCA1
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Table 2 Studies comparing ovaries prophylactically removed from patients at high hereditary
risk of adnexal cancer with ovaries from women without such hereditary risk

Kerner Piek Casey Barakat Stratton Werness Deligdisch et Salazar Gusberg

etal. etal etal. etal. etal. etal al. (16) etal. etal.
20) (16) (16) (16)  (16) (16) 16)  (16)

Inclusion cysts NS NS 0.016 0.006

Papillomatosis 0.039 NS NS NS 0.005

Cortical 0.042 NS NS NS 0.0004

invaginations

Nuclear Ns 0.006 A distinc- Nuclear

enlargement tion could be enlarge-
made between ment in
normal-, ovaries
dysplastic- of twins.
and neoplastic None in
nuclei control

ovaries

Stromal activity NS 0.00017

Epithelial NS Ns NS

hyperplasia

Metaplasia NS NS

Pseudo stratifi- NS

cation

Psammoma NS

bodies

Atypical 0.014

changes

adenocarcinomas. Other studies contradict these findings. Three recent studies on
the expression of cell cycle and differentiation related markers in OSE in vivo
indicate no differences between OSE from women with and without this hereditary
predisposition (21-23). However, reports on prophylactically removed Fallopian
tubes do invariably show a high incidence of preneoplastic lesions (Table 3 and
Fig. 1). All these studies signify that tubal epithelium is prone to undergo
(pre)malignant changes, this in contrast with OSE.

3 Sporadic Ovarian Cancer

Studies in which women were screened for ovarian carcinomas by CA125 levels,
to diagnose disease in early stage, resulted in detection of tubal carcinomas 25
times more often than the expected (31, 32). Neoplastic lesions in the Fallopian
tube may be expected to be present in up to 8% of patients with serous epithelial
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Table 3 Studies highlighting preneoplastic lesions within Fallopian tubes prophylactically
removed from patients at high hereditary risk of adnexal cancer

Author Percentage dysplasia/atypical hyperplasia
Leunen et al. (24) 4% (2/52)

Lamb et al. (25) 3.5% (4/113)

Hermsen et al. (26) 32% (27/85)

McEwen et al. (27) Case report

Olivier et al. (7) 3.3% (3/90)

Carcangiu (28) 15% (4/26)

Agoff et al. (29) Case report

Piek et al. (30) 50% (6/12)

\8 ,“\‘:‘

Fig. 1 Preneoplastic lesion within a Fallopian tube, prophylactically removed from a BRCAL1
mutation carrier

malignancy of the ovary (33). Therefore, the true incidence of tubal carcinoma is
probably highly underestimated. These studies indicate that at present most
Fallopian tube carcinomas are quite likely to be misdiagnosed as ovarian carcino-
mas, since they do not fulfil all the criteria of Hu (34) (These criteria require that
(a) the main tumour is in the Fallopian tube and arises from the endosalpinx, (b)
histological features reflect a tubal pattern, (c) if the tubal wall is involved, the
transition between malignant and benign tubal epithelium should be detectable, and
(d) the Fallopian tube contains more tumour than the ovary or endometrium),
although they may yet originate from the Fallopian tube.

4 Animal Models

A relative high incidence of serous tubal carcinomas is observed in hens (35-37)
especially when kept under conditions in which they ovulate daily (38). In 1975,
Ilchmann et al. proposed oviduct epithelium to be the tissue of origin for serous
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peritoneal and serous ovarian carcinomas in hens, as all tumours encountered in
their study were of serous histotype and in all cases preneoplastic lesions were
detected in the oviduct (39).

5 The Cell of Origin

It has been hypothesised that most ovarian carcinomas originate de novo, in the
sense that the malignant tumour does not arise from a pre-existing benign epithelial
lesion (40). Apart from OSE, the epithelium of cortical inclusion cysts, inclusion
cyst epithelium (ICE), has been proposed as precursor (40). Inclusion cysts are
found from birth till old age; however, serous changes are only detected in women
after menarche (41, 42). Postmenarchal ICE occasionally expresses E-cadherin,
normally expressed in serous tubal epithelium, but rarely or not in OSE (43, 44).
Moreover, in contrast to OSE, bcl-2 positive cells often line ovarian inclusion cysts.
Recently, it has been demonstrated that bcl-2 is a differentiation marker, also of
serous tubal epithelial cells (45). The origin of these cortical inclusion cysts is a
matter of debate. However, most investigators believe ICE to be included as meta-
plastic OSE cells. It has been hypothesized that OSE-lined cysts develop either
during ingrowth of OSE into a stigma, formed after ovulation (46) (see Fig. 2), or
that they are caused by interplay between OSE and the underlying ovarian stroma
(47). However, some of these cysts are lined by cells that are indistinguishable from
epithelial cells lining the Fallopian tube. Moreover, their morphological arrange-
ment resembles Fallopian tube epithelium architecture (41, 46, 48-54) (see Fig. 3).

_—
flat — cuboidal cells inclusion + serous and ciliated cells
(ovarian epithelial cells) metaplasia (inclussion cyst epithelial cells)
piling of serous cells Carcinoma in Situ

invasive carcinoma
(dysplasia)

Fig. 2 Possible route to serous ovarian cancer (metaplasia theory): ovarian surface epithelial cells
get entrapped within the ovarian stroma during the ovulatory process, undergo metaplastic
changes, and eventually form a (pre)malignant lesion due to genetic changes occurring during
mitosis
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Fig. 3 (a) Fallopian tube stained for bcl-2, which is a differentiation marker for serous tubal cells.
(b) Ovary stained for bcl-2; inclusion cyst lined by serous and cilliated cells. Morphology similar
to that of the Fallopian tube. Reproduced from Histopatholgy May 2001, with permission from

Blackwell Publishing

Serous and cilliated cells
(tubal epithelial cells)

—_—

piling of serous cells

(dysplasia)

—_—

inclusion

serous and ciliated cells
(inclussion cyst epithelial cells)

Carcinoma in Situ

invasive carcinoma

Fig. 4 Possible route to serous ovarian cancer (exfoliation theory): exfoliated tubal epithelial
cells get entrapped within an ovarian stigma during the ovulatory process and eventually form a
(pre)malignant lesion due to genetic changes occurring during mitosis

Since the fimbrial part of the tube is involved in ovum pick-up and is in close con-
tact with the ovary (55-57), also exfoliated tubal epithelial cells included within the
ovarian stroma are a source of ICE and consequently can form a (pre)malignant
lesion (see Fig. 4). Additionally, during menstruation, retrograde flow through pat-
ent Fallopian tubes occurs carrying endometrial cells (58), but also TSE (1, 59).
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6 Summary

Observations indicate three different tissues of origin for ovarian carcinoma. The
ovarian surface epithelium, oviduct epithelium (TSE), and derivates of the
Miillerian duct. This chapter discusses the TSE-related ovarian carcinogenesis
(exfoliation theory). Recent evidence from prophylactic removed ovaries and
Fallopian tubes shows (pre)neoplastic lesions primarily within the tubes and not in
the ovaries, putting another light on the malignant potential of the tubal epithelium
and possibly ovarian carcinogenesis.
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BRCA1-Induced Ovarian Oncogenesis

Louis Dubeau

Women carrying a germline mutation in BRCAI have a 40% risk of developing
ovarian cancer by the age of 70, and are also predisposed to cancers of the Fallopian
tubes and breast (1). The molecular mechanisms responsible for cancer predisposi-
tion in these individuals remain unclear in spite of the huge effort focused on
understanding the normal function of the BRCAL1 protein since the encoding gene
was first isolated. Particularly intriguing is the site specificity of the cancers that
develop in such individuals. Indeed, although BRCAL is expressed ubiquitously in
most cell types, individuals carrying germline BRCAI mutations are predisposed
primarily to cancers of the breast and female reproductive tract. This chapter
focuses on observations with an experimental model that not only provide a poten-
tial explanation why germline BRCA1 mutations are associated almost exclusively
with predisposition to breast and ovarian cancers, but also sheds light into an under-
lying mechanism contributing to such predisposition.

1 Evidence for and Against the Idea that BRCA1 Functions
as a Classical Tumor Suppressor

The concept that certain genes act as suppressors of cancer development originated
largely from observations made in the context of familial cancer predisposition.
Over three decades ago, Knudsen proposed that two genetic hits are needed for
retinoblastoma development, and further suggested that one of these two hits is
inherited through the germline in individuals with familial predisposition to this
disease (2). It has since been established that the two hits referred to in this hypoth-
esis correspond to inactivation of the two alleles of RB, the first tumor suppressor
gene ever identified. A similar scenario where two alleles of a tumor suppressor are
inactivated independently, one from a germline mutation and the other from a
somatic event, has been applied to other familial cancer predisposition syndromes
and has become a central dogma in cancer genetics. This scenario implies that the
loss of both alleles of a given tumor suppressor provides an inherent growth
survival advantage to cells harboring such loss.
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BRCAL is involved in a variety of important cellular processes such as cell cycle
regulation, control of apoptosis, DNA repair, chromatin remodeling, transcriptional
regulation, X chromosome inactivation, and posttranslational protein modification
(3-7). Functions associated with cell growth or DNA repair are especially support-
ive of the idea that this protein functions as a classical tumor suppressor on the basis
of Knudsen’s hypothesis. Earlier reports (§—10) that tumors developing in individu-
als with germline BRCAI mutations, if showing loss of heterozygosity, almost
always show loss of the wild type allele provide further support for this notion, as
these observations suggest that cancer cells that lack a normal BRCA1 allele have
a survival advantage over those cells in which such an allele is present. A number
of observations are not readily reconciled with the idea that BRCA1 functions as a
classical tumor suppressor in spite of these arguments. Tumor cell lines lacking a
functional BRCAI gene have been extremely difficult to establish from cancers
arising in individuals with germline mutations in this gene. Only a handful of such
cell lines is available, and these cell lines surprisingly have very long doubling
times and are difficult to work with (11, 12). The idea that loss of BRCA1 function
provides a survival advantage is hard to defend in light of these observations.
Furthermore, primary cultures derived from mouse embryos with homozygous
knockouts of the Brcal gene do not proliferate. Such cultures are only successful
when derived from embryos carrying double Brcal and p53 knockouts, and given
that cells from such embryos grow only clonally, additional events must be needed
to ensure viability of the cells (13, 14). In addition, cells from Brcal knock out
embryos show evidence of cell cycle arrest at the G2/M phase (15), which is con-
sistent with findings that the BRCAI gene product is important for regulation of
progression through this cell cycle checkpoint (16). All these findings are at odds
with the notion that this gene is a tumor suppressor gene. Finally, the idea that
BRCAI functions as a classical tumor suppressor gene is difficult to reconcile with
the observation that mutations in this ubiquitously expressed gene lead mainly to
predisposition to breast and gynecological cancers.

2 Support for the Existence of a Link Between BRCA1
Expression and Menstrual Cycle Regulation

Several epidemiological studies have demonstrated that the normal menstrual cycle
is an important risk factor for ovarian cancer (17). In fact, this cycle is probably the
most important determinant of ovarian cancer risk in individuals who do not carry
a genetic predisposition to this disease. Interruption of ovulatory activity protects
against the development of this disease independently of whether such interruption
is achieved through pregnancy or oral contraceptives. For example, use of oral con-
traceptives for 5 years results in an approximately 60% decrease in ovarian cancer
risk, which is similar to the protective effect of five pregnancies after the first (18).
More recent studies suggest that late pregnancies are more protective than those
occurring at early ages (19).
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We hypothesized that the molecular mechanisms underlying familial ovarian
cancer predisposition in individuals carrying germline BRCA1 mutations could be
directly linked to those mediating cancer predisposition associated with the ovula-
tory cycle. The fact that pregnancy or oral contraceptive use, both of which confer
strong protection against ovarian cancer in the general population, also provides a
similar protection in BRCA1 mutation carriers (20) is supportive of this hypothesis.
We, therefore, reasoned that BRCA1 might, at least in part, influence ovarian tum-
origenesis indirectly, by controlling an effector secreted by cells important for the
control of menstrual cycle progression. In other words, loss of BRCA1 function
could influence ovarian tumorigenesis cell nonautonomously, by disrupting interac-
tions between cells that control the menstrual cycle and cells from which ovarian
epithelial tumors originate. Thus, it is the role of BRCAL1 as a regulator of transcrip-
tion and in cell-to-cell signaling rather than its role in DNA repair that is the basis
for our hypothesis, which is illustrated schematically in Fig. 1.

Given the central role of granulosa cells in regulating progression through the
normal menstrual cycle and the role of this cycle in predisposition to ovarian can-
cer, we further hypothesized that these cells might interact with the cell of origin
of ovarian tumors and influence their neoplastic transformation as suggested in the
model shown in Fig. 1. Indeed, granulosa cells secrete a variety of hormones
thought to influence growth and signal transduction in ovarian tumors. Such hor-
mones include estrogens, progesterone, and the peptide hormone mullerian inhibiting

Ovarian Carcinoma

Ovarian Cancer
Precursor Cell

Fig. 1 Cell nonautonomous hypothesis for cancer predisposition in BRCA1 mutation carriers.
This model stipulates that in the presence of normal BRCA1 function, the cell type from which
ovarian epithelial tumors originate (ovarian cancer precursor cell) interacts with another cell type
(distant cell) from a distance, either via endocrine or paracrine mechanisms. Loss of normal
BRCALI function in the distant cells leads to disruption of these normal intercellular interactions,
resulting in predisposition to neoplastic transformation in the precursor cell
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substance (MIS). MIS belongs to the TGF-beta family (21). It is secreted by
Sertoli cells of the testes in male embryos, functioning to prevent the development
of mullerian ducts, from which female reproductive organs other than the ovaries
are derived (21). It is also secreted by granulosa cells in adult ovaries, resulting in
detectable levels of MIS in the serum of premenopausal women (22-24). The func-
tion of this hormone in women of reproductive age is unknown, although a role in
controlling follicular growth has recently been suggested (25). A possible role
for MIS in controlling ovarian cancer development is suggested by the facts that
(1) MIS prevents the development of mullerian ducts in the embryo and (2) that ovarian
epithelial tumors bear a close resemblance to tissues derived from mullerian ducts,
which include the Fallopian tubes, uterus, and endocervix (2 6). In support of this
idea, MIS can inhibit ovarian epithelial tumor cell growth in vitro and in vivo (27,
28). The MIS receptor has a very limited normal tissue distribution, as it is present
exclusively in the uterus, Fallopian tubes (or uterine horns in mice), granulosa
cells of the ovaries, and Sertoli cells (29). Conolly et al. (30) recently took advan-
tage of this tissue specificity to develop a transgenic mouse model for ovarian
carcinoma.

3 Granulosa Cell-Specific Inactivation of BRCA1 in a Mouse
Model

We used the cre-lox system to inactivate the Brcal gene in mouse granulosa cells
specifically (31). This tissue-specific gene knock out was attempted by crossing
mice carrying a floxed Brcal allele with mice carrying a cre recombinase transgene
driven by a truncated form of the FSH receptor promoter, which was reported to
drive expression exclusively in granulosa cells (32). Although the mutant mice
indeed showed inactivation of Brcal in secondary and tertiary ovarian follicles
(31), further characterization also showed low frequency of Brcal rearrangement
in 10-20% of cells within the anterior pituitary gland, implying that the entire
pituitary-gonadal axis might have been affected (unpublished observations from
the author’s laboratory). The exact significance of Brcal inactivation in the
pituitary gland remains unclear because of the small proportion of cells that are
affected in that organ.

The mutant mice were fertile and their litters were of normal size, at least in the
first 4 months of life. Two thirds of the mice developed epithelial cysts in their
reproductive organs by the time they reached the age of 12—-18 months (31). Some
of those cysts involved the ovary and were very similar to human ovarian cystade-
nomas. These tumors were not confined to the ovary, but were seen along the entire
mullerian tract in a manner reminiscent of para-ovarian and para-tubal epithelial
cysts in humans (31). The finding of abnormalities in the uterine horns in addition
to the ovaries is compatible with reports that women undergoing prophylactic
oophorectomy for familial predisposition to ovarian cancer have a high incidence
of preneoplastic lesions in the Fallopian tube epithelium (33-36). Although the
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tumors were benign, preliminary results suggest that crossing the mutant mice with
mice carrying a homozygous knock out of p53 increases the rate of malignant
transformation. The fact that the cystic tumors showed no evidence of rearrange-
ment of Brcal, implying that they expressed a functional Brcal protein, strongly
supports the hypothesis that cells that control the ovulatory cycle, including ovarian
granulosa cells and possibly a subset of cells from the anterior pituitary gland, use
signaling pathways dependent on the presence of a normal Brcal gene product to
influence the development of ovarian epithelial tumors.

The mutant mice would be expected to develop lesions in their mammary
glands in addition to their reproductive tract, if this experimental model was rele-
vant to familial cancer predisposition in human BRCA1 mutation carriers.
Although the mammary glands of these animals has not yet been systematically
examined, preliminary findings show that mutant animals have prominent large
ectatic ducts, suggesting that the phenotypic consequences of Brcal inactivation
in the pituitary-gonadal axis include abnormalities in the breasts in addition to the
ovaries and uterine horns (unpublished observations from the author’s labora-
tory). Thus, the distribution of the lesions seen in this mouse model closely
mimics that of cancers developing in human BRCA1 mutation carriers as indicated
in Table 1.

4 Consequences of BRCA1 Inactivation on the Estrus Cycle

Much of the rationale for creating this mouse model was based on the idea that
cancer predisposition in BRCA1 mutation carriers is mediated through mechanisms
similar to those responsible for such predisposition in incessantly ovulating women.
We, therefore, tested the hypothesis that the mutant mice showed differences in
their estrus cycle and that such differences could be in part responsible for increased
predisposition to epithelial cysts in their reproductive tract. Daily vaginal cytology
specimens were obtained from mutant and littermate control mice over 3-5 weeks
when the animals were 3—4 and 7-8 months old. Given that characteristic cytologi-
cal changes are associated with each phase of the estrus cycle, microscopic exami-
nation of each sample allowed determination of the phase of the cycle present at
each time point in each mouse. We used these data to calculate and compare the
average length of each phase of the cycle in mutant vs. normal mice. There was a

Table 1 Comparison of lesions in mice with granulosa cell specific inactivation of Brcal to can-
cers in human with germline BRCA1 mutations

Organ Human Brcal"x; Fshr-Cre mice
Ovary Serous carcinoma Serous cystadenoma
Fallopian tube/uterine horn Serous carcinoma Multiple serous cysts

Breast Ductal carcinoma Ductal ectasia
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statistically significant elongation of the proestrus phase in mutant mice compared
with wild type mice in both age groups that was most marked in the 7-8 month old
group (P = 0.003). Given that proestrus is characterized by unopposed estrogens,
these results support the idea that tumor predisposition in mutant mice is mediated,
at least in part, by increased estrogen stimulation because of an increase in the aver-
age length of the proestrus phase. A recent report that downregulation of BRCA1
expression in human granulosa cells leads to increased expression of aromatase, the
rate-limiting enzyme in estradiol biosynthesis, is well in line with this idea (37).
These results also raise the possibility that women harboring germline BRCA1
mutations could similarly have differences in their menstrual cycle such as elonga-
tion of the follicular phase, which is the equivalent of the proestrus phase in the
estrus cycle. Whether mice showing an increase in the length of their proestrus
phase are more likely to develop epithelial cysts is still unclear because although
the current data suggests that such an association indeed exists, the results do not
reach statistical significance and have low statistical power due to the small number
of animals so far examined.

5 Cancer Predisposition in BRCA1 Mutation Carriers

Given that the epithelial cysts that develop in mutant mice in our animal model do
not harbor mutant Brcal alleles, a strong argument can be made that at least in this
experimental model, a Brcal mutation acts cell nonautonomously to cause prolif-
erative lesions in the epithelium of the entire mullerian tract. Although the rele-
vance of our animal model to cancer predisposition in humans is still unclear, the
fact that mutant animals develop abnormalities in the same organs that are at risk
in women harboring BRCA1 mutations (Table 1) argues in favor of such relevance.
We therefore propose, based on this evidence, that predisposition to breast and
gynecological cancers in women with germline BRCA1 mutations is mediated, at
least in part, by an overall decrease in BRCAI gene dosage that is the direct result
of this germline mutation. Such decrease in BRCA1 expression affects granulosa
cells as well as perhaps other components of the pituitary-gonadal axis and inter-
feres with endocrine or paracrine interactions take that normally occur between
those cells and the epithelial cells lining the mullerian tract, resulting in predispo-
sition to neoplastic transformation. This hypothesis does not rule out a cell autono-
mous mechanism based on the possibility that BRCAT1 also functions as a classical
tumor suppressor, as those two scenarios are not mutually exclusive and both
could cooperate with each other to promote cancer development. However, the
idea of a cell nonautonomous mechanism not only provides a straightforward
explanation for the site specificity of the cancers that develop in individuals car-
rying germline BRCA1 mutations, but also accounts for the protective effect of
surgical ablation of the ovaries, the site of granulosa cells, on breast cancer predis-
position in these patients (38).
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6 Implications for the Identification of the Cell of Origin
of Ovarian Epithelial Tumors

Ovarian epithelial tumors are thought to arise from the mesothelial layer that covers
the ovarian surface, according to the favored hypothesis. An argument has been
made that these tumors could instead originate from derivatives of the mullerian
tract on the basis of their morphological and functional characteristics (26). Indeed,
serous ovarian carcinoma, which is the ovarian tumor subtype that typically devel-
ops in BRCA1 mutation carriers, is morphologically indistinguishable from neo-
plasms of the Fallopian tubes, which are part of the mullerian tract. This resemblance
is so striking that pathologists, by convention, have for decades diagnosed all
serous tumors from the tubo-ovarian area as serous ovarian neoplasms unless they
were dealing with lesions small enough to be confined to the tubes or distributed in
such a way that an origin from the tubes could clearly be demonstrated. It seems
unlikely that cells that are as different in their function and embryological origin as
the ovarian surface mesothelium and the Fallopian tube epithelium could give rise
to identical tumors. In addition, if serous ovarian tumors indeed developed in the
cell layer lining the ovarian surface, these tumors would be the only example of a
tumor of somatic cells that shows a greater degree of differentiation than the cell
type from which it originates. I have argued that all tumors currently classified as
ovarian epithelial tumors originate in components of the mullerian tract, either the
Fallopian tube or the numerous mullerian derivatives found within and around the
ovary such as endosalpingiosis, endometriosis, and endocervicosis, which have also
been referred to as secondary mullerian system (26). The fact that the epithelial
cysts that develop in mice lacking a functional Brcal in their pituitary—gonadal axis
are not confined to the ovary, but distributed along the entire mullerian tract is not
only supportive of this hypothesis, but provides an attractive experimental model to
test it further.

7 Concluding Remarks

Our results strongly suggest that a circulating factor secreted by granulosa cells and
under the control of Brcal can influence predisposition to tumor development in
the ovary as well as in components of the mullerian tract in rodents. Our hypotyhe-
sis, in line with our views regarding the site of origin of ovarian epithelial tumors
in humans is that the lesions involving the ovary in this animal model originate in
cells derived from the mullerian tract. At this point, it is not clear whether the
mechanism of tumor predisposition in this model is similar to that in humans with
germline BRCAI mutations. Even if the mechanisms are not identical, it is quite
likely that there are significant overlaps because the tumors in both species involve
similar organs and tissues and are driven by inactivation of a similar gene. This has
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potentially important translational implications because knowledge of a circulating
factor secreted by granulosa cells or other components of the pituitary—gonadal axis
and associated with ovarian cancer predisposition could lead to the development of
a novel approach, possibly based on a simple blood test, for screening for ovarian
cancer predisposition. This knowledge may also form the basis for novel strategies
on the basis of manipulations of the levels of the factor in question, for ovarian
cancer prevention in individuals with familial predisposition to this disease.
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Role of pS3 and Rb in Ovarian Cancer
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1 Introduction

Ovarian cancer is the second most common gynecological neoplasm with over
20,000 new cases and 15,000 deaths predicted in 2006 (1). Although significant
decreases in mortality have been observed in cancers of the breast and cervix, mor-
tality rates for cancer of the ovary has remained essentially constant over the past
30 years. The majority of cases present at advanced stages, at which point the dis-
ease is rarely curable using the existing treatment schemes. Accordingly, the 5-year
survival rate for advanced ovarian cancer is 29%. In addition to asymptomatic
development, a scarcity of accurate animal models has resulted in a marked lack of
knowledge of how the disease progresses, which in turn has precluded the develop-
ment of desperately needed treatment regimens and screening programs.

Ovarian cancer is a wide-ranging term that groups together a diverse set of neo-
plasms originating from the ovary, with carcinomas comprising 90% of ovarian
cancers. On the basis of the morphological criteria, epithelial ovarian cancers
(EOCs) are classified as serous, mucinous, endometrioid, clear cell, transitional
cell, squamous cell, and mixed epithelial neoplasms (2). The ovarian surface epi-
thelium (OSE) is a single layer of flat-to-cuboidal cells covering the ovary and is
the presumed cell of origin for EOCs (3—-6). Recent studies indicate that this layer
may possess stem cell properties, and both tumors and cell lines of transformed
mouse OSE cells contain a side population (7), which is considered by many inves-
tigators as an indicator of cancer stem cells in other tissues (8—11).

2 Disease Etiology

The etiology of EOC is poorly understood, and although several risk factors have been
identified, their direct involvement remains largely unaddressed. Of all proposed risk
factors, ovulation has received the widest attention. The theory that persistent ovula-
tion increases ovarian cancer incidence was first proposed by Fathalla in 1971 (12, 13),
and has been supported by numerous studies demonstrating that a reduction in ovulatory
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events by pregnancy and/or oral contraceptive decreases EOC risk (14—18). Advocates
of this so-called incessant ovulation hypothesis argue that repeated rupture of the ovar-
ian surface during ovulation and subsequent repair by OSE proliferation may increase
the frequency at which mutations arise. However, some have deemed this model as too
simplistic because neither the effects of reproductive hormones nor acute inflamma-
tion is taken into account, both of which may be mutagenic (19-26).

In a recent study using a serial transvaginal ultrasonography approach, approxi-
mately 50% of ovarian carcinomas were shown to develop from preexisting
benign-appearing cysts or endometriotic cysts, while no preexisting lesions had
been evident in the remaining cases 12 months prior to diagnosis (27). Strikingly,
upon histopathological analysis, the majority of tumors that arose from preexisting
lesions were mucinous, endometrioid, or clear cell carcinomas with adjacent
benign- or borderline-like lesions in the vicinity of the carcinoma. In stark contrast,
tumors with no evidence of preexisting lesions were mostly of a serous pathological
nature. Although a minority of serous carcinomas were of low grade and located
adjacent to borderline-like lesions, a majority of them were of high grade with no
evidence of precursor lesions in the vicinity of the carcinoma. These observations
give significant weight to the hypothesis that low grade serous carcinomas arise in
a stepwise manner from benign lesions, while high grade serous carcinomas are
distinct and arise de novo from the OSE (28).

3 Genetics of Ovarian Cancer

Although germline mutations in BRCAI and BRCA?2 are the most common genetic
aberrations in hereditary ovarian carcinomas, by far the most frequent alterations in
sporadic EOC are in the p53 and RB pathways. Defects in these two tumor suppres-
sor pathways are present in over 80% of human cancers (29, 30), and have been
associated with poor prognosis in ovarian carcinomas (31-37).

3.1 Mutations in the p53 Pathway

Mutation of the p53 gene at the locus 17p13.1 is the most common single genetic altera-
tion in sporadic human EOC. The p53 protein contains four functional domains —
a transcriptional activation domain, a tetramerization domain, and two DNA-binding
domains. In addition to possessing transcriptional activating properties, transcrip-
tional repression has been described, although binding sites are less well-
characterized (38-42).

Either loss of wild type p53 function, gain of oncogenic function, or the ability
to activate p53 inappropriately severely compromises the capacity for controlled
cellular proliferation and growth. Numerous stimuli have been demonstrated to
activate p53, including UV irradiation-induced DNA damage, inappropriate
protooncogene activation, mitogenic signaling, and hypoxia. Depending on the



Role of p53 and Rb in Ovarian Cancer 101

cellular context, one of several responses is implemented, such as cell cycle arrest,
senescence, differentiation, or induction of the apoptotic cascade. Through its activ-
ity as a transcription factor, p5S3 executes each response by directly binding p53-
binding sites in regulatory regions of target genes. Using bioinformatic approaches,
over 4,000 putative target genes were identified (43). Validated target genes include
the CDK inhibitor p2/, members of the proapoptotic family BCL-2, the death
receptor FAS, and p53 repressor HDM?2 (mdm?2 in mice) (44—47).

The majority of p53 mutations are missense mutations that cause single residue
changes, largely occurring in the DNA-binding domain (48). Mutant p53 protein has the
ability to form a tetramer with wild type p53, acting as a dominant negative to repress
normal physiological processes of p53, possibly by inducing an inactive conformation of
the DNA-binding domain and reducing the ability to transactivate/repress target genes
(49-52). Normally, p53 exists in a negative feedback loop with HDM2, which tightly
controls both p53 and HDM2 levels in the cell. Loss of transcriptional activity, however,
may result in decreased HDM2, with the consequence of mutant p53 stabilization and
therefore increased amount of nonfunctional/gain-of-function mutant p53 protein (53).

Although p53 mutations have been detected in all histological types of EOC, a
number of studies have demonstrated higher frequencies of such mutations in
serous carcinomas (Table 1).

Table 1 Frequency of p53 mutations in histological subtypes of epithelial ovarian carcinoma (EOC)

Type of EOC (average %) Defective/total cases (%) Reference
Low grade (16%) 4/22 (18) (54)
1/12 (8) (55)
33/190 (17) (56)
5/27 (19) 57)
High grade (66%) 30/47 (64) (54)
30/59 (51) (55)
167/180 (93) (56)
Serous 25/46 (54) 57)
33/46 (72) (58)
47171 (66) (59)
16/26 (62) (60)
Grade not determined (64%) 14/31 (45) 61)
11720 (55) (62)
18/23 (78) (63)
31/42 (74) (64)
73/126 (58) (65)
Clear cell (8%) 6/38 (17) (66)
0/4 (0) (67)
1/12 (8) (60)
Endometrioid (45%) 5/15 (33) (64)
713 (54) (62)
13/27 (48) (60)
Mucinous (19%) 1/12 (8) (64)
3/12 (25) (63)
3/11 (27) (62)

3/21 (14) (60)
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Furthermore, a number of studies that have paid particular attention to histologi-
cal criteria of malignancy of serous tumors have found that p53 mutations are
strongly associated with high grade serous carcinomas, but are rare in low grade or
borderline serous carcinomas (68—71). In contrast, borderline/low grade tumors fre-
quently harbor mutations in K-ras, which are very rare events in high grade serous
adenocarcinomas (71-76). These observations have given strong support to the
hypothesis that high grade and low grade serous carcinomas arise via discrete path-
ways (28). Lending further support to this hypothesis is the observation that p53 is
mutated in early stage high grade carcinomas as well as in adjacent dysplastic epi-
thelium in prophylactically removed ovaries from BRCAI heterozygotes (77, 78).
This supports a model in which p53 mutation is not only required for carcinogenesis,
but also is an early event in the pathogenesis of high grade serous carcinoma.

Of interest are the interactions between p5S3 and BRCAI in ovarian carcinogen-
esis. Brcal”~ mouse embryos are embryonic lethal at embryonic (e) day 6.5; how-
ever, if embryos are compound null mutants for both Brcal and p53, lethality is
delayed, leading to a “death by checkpoint” hypothesis (79). This stipulates that in
order for accelerated tumor development, p53 function must be lost so that genome
instability is tolerated. In one epidemiological study (80), no instance of p53 loss
was observed without simultaneous loss of BRCAI. To test this model in a more
defined setting, Xing and Orsulic (81) generated a mouse model to study p53 and
Breal interaction further. They observed that inactivation of Brcal and p53 in
mouse OSE cells of ovary explants did not lead to transformation unless the Myc
oncogene is over expressed virally, while Clark-Knowles et al. reported increased
proliferation in mouse OSE cells deficient for Brcal and p53 but no increase if
Breal or p53 was inactivated independently (82). Both of these studies are in good
agreement with the observation that transformation of p53 deficient mouse OSE
cells requires multiple hits for transformation to occur (83).

3.2 Mutations in the RB Pathway

The Retinoblastoma 1 (RB) gene was originally identified as a tumor suppressor
gene in hereditary and sporadic retinoblastoma in children (84-88). Mutations in
either RB or its pathways are also common in neoplasms of adults (30).

RB is the founding member of a three-member family of tumor suppressors,
which also contains p107 and p130. All three interact with a large number of pro-
teins, yet their direct binding to the E2F family of transcription factors is fundamen-
tal to their roles as tumor suppressors (30). RB is only able to interact with E2F
when hypophosphorylated. When RB is phosphorylated by cyclin D-dependant
kinases, E2Fs are no longer bound and are free to bind regulatory regions of E2F-
responsive genes leading to progression into S phase of the cell cycle. In addition
to cell cycle effects through E2F, RB also has wide-ranging and frequently poorly
understood functions in several cellular processes, including control of cell death
and differentiation, and histone modification. For example, RB plays a role in the
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transition of proliferating myoblasts to differentiating myocytes (89) and differen-
tiation of fetal liver macrophages by opposing inhibitory functions of Id2 on tran-
scription factor PU.1 (90). Furthermore, inactivation of Rb results in p53-independent
apoptotic death in the developing nervous system of the mouse (91). Rb is involved
in epigenetic modifications (92-94) and most recently Caenorhabditis elegans
homologs of the RB pathway have been implicated in repressing the RNA interfer-
ence pathway (95).

Although loss of heterozygosity (LOH) of RB is well demonstrated in many
somatic cancers, a specific role of RB in ovarian cancer has been difficult to deter-
mine given conflicting data. Liu et al. observed inactivation of RB in 60% of ovar-
ian cancer samples (96), while a study by Gras et al. reported LOH of the RB locus
in 17% of EOC samples and 30% of tumors with serous differentiation (97).
However, because of a limited number of samples, statistical significance was not
attained in the later study. In contrast, independent studies by Dodson et al. and
Kim et al. show RB immunohistochemistry staining in over 90% of clinical EOC
samples that showed LOH at the RB locus, suggesting the presence of a second
tumor suppressor at this locus (98, 99). Unfortunately, no corroborating experi-
ments such as Western blots or RT-PCR assays were performed to confirm immu-
nohistochemical results at that time.

Although the frequency of RB mutation in EOC is of debate, more concrete evi-
dence exists demonstrating that the RB pathway is frequently altered. Mutations in
either INK4 protein p16™%* (p16), RB, or cyclin D1/CDK4 are observed in almost
50% of EOC clinical samples in a very thorough piece of work (33, 35). To control
Cdk-mediated inhibitory phosphorylation of RB, tumor suppressor p16 specifically
antagonizes cyclin D-dependent kinases leading to continued RB-E2F binding and
repressing activation of the E2F transcriptional program. Specifically analyzing
pl6 expression and alteration, numerous studies reported that alteration in p/6 via
either mutation, LOH, or promoter methylation occur in between 30% and 65% of
EOCs, although a far lower percentage has also been reported (Table 2).

Of great interest is the observation that over 50% of EOC patients have mutations in
both the p53 and RB pathways, including 40% of serous carcinomas (33). It is well
known that extensive interaction exists between these two pathways (30). The INK4a
locus encodes two proteins through use of an alternative reading frame: pl6™%* and a
second tumor suppressor involved in activating p53 and p14*% (p1947 in mice). p14
represses HDM2, modulating the p53-HDM?2 negative feedback pathway. In p/4-null cell
lines, E2F over expression enforces S phase entry (118), while deregulated E2F induces
pl4 expression. Together, these data provide several possibilities for p53-RB pathway
interaction and indicate the significance of concomitant deregulation in both pathways.

3.3 Mouse Models to Analyze p53 and RB Function in EOC

Given the aforementioned data from clinical samples, several groups have attempted
to model the roles of p53 and RB using the mouse as a model system. The first
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Table 2 Defects of p/6 and Rb in human ovarian carcinomas

Gene Defect (average %) Defective/total cases (%) Reference
plé Homozygous mutation (7%) 2/7 (29) (100)
1/50 (2) (101)
2/27 (7) (102)
2/70 (3) (32)
2/88 (2) (28)
5/30 (17) (103)
0/22 (0) (104)
1/94 (1) (105)
0/23 (0) (106)
0/49 (0) (107)
1/35 (3) (108)
8/45 (18) (109)
Methylation (15%) 8/43 (17) (32)
16/44 (36) (105)
0/23 (0) (110)
6/23 (26) (106)
2/49 (4) (111)
2/37 (5) (112)
0/35 (0) (108)
6/46 (13) (33)
1007249 (40) (34)
5/50 (10) (113)
Loss of expression (37%) 22/60 (37) 32)
19/94 (20) (105)
6/22 (27) (106)
20/59 (34) (35
22/29 (76) (112)
28/47 (60) (36)
10/46 (22) (33)
70/117 (60) (108)
28/82 (34) (107)
9/73 (12) 37
23/107 (21) (33)
60/134 (45) (€28
RB Homozygous mutation (9%) 1724 (4) (114)
2/15 (13) (96)
Loss of or aberrant expression (19%) 2/25 (8) (98)
2/26 (8) 99)
3/22 (14) (115)
7134 (21) (116)
2/59 (3) (35
5/46 (11) (33)
719 (78) 97
10/84 (12) (107)
1/78 (1) (117)
28/134 (21) 3D
12/107 (37) (33)

Only experiments on freshly collected surgical material are included
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approach taken was to direct expression of the transforming region of SV40 large
T antigen (SV40 Tag) in the mouse OSE by using the Mullerian inhibitory sub-
stance type II receptor (MISIIR) promoter. SV40 Tag binds and inactivates both p53
and Rb proteins. Necropsy of MISIIR-SV40-Tag transgenic mice revealed bilateral
ovarian masses in 50% of cases and bloody ascites were frequently present in the
abdominal cavity (119). Pathological analysis classified the tumors as poorly dif-
ferentiated carcinomas.

Even though a clearly important breakthrough in EOC modeling, this approach
has several shortcomings. First, although the MISIIR promoter directs expression to
the OSE, neoplastic lesions were also observed at other sites demonstrating a degree
of promoter leakiness. Second, expression of MISIIR is also evident during early
embryonic development; tumors therefore arise during early adult life, which is
unlike than that observed in humans. Third, and more importantly, through alterna-
tive splicing, SV40 early region encodes several viral proteins including small t and
17kT antigens in addition to large T. All three proteins directly bind Hsc70 through
aJ domain at the N terminus, while large T and 19kT share a LXCXE-binding motif
allowing inactivation of all known members of the RB family. RB family members
pl107 and p130 are rarely mutated in human neoplasms (120). Furthermore, small
t antigen has been implicated in cell transformation (121).

To test that p53 and Rb are directly involved in epithelial ovarian carcinogenesis,
we established a more defined and controlled approach to inactivate p53 and/or Rb
in the mouse OSE through Cre-loxP technology (122). By taking advantage of the
enclosed anatomical location of the mouse ovary within the ovarian bursa, selective
exposure of OSE to any agent can be achieved. To inactivate p53 and/or Rb, adeno-
virus expressing Cre recombinase under control of the immediate early cytomega-
lovirus promoter (AdCre) is injected through the oviductal infundibulum into the
bursa of transgenic mice carrying conditional alleles of each gene. Rb"*F mice
do not have any ovarian tumors and only 6% of p53"*/f mice develop neoplasia,
while 97% of p53it/iexP Rplestloxr mice develop ovarian tumor after single exposure
to AdCre. Following a similar clinical course to that seen in humans, tumors spread
intraperitoneally (27%), form hemorrhagic or serous ascites (24%), and frequently
metastasize to the contralateral ovary (15%), lung (18%), and liver (6%).
Pathological evaluation of the early stages of carcinogenesis combined with cytok-
eratin 8 (CK8) immunostaining demonstrated an epithelial origin of induced neo-
plasms in 84% of cases. Consistent with a proposed role of p53 in the initiation of
high grade serous adenocarcinomas, induced tumors were most comparable to this
subset of human EOC tumors.

This approach has several advantages over other methods to model EOC in the
mouse. First, intrabursal administration of AdCre removes the requirement for an
OSE-specific promoter, of which none are currently known. Though OSE-specific
infection was performed previously (83), our approach involves no cell culture
stage and all tumor development is accomplished in adult immunocompetent mice.
The approach also allows conditional and temporal control of the initiating events,
which is particularly useful for modeling the early stages of EOC initiation. As
such, an identical approach was recently used to demonstrate the role of K-ras and
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Pten in the initiation of endometrioid ovarian cancer (123), and Brcal in preneo-
plastic changes (82). Taken together, these results clearly demonstrate that different
genetic alterations lead to distinct subsets and stages of EOC.

4 Applications of Genetically Defined Models

Although the primary goal of generating genetically-engineered mouse models is
to attain a better understanding of the molecular pathways behind EOC carcinogen-
esis, other significant goals are to allow rational drug design and testing in a defined
and reproducible environment and to allow development of improved imaging
techniques. In this section, we describe recent novel applications of mouse models
of EOC.

4.1 Rational Drug Design

Treatment options for patients with advanced stages of ovarian cancer are almost
nonexistent and severely limited in efficacy. Because of the high percentage of
patients succumbing to the disease, ovarian cancer is a good candidate for
chemoprevention.

A large body of work, largely in colorectal cancer studies, has indicated that
nonsteroidal antiinflammatory drugs (NSAIDs), such as aspirin or sulindac, reduce
the number and size of colonic polyps in patients with familial adenomatous poly-
posis (FAP) (124—-126). Chronic administration of aspirin over a 10-15 year period
has been reported to reduce risk of developing colon cancer by up to 50% (127),
indicating a protective effect of NSAIDs. Nobel Prize winner John Vane proposed
that the effects of NSAIDs are mediated by inhibiting the enzymatic activity of
cyclooxygenase (COX) (128). COX is responsible for catalyzing arachadonic acid
into PGGz, which is then converted into PGHZ, and is subsequently converted into
one of many prostaglandins: hormone-like, lipid soluble molecules involved in a
wide range of physiological processes, including platelet aggregation, muscular
contraction/relaxation, and immunity. Two isoforms of COX protein exist — COX-1
and COX-2, the later having received the most attention since COX-1 appears to be
constitutively expressed, while COX-2 is not normally expressed unless induced by
proinflammatory cytokines.

Work in Apc?’'¢ mice, which spontaneously develop numerous polyps in the
intestinal tract similar to FAP in humans, confirmed a link between NSAIDs and
COX-2. Apc*’' mice on a Cox-2-null background develop significantly fewer pol-
yps compared with a Cox-2-wild type background. Treatment of Apc?’’6 mice on a
Cox-2-wild type background with either sulindac or a novel Cox-2 inhibitor MF-
tricyclic similarly reduced the polyp number (129). Since this initial report, there
has been much interest in developing COX-2 isoform-specific inhibitors over
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NSAIDs because of fewer adverse effects. In contrast, COX-1 has received little
attention, despite having been purified and cloned prior to COX-2.

Although NSAIDs appear to reduce risk of cancers at sites such as esophagus
and stomach (130), their effect in cancers of the ovary remain inconclusive.
Although some groups have reported high levels of COX-2 in ovarian cancer (131,
132), others have reported elevated COX-1, but not COX-2, in ovarian cancer tissue
samples (133, 134) or cell lines (135, 136), suggesting tissue-specific roles for each
isoform. Furthermore, Cox-1 over expression was previously demonstrated in
tumors arising from p53-null mouse OSE cells also over expressing either c-myc
and K-ras or c-myc and Akt (137), while Cox-2 was either not expressed or
expressed at very low levels. Therefore, in a large collaborative effort, Daikoku and
coworkers investigated Cox-1/2 expression status in a defined and controlled man-
ner, using three genetically-engineered mouse models to gain a better understand-
ing of the roles of this class of protein in EOC, and whether Cox over expression is
unique to specific genetic alterations or is widespread (138). The previously char-
acterized models used were based on intrabursal AdCre administration to inactivate
p53 and Rb (122), or inactivate Pten and activate K-ras (123) or based on MISIIR-
directed expression of SV40 Tag (119), as outlined earlier. In all three models,
Cox-1, but not Cox-2, was over expressed in the mouse EOCs as judged by RT-
PCR, in situ hybridization, Western blotting, and immunohistochemistry with
Cox-1/2 isoform-specific primers, probes, and antibodies. The observation that
Cox-1 is over expressed in an identical pattern in four different mouse models on
the basis of different genetic lesions suggests that Cox-1 over expression may be
widespread and a conserved aspect of EOC.

The investigation by Daikoku and colleagues has opened a new avenue for the
rational design of preventive and therapeutic agents against ovarian cancer and may
lead to a fundamental shift in approach toward COX inhibitors. Perhaps most sig-
nificantly, in a microarray study comparing global gene expression between p53/ /P
RblPexP OQSE cells treated with either AdCre or control virus in culture, Cox-1 over
expression was detected at the earliest passages (138), indicating the potential use-
fulness of Cox-1 as a screening marker.

4.2 Development of New Imaging Techniques

Although identification of screening markers associated with EOC are undoubtedly
of critical importance to allow early and accurate diagnosis, it is extremely difficult
to find markers that are flawless, as both a high degree of specificity and sensitivity
is essential. The most widely used biomarker for ovarian tumors is the serum tumor
marker CA125 (139). Unfortunately, though 80% of patients with advanced EOC
have high CA125 serum levels, only half of them are positive at the early stage of
disease (140, 141), whereas, conversely, CA125 concentration may be elevated in
individuals free of disease, resulting in false-positive tests. For this reason, CA125
has limited diagnostic value, and positive results must be substantiated by exploratory
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surgery or laparoscopy, which, like all surgical procedures, carries a certain degree
of risk. Consequently, adequate monitoring of patients, especially those at elevated
risk of developing EOC, such as women carrying germline mutations in BRCA
genes, is difficult and prophylactic oophorectomy is recommended, which is not a
viable option for nulliparous women who wish to raise a family. For this reason,
minimally invasive imaging techniques need to be developed to allow improved
patient monitoring.

Multiphoton microscopy (MPM) (142) offers one possible means to improve
diagnostic imaging. Two-photon MPM is based on the theory that two low-energy
infrared photons may arrive simultaneously at a fluorophore and result in electronic
transition normally observed upon absorption of a single photon. Several endog-
enous molecules, such as NAD(P)H and flavins, emit photons upon two-photon
excitation, while fluorescent proteins such as green fluorescent protein is also
detectable via MPM. In addition, second harmonic generation (SHG) allows direct
imaging of anisotropic biological molecules such as collagen (143) with no require-
ment for exogenously added fluorophores and may be imaged at the same time as
two-photon microscopy. MPM has several advantages over traditional fluorescence
imaging because of its low phototoxicity and lack of out-of-focal plane excitation
(143). Together with our collaborators Drs. Warren Zipfel, Rebecca Williams, and
Watt Webb, we have demonstrated the utility of two-photon microscopy to image
deep into the mouse ovary (144). In contrast to transvaginal ultrasonography and
traditional laparoscopy, which provide either low resolution images or images only
of the ovary surface, respectively, MPM is able to image at high resolution (cellular
level) deep (~200-300 um) into the ovary, allowing one to rapidly acquire images
of quality comparable to that of traditional hematoxylin and eosin-stained histolog-
ical sections.

MPM has been used to help answer diverse biological questions such as how
gene expression correlates with metastasis, whether senile plaques change size in a
mouse model of Alzheimer’s disease, and the role of sensory deprivation in cortical
plasticity (101, 145-147). In addition to low phototoxicity, MPM can allow analy-
sis of individual cell migration and motility in a time-lapse manner (148), while
long-term, repeated imaging procedures may be carried out by performing MPM
during several rounds of survival surgery (145), allowing one to closely follow
development of EOC from the very earliest stages of carcinogenesis. The construc-
tion of an endoscopic MPM device should facilitate translation of this imaging
method into clinical practice. Such a device is currently under development.

5 Concluding Remarks

Because of asymptomatic development, the initiating events of ovarian cancer remain
obscure and much of our current understanding is based on circumstantial and cor-
relative evidences. To this end, the development of accurate mouse models of ovarian
cancer is of utmost importance in expanding our knowledge of ovarian carcinogenesis.
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On the basis of the observations that p53 and Rb pathways are commonly altered in
human EOC, we have inactivated both tumor suppressors in the mouse OSE and
demonstrated formation of neoplasms that are most comparable to human high grade
serous carcinomas of the ovary. Importantly, the approach for conditional induction
of OSE-specific genetic alterations described in our work is well applicable to other
studies seeking to test roles of specific genetic alterations in the OSE in a time-, loca-
tion-, and lineage-dependant manner. This study, and others in the field, has given
significant weight to the hypothesis that p53 and Rb mutations play critical roles in
ovarian carcinogenesis, in particular at the very earliest stages. We have gone on to
demonstrate the usefulness of genetically-engineered mouse models in identifying
proteins for therapeutic targeting and development of improved imaging techniques,
and it is our hope that these approaches will lead to a more complete picture of ovar-
ian carcinogenesis, as well as facilitate its detection, treatment, and prevention.

Acknowledgments This work was supported by NIH grants CA 112354 and RR 17595 to AYN
and a Cornell Vertebrate Genomics Scholar Award to DCC.

References

1.Jemal, A., Siegel, R., Ward, E., Murray, T., Xu, J., Smigal, C., and Thun, M. J. (2006). Cancer
statistics, 2006. CA Cancer J Clin 56, 106—130.

2.Scully, R. E. a. S., L.H. (1999). Histological typing of ovarian tumours, Vol 9, (Berlin
Hiedelberg New York: Springer).

3. Auersperg, N., Wong, A. S., Choi, K. C., Kang, S. K., and Leung, P. C. (2001). Ovarian surface
epithelium: biology, endocrinology, and pathology. Endocr Rev 22, 255-288.

4. Nikitin, A. Y., Connolly, D. C., and Hamilton, T. C. (2004). Pathology of ovarian neoplasms
in genetically modified mice. Comp Med 54, 26-28.

5.Scully, R. E. (1977). Ovarian tumors. A review. Am J Pathol §7, 686—720.

6. Vanderhyden, B. C., Shaw, T. J., and Ethier, J. F. (2003). Animal models of ovarian cancer.
Reprod Biol Endocrinol 7, 67.

7.Szotek, P. P., Pieretti-Vanmarcke, R., Masiakos, P. T., Dinulescu, D. M., Connolly, D., Foster, R.,
Dombkowski, D., Preffer, F., Maclaughlin, D. T., and Donahoe, P. K. (2006). Ovarian cancer
side population defines cells with stem cell-like characteristics and Mullerian Inhibiting
Substance responsiveness. Proc Natl Acad Sci USA 703, 11154-11159.

8.Chiba, T., Kita, K., Zheng, Y. W., Yokosuka, O., Saisho, H., Iwama, A., Nakauchi, H., and
Taniguchi, H. (2006). Side population purified from hepatocellular carcinoma cells harbors
cancer stem cell-like properties. Hepatology 44, 240-251.

9.Haraguchi, N., Utsunomiya, T., Inoue, H., Tanaka, F., Mimori, K., Barnard, G. F., and Mori, M.
(2006). Characterization of a side population of cancer cells from human gastrointestinal sys-
tem. Stem Cells 24, 506-513.

10. Hirschmann-Jax, C., Foster, A. E., Wulf, G. G., Nuchtern, J. G., Jax, T. W., Gobel, U., Goodell,
M. A., and Brenner, M. K. (2004). A distinct “side population” of cells with high drug efflux
capacity in human tumor cells. Proc Natl Acad Sci USA 101, 14228-14233.

11. Kruger, J. A., Kaplan, C. D., Luo, Y., Zhou, H., Markowitz, D., Xiang, R., and Reisfeld, R. A.
(2006). Characterization of stem cell-like cancer cells in immune competent mice. Blood /08,
3906-3912.

12. Fathalla, M. F. (1971). Incessant ovulation—a factor in ovarian neoplasia? Lancet 2, 163.

13. Fathalla, M. E. (1972). Factors in the causation and incidence of ovarian cancer. Obstet
Gynecol Surv 27, 751-768.



110 D.C. Corney et al.

14.Riman, T., Dickman, P. W., Nilsson, S., Correia, N., Nordlinder, H., Magnusson, C. M., and
Persson, 1. R. (2002). Risk factors for invasive epithelial ovarian cancer: results from a
Swedish case-control study. Am J Epidemiol /56, 363-373.

15.Risch, H. A., Marrett, L. D., and Howe, G. R. (1994). Parity, contraception, infertility, and the
risk of epithelial ovarian cancer. Am J Epidemiol 740, 585-597.

16.Risch, H. A., Weiss, N. S., Lyon, J. L., Daling, J. R., and Liff, J. M. (1983). Events of reproduc-
tive life and the incidence of epithelial ovarian cancer. Am J Epidemiol /77, 128-139.

17. Titus-Ernstoff, L., Perez, K., Cramer, D. W., Harlow, B. L., Baron, J. A., and Greenberg, E. R.
(2001). Menstrual and reproductive factors in relation to ovarian cancer risk. Br J Cancer 84,
714-721.

18. Whittemore, A. S., Harris, R., and Itnyre, J. (1992). Characteristics relating to ovarian cancer
risk: collaborative analysis of 12 US case-control studies. IV. The pathogenesis of epithelial
ovarian cancer. Collaborative Ovarian Cancer Group. Am J Epidemiol /36, 1212-1220.

19.Bose, C. K. (2005). Does hormone replacement therapy prevent epithelial ovarian cancer?
Reprod Biomed Online /7, 86-92.

20. Bukulmez, O., and Arici, A. (2000). Leukocytes in ovarian function. Hum Reprod Update 6,
1-15.

21.Cramer, D. W., and Welch, W. R. (1983). Determinants of ovarian cancer risk. II. Inferences
regarding pathogenesis. J Natl Cancer Inst 7/, 717-721.

22.Fleming, J. S., Beaugie, C. R., Haviv, ., Chenevix-Trench, G., and Tan, O. L. (2006). Incessant
ovulation, inflammation and epithelial ovarian carcinogenesis: revisiting old hypotheses. Mol
Cell Endocrinol 247, 4-21.

23. Konishi, I. (2006). Gonadotropins and ovarian carcinogenesis: a new era of basic research and
its clinical implications. Int J Gynecol Cancer /6, 16-22.

24.Mohle, J., Whittemore, A., Pike, M., and Darby, S. (1985). Gonadotrophins and ovarian cancer
risk. J Natl Cancer Inst 75, 178—-180.

25.Ness, R. B., and Cottreau, C. (1999). Possible role of ovarian epithelial inflammation in ovar-
ian cancer. J Natl Cancer Inst 91, 1459-1467.

26. Nikitin, A. Y., and Hamilton, T.C. (2005). Modeling ovarian cancer in the mouse. Res Adv in
Cancer 5, 49-59.

27. Horiuchi, A., Itoh, K., Shimizu, M., Nakai, 1., Yamazaki, T., Kimura, K., Suzuki, A., Shiozawa, 1.,
Ueda, N., and Konishi, I. (2003). Toward understanding the natural history of ovarian carci-
noma development: a clinicopathological approach. Gynecol Oncol 88, 309-317.

28.Shih Ie, M., and Kurman, R. J. (2004). Ovarian tumorigenesis: a proposed model based on
morphological and molecular genetic analysis. Am J Pathol 764, 1511-1518.

29.Hahn, W. C., and Weinberg, R. A. (2002). Modelling the molecular circuitry of cancer. Nat
Rev Cancer 2, 331-341.

30. Sherr, C. J., and McCormick, F. (2002). The RB and p53 pathways in cancer. Cancer Cell 2,
103-112.

31.Bali, A., O’Brien, P. M., Edwards, L. S., Sutherland, R. L., Hacker, N. E., and Henshall, S. M.
(2004). Cyclin D1, p53, and p21Waf1/Cip1 expression is predictive of poor clinical outcome
in serous epithelial ovarian cancer. Clin Cancer Res 10, 5168-5177.

32. Fujita, M., Enomoto, T., Haba, T., Nakashima, R., Sasaki, M., Yoshino, K., Wada, H., Buzard,
G. S., Matsuzaki, N., Wakasa, K., and Murata, Y. (1997). Alteration of p/6 and pl5 genes in
common epithelial ovarian tumors. Int J Cancer 74, 148—-155.

33.Hashiguchi, Y., Tsuda, H., Yamamoto, K., Inoue, T., Ishiko, O., and Ogita, S. (2001).
Combined analysis of p53 and RB pathways in epithelial ovarian cancer. Hum Pathol 32,
988-996.

34. Katsaros, D., Cho, W., Singal, R., Fracchioli, S., Rigault De La Longrais, I. A., Arisio, R.,
Massobrio, M., Smith, M., Zheng, W., Glass, J., and Yu, H. (2004). Methylation of tumor sup-
pressor gene pl6 and prognosis of epithelial ovarian cancer. Gynecol Oncol 94, 685-692.

35.Kusume, T., Tsuda, H., Kawabata, M., Inoue, T., Umesaki, N., Suzuki, T., and Yamamoto, K.
(1999). The pl6-cyclin D1/CDK4-pRb pathway and clinical outcome in epithelial ovarian
cancer. Clin Cancer Res 5, 4152-4157.



Role of p53 and Rb in Ovarian Cancer 111

36. Sui, L., Dong, Y., Ohno, M., Goto, M., Inohara, T., Sugimoto, K., Tai, Y., Hando, T., and
Tokuda, M. (2000). Inverse expression of Cdk4 and p16 in epithelial ovarian tumors. Gynecol
Oncol 79, 230-237.

37. Tachibana, M., Watanabe, J., Matsushima, Y., Nishida, K., Kobayashi, Y., Fujimura, M., and
Shiromizu, K. (2003). Independence of the prognostic value of tumor suppressor protein
expression in ovarian adenocarcinomas: A multivariate analysis of expression of p53, retino-
blastoma, and related proteins. Int J Gynecol Cancer /3, 598-606.

38. Curtin, J. C., and Spinella, M. J. (2005). p53 in human embryonal carcinoma: identification of
a transferable, transcriptional repression domain in the N-terminal region of p53. Oncogene
24, 1481-1490.

39.D’Souza, S., Xin, H., Walter, S., and Choubey, D. (2001). The gene encoding p202, an
interferon-inducible negative regulator of the p53 tumor suppressor, is a target of p53-medi-
ated transcriptional repression. J Biol Chem 276, 298-305.

40. Hammond, E. M., and Giaccia, A. J. (2005). The role of p53 in hypoxia-induced apoptosis.
Biochem Biophys Res Commun 337, 718-725.

41. Hoffman, W. H., Biade, S., Zilfou, J. T., Chen, J., and Murphy, M. (2002). Transcriptional
repression of the anti-apoptotic survivin gene by wild type p53. J Biol Chem 277,
3247-3257.

42.Imbriano, C., Gurtner, A., Cocchiarella, F., Di Agostino, S., Basile, V., Gostissa, M.,
Dobbelstein, M., Del Sal, G., Piaggio, G., and Mantovani, R. (2005). Direct p53 transcriptional
repression: in vivo analysis of CCAAT-containing G2/M promoters. Mol Cell Biol 25,
3737-3751.

43.Wang, L., Wu, Q., Qiu, P, Mirza, A., McGuirk, M., Kirschmeier, P., Greene, J. R., Wang, Y.,
Pickett, C. B., and Liu, S. (2001). Analyses of p53 target genes in the human genome by bio-
informatic and microarray approaches. J Biol Chem 276, 43604-43610.

44.el-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J. M., Lin, D.,
Mercer, W. E., Kinzler, K. W., and Vogelstein, B. (1993). WAFI, a potential mediator of p53
tumor suppression. Cell 75, 817-825.

45. Miyashita, T., and Reed, J. C. (1995). Tumor suppressor p53 is a direct transcriptional activator
of the human bax gene. Cell 80, 293-299.

46.0da, E., Ohki, R., Murasawa, H., Nemoto, J., Shibue, T., Yamashita, T., Tokino, T., Taniguchi,
T., and Tanaka, N. (2000). Noxa, a BH3-only member of the Bcl-2 family and candidate
mediator of p53-induced apoptosis. Science 288, 1053-1058.

47.0wen-Schaub, L. B., Zhang, W., Cusack, J. C., Angelo, L. S., Santee, S. M., Fujiwara, T.,
Roth, J. A., Deisseroth, A. B., Zhang, W. W., Kruzel, E., and et al. (1995). Wild-type human
p53 and a temperature-sensitive mutant induce Fas/APO-1 expression. Mol Cell Biol /5,
3032-3040.

48. Sigal, A., and Rotter, V. (2000). Oncogenic mutations of the p53 tumor suppressor: the demons
of the guardian of the genome. Cancer Res 60, 6788-6793.

49. Chene, P. (1998). In vitro analysis of the dominant negative effect of p53 mutants. J] Mol Biol
281, 205-209.

50.Kern, S. E., Pietenpol, J. A., Thiagalingam, S., Seymour, A., Kinzler, K. W., and Vogelstein, B.
(1992). Oncogenic forms of p53 inhibit p53-regulated gene expression. Science 256,
827-830.

51. Shaulian, E., Zauberman, A., Ginsberg, D., and Oren, M. (1992). Identification of a minimal
transforming domain of p53: negative dominance through abrogation of sequence-specific
DNA binding. Mol Cell Biol 72, 5581-5592.

52.Unger, T., Mietz, J. A., Scheffner, M., Yee, C. L., and Howley, P. M. (1993). Functional
domains of wild-type and mutant p53 proteins involved in transcriptional regulation,
transdominant inhibition, and transformation suppression. Mol Cell Biol /3, 5186-5194.

53.Blagosklonny, M. V. (2000). p53 from complexity to simplicity: mutant p53 stabilization,
gain-of-function, and dominant-negative effect. Faseb J 714, 1901-1907.

54.0’Neill, C. J., Deavers, M. T., Malpica, A., Foster, H., and McCluggage, W. G. (2005).
An immunohistochemical comparison between low-grade and high-grade ovarian serous



112 D.C. Corney et al.

carcinomas: significantly higher expression of p53, MIB1, BCL2, HER-2/neu, and C-KIT in
high-grade neoplasms. Am J Surg Pathol 29, 1034-1041.

55. Singer, G., Stohr, R., Cope, L., Dehari, R., Hartmann, A., Cao, D. F., Wang, T. L., Kurman, R. J.,
and Shih Ie, M. (2005). Patterns of p53 mutations separate ovarian serous borderline tumors
and low- and high-grade carcinomas and provide support for a new model of ovarian carcino-
genesis: a mutational analysis with immunohistochemical correlation. Am J Surg Pathol 29,
218-224.

56. Lassus, H., Leminen, A., Lundin, J., Lehtovirta, P., and Butzow, R. (2003). Distinct subtypes
of serous ovarian carcinoma identified by p53 determination. Gynecol Oncol 91, 504-512.
57.Chan, W. Y., Cheung, K. K., Schorge, J. O., Huang, L. W., Welch, W. R., Bell, D. A.,
Berkowitz, R. S., and Mok, S. C. (2000). Bcl-2 and p53 protein expression, apoptosis, and p53

mutation in human epithelial ovarian cancers. Am J Pathol 156, 409-417.

58. Gadducci, A., Di Cristofano, C., Zavaglia, M., Giusti, L., Menicagli, M., Cosio, S., Naccarato,
A. G., Genazzani, A. R., Bevilacqua, G., and Cavazzana, A. O. (2006). P53 gene status in
patients with advanced serous epithelial ovarian cancer in relation to response to paclitaxel- plus
platinum-based chemotherapy and long-term clinical outcome. Anticancer Res 26, 687-693.

59.Havrilesky, L., Darcy, M., Hamdan, H., Priore, R. L., Leon, J., Bell, J., and Berchuck, A.
(2003). Prognostic significance of p53 mutation and p53 overexpression in advanced epithelial
ovarian cancer: a Gynecologic Oncology Group Study. J Clin Oncol 2/, 3814-3825.

60. Caduff, R. F., Svoboda-Newman, S. M., Ferguson, A. W., Johnston, C. M., and Frank, T. S.
(1999). Comparison of mutations of Ki-RAS and p53 immunoreactivity in borderline and
malignant epithelial ovarian tumors. Am J Surg Pathol 23, 323-328.

61. Fujita, M., Enomoto, T., Inoue, M., Tanizawa, O., Ozaki, M., Rice, J. M., and Nomura, T.
(1994). Alteration of the p53 tumor suppressor gene occurs independently of K-ras activation
and more frequently in serous adenocarcinomas than in other common epithelial tumors of the
human ovary. Jpn J Cancer Res 85, 1247-1256.

62. Henriksen, R., Strang, P., Wilander, E., Backstrom, T., Tribukait, B., and Oberg, K. (1994). p53
expression in epithelial ovarian neoplasms: relationship to clinical and pathological parame-
ters, Ki-67 expression and flow cytometry. Gynecol Oncol 53, 301-306.

63.Renninson, J., Baker, B. W., McGown, A. T., Murphy, D., Norton, J. D., Fox, B. W., and
Crowther, D. (1994). Immunohistochemical detection of mutant p53 protein in epithelial ovar-
ian cancer using polyclonal antibody CMI: correlation with histopathology and clinical fea-
tures. Br J Cancer 69, 609-612.

64.Dogan, E., Saygili, U., Tuna, B., Gol, M., Gurel, D., Acar, B., and Koyuncuoglu, M. (2005).
p53 and mdm?2 as prognostic indicators in patients with epithelial ovarian cancer: a multivari-
ate analysis. Gynecol Oncol 97, 46-52.

65. Eltabbakh, G. H., Belinson, J. L., Kennedy, A. W., Biscotti, C. V., Casey, G., Tubbs, R. R., and
Blumenson, L. E. (1997). p53 overexpression is not an independent prognostic factor for
patients with primary ovarian epithelial cancer. Cancer 80, 892—898.

66.Ho, E. S., Lai, C. R., Hsieh, Y. T, Chen, J. T., Lin, A. J., Hung, M. H., and Liu, E. S. (2001).
p53 mutation is infrequent in clear cell carcinoma of the ovary. Gynecol Oncol 80, 189-193.

67.0tis, C. N., Krebs, P. A., Quezado, M. M., Albuquerque, A., Bryant, B., San Juan, X., Kleiner, D.,
Sobel, M. E., and Merino, M. J. (2000). Loss of heterozygosity in P53, BRCAI, and estrogen
receptor genes and correlation to expression of p53 protein in ovarian epithelial tumors of dif-
ferent cell types and biological behavior. Hum Pathol 37, 233-238.

68. Kupryjanczyk, J., Bell, D. A., Dimeo, D., Beauchamp, R., Thor, A. D., and Yandell, D. W.
(1995). p53 gene analysis of ovarian borderline tumors and stage I carcinomas. Hum Pathol
26, 387-392.

69. Kupryjanczyk, J., Thor, A. D., Beauchamp, R., Merritt, V., Edgerton, S. M., Bell, D. A., and
Yandell, D. W. (1993). p53 gene mutations and protein accumulation in human ovarian cancer.
Proc Natl Acad Sci USA 90, 4961-4965.

70. Skomedal, H., Kristensen, G. B., Abeler, V. M., Borresen-Dale, A. L., Trope, C., and Holm, R.
(1997). TP53 protein accumulation and gene mutation in relation to overexpression of MDM2
protein in ovarian borderline tumours and stage I carcinomas. J Pathol /87, 158-165.



Role of p53 and Rb in Ovarian Cancer 113

71.Zheng, J., Benedict, W. E,, Xu, H. J., Hu, S. X., Kim, T. M., Velicescu, M., Wan, M., Cofer, K. F,
and Dubeau, L. (1995). Genetic disparity between morphologically benign cysts contiguous to
ovarian carcinomas and solitary cystadenomas. J Natl Cancer Inst 87, 1146-1153.

72.Cuatrecasas, M., Villanueva, A., Matias-Guiu, X., and Prat, J. (1997). K-ras mutations in
mucinous ovarian tumors: a clinicopathologic and molecular study of 95 cases. Cancer 79,
1581-1586.

73.Diebold, J., Seemuller, F., and Lohrs, U. (2003). K-RAS mutations in ovarian and extraovarian
lesions of serous tumors of borderline malignancy. Lab Invest 83, 251-258.

74.Singer, G., Kurman, R. J., Chang, H. W., Cho, S. K., and Shih Ie, M. (2002). Diverse tumori-
genic pathways in ovarian serous carcinoma. Am J Pathol /60, 1223-1228.

75. Singer, G., Oldt, R., 3rd, Cohen, Y., Wang, B. G., Sidransky, D., Kurman, R. J., and Shih Ie, M.
(2003a). Mutations in BRAF and KRAS characterize the development of low-grade ovarian
serous carcinoma. J Natl Cancer Inst 95, 484-486.

76. Singer, G., Shih Ie, M., Truskinovsky, A., Umudum, H., and Kurman, R. J. (2003b). Mutational
analysis of K-ras segregates ovarian serous carcinomas into two types: invasive MPSC (low-
grade tumor) and conventional serous carcinoma (high-grade tumor). Int J Gynecol Pathol 22,
37-41.

77.Pothuir, B., Leitao, M., Barakat, R., Akram, M., Bogomolniy, F., Olvera, N. and Lin, O.
(2001). Genetic analysis of ovarian carcinoma histogenesis. In Society of Gynecologic
Oncologists 32nd Annual Meeting.

78. Werness, B. A., Parvatiyar, P., Ramus, S. J., Whittemore, A. S., Garlinghouse-Jones, K.,
Oakley-Girvan, 1., DiCioccio, R. A., Wiest, J., Tsukada, Y., Ponder, B. A., and Piver, M. S.
(2000). Ovarian carcinoma in situ with germline BRCA1 mutation and loss of heterozygosity
at BRCA1 and TP53. J Natl Cancer Inst 92, 1088-1091.

79.Scully, R., and Livingston, D. M. (2000). In search of the tumour-suppressor functions of
BRCA1 and BRCA2. Nature 408, 429-432.

80. Villeneuve, J. B., Silverman, M. B., Alderete, B., Cliby, W. A., Li, H., Croghan, G. A., Podratz,
K. C., and Jenkins, R. B. (1999). Loss of markers linked to BRCA1 precedes loss at important
cell cycle regulatory genes in epithelial ovarian cancer. Genes Chromosomes Cancer 25,
65-69.

81. Xing, D., and Orsulic, S. (2006). A mouse model for the molecular characterization of brcal-
associated ovarian carcinoma. Cancer Res 66, 8949-8953.

82. Clark-Knowles, K. V., Garson, K., and Vanderhyden, B. C. (2006). Conditional inactivation of
Brcal in the mouse ovarian surface epithelium results in an increase in preneoplastic changes.
Exp Cell Res 313, 133-145.

83. Orsulic, S., Li, Y., Soslow, R. A., Vitale-Cross, L. A., Gutkind, J. S., and Varmus, H. E. (2002).
Induction of ovarian cancer by defined multiple genetic changes in a mouse model system.
Cancer Cell 7, 53-62.

84.Friend, S. H., Bernards, R., Rogelj, S., Weinberg, R. A., Rapaport, J. M., Albert, D. M., and
Dryja, T. P. (1986). A human DNA segment with properties of the gene that predisposes to
retinoblastoma and osteosarcoma. Nature 323, 643—646.

85.Fung, Y. K., Murphree, A. L., T’Ang, A., Qian, J., Hinrichs, S. H., and Benedict, W. F. (1987).
Structural evidence for the authenticity of the human retinoblastoma gene. Science 236,
1657-1661.

86. Knudson, A. G., Jr. (1971). Mutation and cancer: statistical study of retinoblastoma. Proc Natl
Acad Sci USA 68, 820-823.

87. Lee, W. H., Bookstein, R., Hong, F., Young, L. J., Shew, J. Y., and Lee, E. Y. (1987). Human retino-
blastoma susceptibility gene: cloning, identification, and sequence. Science 235, 1394-1399.

88. Weissman, B. E., Saxon, P. J., Pasquale, S. R., Jones, G. R., Geiser, A. G., and Stanbridge, E.
J. (1987). Introduction of a normal human chromosome 11 into a Wilms’ tumor cell line con-
trols its tumorigenic expression. Science 236, 175-180.

89.Huh, M. S., Parker, M. H., Scime, A., Parks, R., and Rudnicki, M. A. (2004). Rb is required
for progression through myogenic differentiation but not maintenance of terminal differentia-
tion. J Cell Biol 166, 865-876.



114

90

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

D.C. Corney et al.

. lavarone, A., King, E. R., Dai, X. M., Leone, G., Stanley, E. R., and Lasorella, A. (2004).
Retinoblastoma promotes definitive erythropoiesis by repressing 1d2 in fetal liver macro-
phages. Nature 432, 1040-1045.

Macleod, K. F., Hu, Y., and Jacks, T. (1996). Loss of Rb activates both p53-dependent and
independent cell death pathways in the developing mouse nervous system. Embo J 15,
6178-6188.

Brehm, A., Miska, E. A., McCance, D. J., Reid, J. L., Bannister, A. J., and Kouzarides, T.
(1998). Retinoblastoma protein recruits histone deacetylase to repress transcription. Nature
391, 597-601.

Luo, R. X., Postigo, A. A., and Dean, D. C. (1998). Rb interacts with histone deacetylase to
repress transcription. Cell 92, 463-473.

Magnaghi-Jaulin, L., Groisman, R., Naguibneva, 1., Robin, P., Lorain, S., Le Villain, J. P,
Troalen, F., Trouche, D., and Harel-Bellan, A. (1998). Retinoblastoma protein represses
transcription by recruiting a histone deacetylase. Nature 39/, 601-605.

Wang, D., Kennedy, S., Conte, D., Jr., Kim, J. K., Gabel, H. W., Kamath, R. S., Mello, C. C,,
and Ruvkun, G. (2005). Somatic misexpression of germline P granules and enhanced RNA
interference in retinoblastoma pathway mutants. Nature 436, 593-597.

Liu, Y., Heyman, M., Wang, Y., Falkmer, U., Hising, C., Szekely, L., and Einhorn, S. (1994).
Molecular analysis of the retinoblastoma gene in primary ovarian cancer cells. Int J Cancer
58, 663-667.

Gras, E., Pons, C., Machin, P., Matias-Guiu, X., and Prat, J. (2001). Loss of heterozygosity
at the RB-1 locus and pRB immunostaining in epithelial ovarian tumors: a molecular, immu-
nohistochemical, and clinicopathologic study. Int J Gynecol Pathol 20, 335-340.

Dodson, M. K., Cliby, W. A., Xu, H. J., DeLacey, K. A., Hu, S. X., Keeney, G. L., Li, J.,
Podratz, K. C., Jenkins, R. B., and Benedict, W. F. (1994). Evidence of functional RB protein
in epithelial ovarian carcinomas despite loss of heterozygosity at the RB locus. Cancer Res
54, 610-613.

Kim, T. M., Benedict, W. F., Xu, H. J., Hu, S. X., Gosewehr, J., Velicescu, M., Yin, E.,
Zheng, J., D’ Ablaing, G., and Dubeau, L. (1994). Loss of heterozygosity on chromosome 13
is common only in the biologically more aggressive subtypes of ovarian epithelial tumors
and is associated with normal retinoblastoma gene expression. Cancer Res 54, 605-609.
Kamb, A., Gruis, N. A., Weaver-Feldhaus, J., Liu, Q., Harshman, K., Tavtigian, S. V.,
Stockert, E., Day, R. S. III, Johnson, B. E., and Skolnick, M. H. (1994). A cell cycle regulator
potentially involved in genesis of many tumor types. Science 264, 436—440.

Brown, E. B., Campbell, R. B., Tsuzuki, Y., Xu, L., Carmeliet, P., Fukumura, D., and Jain,
R. K. (2001). In vivo measurement of gene expression, angiogenesis and physiological func-
tion in tumors using multiphoton laser scanning microscopy. Nat Med 7, 864—868.

Wong, Y. E, Chung, T. K., Cheung, T. H., Nobori, T., Yim, S. FE, Lai, K. W., Phil, M., Yu,
A. L., Diccianni, M. B., Li, T. Z., and Chang, A. M. (1997). p16INK4 and p15INK4B altera-
tions in primary gynecologic malignancy. Gynecol Oncol 65, 319-324.

Kanuma, T., Nishida, J., Gima, T., Barrett, J. C., and Wake, N. (1997). Alterations of the
pl6INK4A gene in human ovarian cancers. Mol Carcinog /8, 134—141.

Shigemasa, K., Hu, C., West, C. M., Clarke, J., Parham, G. P., Parmley, T. H., Korourian, S.,
Baker, V. V., and O’Brien, T. J. (1997). p16 overexpression: a potential early indicator of
transformation in ovarian carcinoma. J Soc Gynecol Investig 4, 95-102.

Milde-Langosch, K., Ocon, E., Becker, G., and Loning, T. (1998). pl6/MTS1 inactivation in
ovarian carcinomas: high frequency of reduced protein expression associated with hyper-
methylation or mutation in endometrioid and mucinous tumors. Int J Cancer 79, 61-65.
Niederacher, D., Yan, H. Y., An, H. X., Bender, H. G., and Beckmann, M. W. (1999). CDKN2A
gene inactivation in epithelial sporadic ovarian cancer. Br J Cancer 80, 1920-1926.
Havrilesky, L. J., Alvarez, A. A., Whitaker, R. S., Marks, J. R., and Berchuck, A. (2001).
Loss of expression of the pl6 tumor suppressor gene is more frequent in advanced ovarian
cancers lacking p53 mutations. Gynecol Oncol 83, 491-500.



Role of p53 and Rb in Ovarian Cancer 115

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

Saegusa, M., Machida, B. D., and Okayasu, L. (2001). Possible associations among expression
of pl4(ARF), pl6(INK4a), p21(WAF1/CIP1), p27(KIP1), and p53 accumulation and the bal-
ance of apoptosis and cell proliferation in ovarian carcinomas. Cancer 92, 1177-1189.
Kudoh, K., Ichikawa, Y., Yoshida, S., Hirai, M., Kikuchi, Y., Nagata, 1., Miwa, M., and
Uchida, K. (2002). Inactivation of pl6/CDKN2 and p15/MTS2 is associated with prognosis
and response to chemotherapy in ovarian cancer. Int J Cancer 99, 579-582.

Ryan, A., Al-Jehani, R. M., Mulligan, K. T., and Jacobs, 1. J. (1998). No evidence exists for
methylation inactivation of the pl6 tumor suppressor gene in ovarian carcinogenesis.
Gynecol Oncol 68, 14-17.

Wong, Y. F,, Chung, T. K., Cheung, T. H., Nobori, T., Yu, A. L., Yu, J., Batova, A., Lai, K. W,,
and Chang, A. M. (1999). Methylation of pl6INK4A in primary gynecologic malignancy.
Cancer Lett 136, 231-235.

McCluskey, L. L., Chen, C., Delgadillo, E., Felix, J. C., Muderspach, L. I., and Dubeau, L.
(1999). Differences in p/6 gene methylation and expression in benign and malignant ovarian
tumors. Gynecol Oncol 72, 87-92.

Ibanez de Caceres, 1., Battagli, C., Esteller, M., Herman, J. G., Dulaimi, E., Edelson, M. I,
Bergman, C., Ehya, H., Eisenberg, B. L., and Cairns, P. (2004). Tumor cell-specific BRCA1
and RASSF1A hypermethylation in serum, plasma, and peritoneal fluid from ovarian cancer
patients. Cancer Res 64, 6476—6481.

Sasano, H., Comerford, J., Silverberg, S. G., and Garrett, C. T. (1990). An analysis of abnor-
malities of the retinoblastoma gene in human ovarian and endometrial carcinoma. Cancer 66,
2150-2154.

Taylor, R. R., Linnoila, R. 1., Gerardts, J., Teneriello, M. G., Nash, J. D., Park, R. C., and
Birrer, M. J. (1995). Abnormal expression of the retinoblastoma gene in ovarian neoplasms
and correlation to p53 and K-ras mutations. Gynecol Oncol 58, 307-311.

Niemann, T. H., Trgovac, T. L., McGaughy, V. R., Lewandowski, G. S., and Copeland, L. J.
(1998). Retinoblastoma protein expression in ovarian epithelial neoplasms. Gynecol Oncol
69, 214-219.

Konstantinidou, A. E., Korkolopoulou, P., Vassilopoulos, I., Tsenga, A., Thymara, I.,
Agapitos, E., Patsouris, E., and Davaris, P. (2003). Reduced retinoblastoma gene protein to
Ki-67 ratio is an adverse prognostic indicator for ovarian adenocarcinoma patients. Gynecol
Oncol 88, 369-378.

Qin, X. Q., Livingston, D. M., Kaelin, W. G., Jr., and Adams, P. D. (1994). Deregulated
transcription factor E2F-1 expression leads to S-phase entry and p53-mediated apoptosis.
Proc Natl Acad Sci USA 91, 10918-10922.

Connolly, D. C., Bao, R., Nikitin, A. Y., Stephens, K. C., Poole, T. W., Hua, X., Harris, S. S.,
Vanderhyden, B. C., and Hamilton, T. C. (2003). Female mice chimeric for expression of the
simian virus 40 TAg under control of the MISIIR promoter develop epithelial ovarian can-
cer. Cancer Res 63, 1389-1397.

Weinberg, R. A. (1991). Tumor suppressor genes. Science 254, 1138—1146.

Hahn, W. C., Dessain, S. K., Brooks, M. W., King, J. E., Elenbaas, B., Sabatini, D. M.,
DeCaprio, J. A., and Weinberg, R. A. (2002). Enumeration of the simian virus 40 early
region elements necessary for human cell transformation. Mol Cell Biol 22, 2111-2123.
Flesken-Nikitin, A., Choi, K. C., Eng, J. P, Shmidt, E. N., and Nikitin, A. Y. (2003).
Induction of carcinogenesis by concurrent inactivation of p53 and Rb1 in the mouse ovarian
surface epithelium. Cancer Res 63, 3459-3463.

Dinulescu, D. M., Ince, T. A., Quade, B. J., Shafer, S. A., Crowley, D., and Jacks, T. (2005).
Role of K-ras and Pten in the development of mouse models of endometriosis and endome-
trioid ovarian cancer. Nat Med /1, 63-70.

Giardiello, F. M., Hamilton, S. R., Krush, A. J., Piantadosi, S., Hylind, L. M., Celano, P.,
Booker, S. V., Robinson, C. R., and Offerhaus, G. J. (1993). Treatment of colonic and rectal
adenomas with sulindac in familial adenomatous polyposis. N Engl J Med 328,
1313-1316.



116

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

D.C. Corney et al.

Labayle, D., Fischer, D., Vielh, P., Drouhin, F., Pariente, A., Bories, C., Duhamel, O.,
Trousset, M., and Attali, P. (1991). Sulindac causes regression of rectal polyps in familial
adenomatous polyposis. Gastroenterology /01, 635-639.

Nugent, K. P, Farmer, K. C., Spigelman, A. D., Williams, C. B., and Phillips, R. K. (1993).
Randomized controlled trial of the effect of sulindac on duodenal and rectal polyposis and cell
proliferation in patients with familial adenomatous polyposis. Br J Surg 80, 1618-1619.
Thun, M. J., Namboodiri, M. M., and Heath, C. W., Jr. (1991). Aspirin use and reduced risk
of fatal colon cancer. N Engl J Med 325, 1593-1596.

Vane, J. R. (1971). Inhibition of prostaglandin synthesis as a mechanism of action for aspi-
rin-like drugs. Nat New Biol 237, 232-235.

Oshima, M., Dinchuk, J. E., Kargman, S. L., Oshima, H., Hancock, B., Kwong, E., Trzaskos,
J. M., Evans, J. E, and Taketo, M. M. (1996). Suppression of intestinal polyposis in Apc
delta716 knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell 87, 803-809.
Farrow, D. C., Vaughan, T. L., Hansten, P. D., Stanford, J. L., Risch, H. A., Gammon, M. D.,
Chow, W. H., Dubrow, R., Ahsan, H., Mayne, S. T., et al. (1998). Use of aspirin and other
nonsteroidal anti-inflammatory drugs and risk of esophageal and gastric cancer. Cancer
Epidemiol Biomarkers Prev 7, 97-102.

Klimp, A. H., Hollema, H., Kempinga, C., van der Zee, A. G., de Vries, E. G., and Daemen,
T. (2001). Expression of cyclooxygenase-2 and inducible nitric oxide synthase in human
ovarian tumors and tumor-associated macrophages. Cancer Res 67, 7305-7309.
Matsumoto, Y., Ishiko, O., Deguchi, M., Nakagawa, E., and Ogita, S. (2001). Cyclooxygenase-
2 expression in normal ovaries and epithelial ovarian neoplasms. Int J] Mol Med 8, 31-36.
Dore, M., Cote, L. C., Mitchell, A., and Sirois, J. (1998). Expression of prostaglandin G/H
synthase type 1, but not type 2, in human ovarian adenocarcinomas. J Histochem Cytochem
46, 77-84.

Gupta, R. A., Tejada, L. V., Tong, B. J., Das, S. K., Morrow, J. D., Dey, S. K., and DuBois,
R. N. (2003). Cyclooxygenase-1 is overexpressed and promotes angiogenic growth factor
production in ovarian cancer. Cancer Res 63, 906-911.

Kino, Y., Kojima, F., Kiguchi, K., Igarashi, R., Ishizuka, B., and Kawai, S. (2005).
Prostaglandin E2 production in ovarian cancer cell lines is regulated by cyclooxygenase-1,
not cyclooxygenase-2. Prostaglandins Leukot Essent Fatty Acids 73, 103-111.

Yang, W. L., Roland, I. H., Godwin, A. K., and Xu, X. X. (2005). Loss of TNF-alpha-regu-
lated COX-2 expression in ovarian cancer cells. Oncogene 24, 7991-8002.

Daikoku, T., Wang, D., Tranguch, S., Morrow, J. D., Orsulic, S., DuBois, R. N., and Dey, S. K.
(2005). Cyclooxygenase-1 is a potential target for prevention and treatment of ovarian epi-
thelial cancer. Cancer Res 65, 3735-3744.

Daikoku, T., Tranguch, S., Trofimova, I. N., Dinulescu, D. M., Jacks, T., Nikitin, A. Y,
Connolly, D. C., and Dey, S. K. (2006). Cyclooxygenase-1 is overexpressed in multiple geneti-
cally engineered mouse models of epithelial ovarian cancer. Cancer Res 66, 2527-2531.
Verheijen, R. H., von Mensdorff-Pouilly, S., van Kamp, G. J., and Kenemans, P. (1999). CA
125: fundamental and clinical aspects. Semin Cancer Biol 9, 117-124.

Nagele, F., Petru, E., Medl, M., Kainz, C., Graf, A. H., and Sevelda, P. (1995). Preoperative
CA 125: an independent prognostic factor in patients with stage I epithelial ovarian cancer.
Obstet Gynecol 86, 259-264.

Zurawski, V. R., Jr., Knapp, R. C., Einhorn, N., Kenemans, P., Mortel, R., Ohmi, K., Bast,
R. C., Jr, Ritts, R. E., Jr., and Malkasian, G. (1988). An initial analysis of preoperative serum
CA 125 levels in patients with early stage ovarian carcinoma. Gynecol Oncol 30, 7-14.
Denk, W., Strickler, J. H., and Webb, W. W. (1990). Two-photon laser scanning fluorescence
microscopy. Science 248, 73-76.

Williams, R. M., Zipfel, W. R., and Webb, W. W. (2001). Multiphoton microscopy in bio-
logical research. Curr Opin Chem Biol 5, 603-608.

Zipfel, W. R., Williams, R. M., Christie, R., Nikitin, A. Y., Hyman, B. T., and Webb, W. W.
(2003). Live tissue intrinsic emission microscopy using multiphoton-excited native fluores-
cence and second harmonic generation. Proc Natl Acad Sci USA 700, 7075-7080.



Role of p53 and Rb in Ovarian Cancer 117

145. Christie, R. H., Bacskai, B. J., Zipfel, W. R., Williams, R. M., Kajdasz, S. T., Webb, W. W.,
and Hyman, B. T. (2001). Growth arrest of individual senile plaques in a model of
Alzheimer’s disease observed by in vivo multiphoton microscopy. J Neurosci 2/, 858-864.

146. Lendvai, B., Stern, E. A., Chen, B., and Svoboda, K. (2000). Experience-dependent plasticity
of dendritic spines in the developing rat barrel cortex in vivo. Nature 404, 876-881.

147. Wang, W., Wyckoff, J. B., Frohlich, V. C., Oleynikov, Y., Huttelmaier, S., Zavadil, J.,
Cermak, L., Bottinger, E. P, Singer, R. H., White, J. G., et al. (2002). Single cell behavior in
metastatic primary mammary tumors correlated with gene expression patterns revealed by
molecular profiling. Cancer Res 62, 6278-6288.

148. Flesken-Nikitin, A., Williams, R. M., Zipfel, W. R., Webb, W. W., and Nikitin, A. Y. (2005).
Use of multiphoton imaging for studying cell migration in the mouse. Methods Mol Biol
294, 335-345.



Ovulatory Factor in Ovarian Carcinogenesis

William J. Murdoch

1 Introduction

Ovaries of mammals are covered by a simple layer of epithelial cells that originate
from the coelomic mesothelium during embryonic development. The surface epithe-
lium is supported over the ovarian cortical interstitium by a basement membrane, and
is adjoined by desmosomes and gap or tight junctional complexes. Although the sur-
face epithelium represents only a small fraction of the diverse cell types that populate
the ovary, it is thought to account for approximately 90% of its malignancies (1).

Common cancer of the ovary is an ovulation-related disease. It has been known
for decades that circumstances that avert ovulation, namely oral contraceptive use
and pregnancy/lactation, protect against ovarian cancer (2-5). Until recently, it was
unclear how the processes of ovulation and carcinogenesis might be linked.

A follicle selected to ovulate emerges from the ovarian cortex and comes into
apposition with the surface epithelium. A complex interplay of proteolytic enzymes
and inflammatory mediators liberated within the formative site of ovulation (i.e., at
the follicular—ovarian surface interface) degrade collagen matrices and provoke cel-
lular death. Surface epithelial cells within a limited diffusion radius become com-
mitted to apoptosis and are sloughed. In the finale, a physical force sustained by
contractile elements within the basal wall of the follicle ruptures the devitalized
fabric at the apex and expels the ovum (6).

DNA-damaging reactive oxygen species are generated by leukocytes, which are
attracted into the vicinity of the ovulatory stigma and undergo a respiratory burst.
Another contributing determinant of genotoxicity is the ischemia-reperfusion flux
coincident with ovulation and wound reparation. Bystander epithelial cells, which
survive the trauma of ovulation, are subjected to oxidative DNA perturbations,
which accrue into the postovulatory period. These cells proliferate and migrate to
mend the void along the ovarian surface created by ovulation. It is conceivable that
clonal expansion of a cell with unrepaired DNA is an initiating factor in the etiol-
ogy of ovarian cancer (7).

Epithelial ovarian cancer is a deadly insidious disease in women because it typi-
cally remains asymptomatic until it has metastasized; it carries an 1-in-70 lifetime
risk (8). Early-stage of the disease is characterized by the formation of an inclusion
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cyst (9), which contains surface epithelial cells that have invaded the ovarian cortex
via processes secreted at ovulation (10) or by entrapment during remodeling (11).
Apparently, the microenvironment of an inclusion cyst is conducive to metaplastic
and dysplastic changes that precede tumorigenesis (1). Malignant cells seed the
abdominal cavity when a cyst ruptures. A mutant cell exfoliated during the mechan-
ics of ovulation may account for cases of diffuse intraperitoneal disease in which
the ovaries remain relatively uninvolved (12).

2 Epidemiological Evidence for an Ovulation—~Cancer Connection

An epidemiology-based hypothesis of ovarian neoplasia involving “incessant” ovu-
lations was proposed by Fathalla in 1971 (13). It was surmised that repeated ovula-
tions, without intervening dormant periods afforded by pregnancy, caused
transformation of the ovarian epithelium. Exposures to injury and estrogen-rich
follicular fluid were suspect.

Positive correlations clearly exist between increasing numbers of lifetime ovula-
tions, ovarian precursor lesions, and carcinoma in women (14-21). In one study
(20), there was an overall 6% increase in cancer risk with each ovulatory year; the
most aggressive and damaging ovulations evidently occur in the third decade of life
(i.e., during the peak reproductive years). Indeed, ovulatory factor may be more sig-
nificant in premenopausal than postmenopausal onset ovarian cancer (22).

It follows that assisted reproductive programs that implement ovulation-
inducing strategies would increase the risk for development of ovarian cancer. Yet
results of surveys relating use of fertility drugs to ovarian cancer have been
inconclusive. Some have deduced that women who do not become pregnant and
those who are subjected to multiple treatments are at an elevated risk (23-25),
while others suggest weak or no significant correlations (26-31). Among nulli-
gravid women, it appears that exposure to ovulation-stimulating hormones is
associated with borderline serous tumors, but not with metastatic histologic
subtypes (32, 33). Furthermore, rates of ovarian cancer have remained relatively
constant despite the widespread application of ovulatory stimulants (34).
Nevertheless, because the prospective latency between initiation (i.e., at ovulation)
and manifestation of established disease can be quite long (30—40 years or more),
it will be important to continue to monitor recipients of superovulation protocols.

Support for the ovulation—cancer concept comes from histopathological studies
of intensive egg-laying hens. These animals ovulate nearly every day and develop
intraperitoneal carcinomas at a relatively high frequency (4—40% depending on
reproductive history and age) (35-37). Moreover, inhibition of ovulation (with a
progestin) protected hens from ovarian cancer (38).

There is essentially no published data on spontaneous rates of ovarian cancer among
nonhuman mammals. One would expect incidences to be very low because females of
most species are either pregnant, lactating or seasonally anovulatory for the bulk of their
reproductive lives. Inclusion bodies of surface epithelium have been detected in ovaries



Ovulatory Factor in Ovarian Carcinogenesis 121

of ewes (11). There is also evidence in rodents that surface epithelial stratification and
ovarian invaginations/cysts are related to total lifetime ovulations (39, 40) and cycles of
ovulation induction or estrogen administration (41, 42). Progression to cancer occurred
in superovulated rats whose ovaries were exposed locally to a mutagen (43).

3 Carcinogenic Implication of Ovulatory Genotoxicity

Base damages of DNA caused by reactive oxygen species are an inevitable by-
product of physiological metabolism. To combat this predicament, animals have
evolved elaborate enzymatic antioxidant defense mechanisms (superoxide dis-
mutase, glutathione perioxidase, catalase); however, these are less than perfect, and
toxic oxidants find their way to DNA targets (44). Oxidative damage products in
DNA are a significant contributor to the risk of cancer development (45—47).

The N7-C8 bond of guanine is particularly susceptible to attack by the unpaired
electron of hydroxyradical. 8-Oxoguanine is arguably the most important mutagenic
lesion in DNA; mispairing with adenine during replications can yield GC-to-TA
transversions often detected in tumor cells (48-50). Ovarian surface epithelial cells
isolated from the perimeters of ovulated sheep, human, and hen follicles contained
levels of 8-oxoguanine that exceeded those of cells obtained from extrinsic areas not
affected by ovulation (51-53). Challenges to the genetic integrity of the ovarian
surface epithelium were negated by pharmacological ovulation blockade (51).

A defective tumor suppressor gene, such as those that overexpress competitive
mutant forms of the growth-inhibitory BRCA1/BRCA2, TP53, DAB2, or DIRAS3,
is a probable basis for developing ovarian neoplasia as a result of ovulation (54, 55).
Mutations in BRCA1/BRCA?2 appear to be responsible for aggressive early-onset
hereditary disease (56). Oxidative damages to guanine persisted in ovine ovarian
surface epithelial cells that were affected by ovulation in vivo and in which synthe-
sis of TP53 was then negated in culture by an antisense oligonucleotide; this was
related to discordant cellular growth rates and expression of the cancer antigen CA-
125 (57). More than one-half of human ovarian adenocarcinomas have discernible
mutations in TP53 (54). Chromosomal anomalies and metaplasia have been
detected in repetitive subcultures (to mimic recurrent ovulation-wound repair) of
ovarian surface epithelial cells of rodents (58, 59).

Fortunately, dilemmas of DNA corruptions instigated by ovulation are normally
reconciled by housekeeping cell-cycle arrest and base-excision repair mechanisms.
TP53 and polymerase [} were upregulated in response to the oxidative stress of ovula-
tion imposed upon the ovarian surface epithelium of sheep (51). Production of TP53
and polymerase § was enhanced by progesterone (60). TP53 allots the time required
for repair and proof-reading (61). Polymerase 3 performs the penultimate gap-filling
function in the short-patch pathway (62, 63). Progesterone also stimulated poly(ADP-
ribose) polymerase (PARP) in ovine cells (64). PARP serves as an adjunct in DNA
repair. Binding of PARP and the synthesis of branched polymers of ADP-ribose in
areas adjacent to a single-strand interruption functions as an antirecombinogenic
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element (65). Progesterone inhibited proliferation (66) and induced apoptosis (67,
68) in cultures of ovarian surface epithelial cells of macaques. The ovarian epithelium
bordering postovulatory follicles of hens (which do not form a corpus luteum)
undergo apoptosis, and are resorbed during follicular atresia (53). Ovarian inclusion
bodies of surface epithelium can evidently be eliminated via the Fas apoptotic system
(69). It is a unifocal escape from these reactions that could be problematic.

4 Prospective Use of Antioxidants in Ovarian Cancer Prevention

Since the prognosis for ovarian cancer patients with metastatic disease is so poor, and
early detection has proven elusive, it is imperative that methods of chemoprevention be
explored. DNA of ovarian surface epithelial cells associated with the ovulation stigma
of ewes was protected from oxidative base damage by pretreatment with D-0-tocopherol
(natural-source vitamin E). Programmed death within the surface epithelium at the apex
of the preovulatory follicle (mediated by tumor necrosis factor) and correspondingly
ovulation (and pregnancy outcome) were not altered by a-tocopherol (52). Ischemia-
reperfusion injury to grafts of ovarian tissues was reduced by vitamin E (70).

As far as is known, vitamin E is the most effective chain-breaking antioxidant in
cellular membranes, and thereby contributes to membrane phospholipid stability
and safeguards intracellular molecules against damage imposed by free radicals
(71, 72). Vitamin E also can act via mechanisms beyond its oxidant-quenching
properties. Nitric oxide production by endothelial cells and superoxide release by
leukocytes is suppressed by vitamin E (73). Nonredox modes of o-tocopherol
action include inhibitory and stimulatory effects on rates of mitosis and removal of
damaged DNA, respectively (74—77). Therefore, vitamin E could act during the
immediate postovulatory period to impede untoward proliferative responses of
ovarian surface epithelial cells until repairs to DNA can be accomplished.

Supplemental vitamin E could be of particular value in women at risk for the
development of ovarian cancer (e.g., those with a genetic predisposition that are not
using a contraceptive that inhibits ovulation). There is epidemiological evidence
suggesting an inverse relationship between consumption of vitamin E and risk of
ovarian carcinoma (78, 79). Similar reports have advocated protective effects of
vitamin E against cancers of the lung, colorectum, cervix, and prostate gland (80).
It appears that in general, incidences of oxidative DNA lesions and susceptibility to
cancer are potentiated by micronutrient (e.g., antioxidant vitamin) deficiencies
(81). Interestingly, the circulatory antioxidant status of ovarian cancer patients was
reduced compared with age-matched controls (82).

5 Conclusions

The ovulatory event is extraordinary in that it involves a self-inflicted, surge
gonadotropic-induced injury. Ovulation is a rate-limiting event for the perpetuation of
a species; unfortunately, it also imparts a cancer risk to the ovarian surface epithelium.
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OVULATION
\:

OXIDATIVE DAMAGE TO DNA OF THE OVARIAN SURFACE EPITHELIUM
malfunctional tumor suppressor genes, steroid hormonal imbalance

DEFECTIVE DNA REPAIR/APOPTOTIC MECHANISMS
metaplasia, mutagenesis

MALIGNANT TRANSFORMATION
growth stimulation (hormones, growth factors, cytokines)

CLONAL EXPANSION
proteolysis, angiogenesis

METASTASIS

Fig. 1 Proposed role of ovulation in the chronology of epithelial ovarian cancer

The DNA of ovarian surface epithelial cells contiguous with the site of ovulation is
compromised by oxyradicals. It is proposed that this constitutes a first step in the
etiology of ovarian tumorigenesis (Fig. 1). To avoid accumulations of potentially
harmful mutations, it is essential that accurate restoration or proficient removal of
anomalous cells comes to fruition. The level of danger hence escalates when a cell
(as a prelude to mutation) escapes (e.g., because of a malfunctional tumor suppressor
mechanism) repair or death. Perhaps the ovarian epithelium is vulnerable to genetic
damages that are not reconciled because it has not been under a strong evolutionary
pressure to respond to superfluous ovulations (83). The number of lifetime ovula-
tions in most animals are kept to a minimum by pregnancy and season.

It remains uncertain why, in particular, the ovarian surface epithelium is so prone
to neoplastic transformation; after all, it represents only a small fraction of the
diverse cell-types that populate the ovary. Susceptibility may hinge on the fact that
normal ovarian surface epithelial cells are of an uncommitted phenotype. Unlike
the Mullerian epithelia of the female reproductive tract, development of ovarian
surface cells is arrested at an immature pluripotent (stem) stage (1).

The sequences of events that lead to common ovarian cancer are multifactorial
(Fig. 1). Several aberrant phases are undoubtedly required to yield a malignant
phenotype with distinct growth and metastatic advantages. Ovarian cancer is
generally considered to have some level of hormonal involvement; progestins are
protective, and gonadotropins, androgens, and estrogens are facilitative (84—88).
Paracrine-autocrine modulators (e.g., growth factors and cytokines) can also
influence ovarian cancer cell behaviors (1, 89, 90). Metastatic spread is protease-
dependent; urokinase and downstream matrix metalloproteinases, which digest
basement membranes and interstitial connective tissues, are of particular importance
(91). Vascular endothelial growth/permeability factor is secreted by ovarian cancer
cells, and has been related to ascites formation and metastasis (92).

It is important in closing to emphasize that a circumstantial association between
ovulation and the initiation of common ovarian cancer does not prove causal effect,
and that an “ovulation model” is not absolute and does not explain the genesis of
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all epithelial ovarian tumors. For example: protection is conferred by tubal ligation
or hysterectomy in spite of uninterrupted ovulation; protection provided by one
gestation with breast feeding or short-term oral contraceptive use is superior to
the predicted benefits of those missed ovulations that would have occurred other-
wise; reduced numbers of ovulatory cycles due to menstrual irregularities and
infertility (e.g., polycystic ovarian syndrome) are independent risk factors for ovarian
cancer; and in addition to ovulation, other inflammatory responses (endometriosis
and exposure of the ovarian surface to exogenous irritants such as talc or viruses)
have been linked to ovarian cancer (33, 93-98)
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Gynecologic Oncology Group (GOG-USA)
Trials in Ovarian Cancer

Robert F. Ozols

1 Introduction

In the United States, the Gynecologic Oncology Group (GOG) has been the leading
clinical trial organization for women with gynecologic cancers. Recently, GOG has
established collaborations with other clinical trials groups throughout the world to
facilitate the rapid completion of large, randomized, controlled trials in women
with ovarian cancer.

In ovarian cancer, GOG has performed a series of clinical trials in three distinct
subsets of women with markedly different prognostic factors: early stage (FIGO I
and II), advanced stage (FIGO III) with optimally resected disease (no residual
tumor nodule greater than 1cm), and advanced stage (FIGO III and IV) with sub-
optimal disease. GOG clinical trials in ovarian cancer have evaluated different
strategies in these three distinct patient groups, including adjuvant therapy, mainte-
nance therapy, consolidation approaches, interval debulking surgery, the role of
second-look operations, new chemotherapeutic regimens, and the role of intraperi-
toneal (IP) chemotherapy. More recently, GOG has been evaluating the role of bio-
logical therapies (molecular-targeted treatment), either as single-agent treatment or
in combination with chemotherapy.

2 Early-Stage Ovarian Cancer

Less than one-third of ovarian cancers are diagnosed when the disease is localized
to the pelvis and can be completely resected. In an early GOG study (1), it was
demonstrated that patients with stage IA or IB disease and favorable histology did
not require adjuvant chemotherapy, as survival after surgical staging alone was
greater than 90%. Another subset of patients with early-stage ovarian cancer has a
markedly worse prognosis with recurrence rates of approximately 25-40% (2, 3).
High-risk features include stage IA or IB and unfavorable histology, including
grade 3 or clear cell, stage IC, or stage II. The GOG has performed three rand-
omized trials in this unfavorable group of patients with early-stage ovarian cancer.
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The first study (1) demonstrated that IP phosphorus-32 or oral melphalan resulted
in overall survival rates of approximately 80% at 6 years, and the radioisotope was
selected for further evaluation because of less toxicity. The next study (4) compared
IP phosphorus-32 to three cycles of chemotherapy with intravenous cisplatin plus
cyclophosphamide. The recurrence rate with chemotherapy was 31% lower than
that observed with the phosphorus-32 regimen, although this difference was not
statistically significant. These results, however, were in accordance with the results
of a multicenter trial in Italy comparing cisplatin to IP phosphorus-32 in stage IC
patients, which reported that cisplatin significantly reduced the relapse rate by 61%
(5). Consequently, chemotherapy became the standard treatment for patients with
early-stage, high-risk, ovarian cancer when compared with treatments using radioi-
sotopes. Studies in advanced-stage disease (described later) demonstrated that car-
boplatin plus paclitaxel was the optimum regimen for patients with advanced-stage
disease. On the basis of those trials, the same two-drug combination has been evalu-
ated in the last GOG trials in patients with high-risk, early, ovarian cancer.

GOG 157 compared three cycles with six cycles of adjuvant carboplatin plus
paclitaxel in this same group of patients with high-risk features (6). Paclitaxel was
administered at a dose of 175mg m= over 3 h and carboplatin was dosed to an area-
under-the-curve (AUC) of 7.5. Both drugs were administered every 21 days. Four
hundred fifty-seven patients were included in this trial, and 93% were histologically
and medically eligible. Despite the fact that thorough surgical staging was a proto-
col requirement, there was incomplete or inadequate documentation in 29% of
patients. The recurrence rate for six cycles was 24% lower (hazard ratio [HR]: 0.76;
95% confidence interval [CI] 0.51-1.13, p = 0.18), and the estimated probability of
recurrence within 5 years was 20.1% (six cycles) vs. 25.4% (three cycles). The
death rate was similar for three or six cycles of treatment (HR: 1.02; 95% CI 0.66—
1.57). Figure 1 shows the overall survival of randomized patients.

The estimated probability of survival at 5 years is 81% (three cycles) vs. 83%
(six cycles). Six cycles of treatment caused significantly more neurotoxicity with
grade 3 or 4 neurotoxicity developing in 11% compared with 2% of patients treated
with three cycles. In addition, six cycles also caused significantly more severe ane-
mia and granulocytopenia.

In the current GOG trial, patients with high-risk, early-stage disease are treated
with three cycles of adjuvant carboplatin plus paclitaxel followed by randomization
to observation or to weekly paclitaxel at a low dose for six months. It is hypothe-
sized that weekly low-dose paclitaxel may have an antiangiogenic effect.

There appears to have been only modest, if any, improvement in survival for
patients treated on the last two clinical trials with different chemotherapy regimens.
The small number of patients who are diagnosed with early-stage disease coupled
with the favorable natural history combine to make clinical trials in this group of
patients difficult (7). It has been recommended that patients with high-risk features
in the future perhaps be included in advanced-stage trials that are evaluating
molecular-targeted therapy, either alone or in combination with chemotherapy (8).
It has already been accepted by most cooperative groups throughout the world that
patients with stage II disease should be included in advanced-stage trials.
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Fig. 1 Overall survival by randomized treatment. Reproduced from Gynecologic Oncology,
September 2006, with kind permission from Elsevier

3 Evaluation of New Chemotherapy Regimens

In the late 1880s and early 1990s, it was established that platinum compounds were
the most effective agents in patients with advanced ovarian cancer. Phase II trials
demonstrated the activity of paclitaxel in patients with platinum-resistant disease,
and GOG performed a pivotal trial comparing what had been the standard therapy
of cisplatin plus cyclophosphamide vs. cisplatin plus paclitaxel in patients with
suboptimal stage III and IV disease (9). This landmark study, which was subse-
quently confirmed in a separate trial (10), demonstrated that combination therapy
with paclitaxel plus cisplatin prolonged both progression-free and overall survival
compared with cisplatin plus cyclophosphamide. Median survival for patients
treated with paclitaxel plus cisplatin was 37 months compared with 25 months for
patients treated with cyclophosphamide and cisplatin.

GOG subsequently performed a three-arm study in patients with suboptimal
stage III and IV disease, who were randomized to single-agent cisplatin, single-
agent paclitaxel, or the combination of cisplatin plus paclitaxel (11). Patients who
were randomized to single-agent therapy were frequently crossed over even before
progression to the other agent, and many have interpreted this trial as a comparison
of six cycles of cisplatin plus paclitaxel vs. sequential single-agent therapy with the
same drugs. There was no difference in overall survival in any of the three arms of



134 R.F. Ozols

the study, and cisplatin plus paclitaxel was still considered to be the standard
because of less toxicity compared with multiple cycles of single-agent sequential
therapy.

Carboplatin was developed as a less toxic analogue to cisplatin, and phase I/IT
trials of carboplatin plus paclitaxel have demonstrated that this two-drug combina-
tion could be safely administered and resulted in a high response rate (75%) (12) in
these uncontrolled trials. However, there was concern that carboplatin may be less
effective than cisplatin, and survival may be compromised in patients with optimal
stage III disease in whom a substantial proportion of patients could be expected to
survive at least 5 years. GOG consequently performed a noninferiority study of
cisplatin (75 mg m~) plus paclitaxel (135 mg m~? in a 24-h infusion) with carbopla-
tin (AUC 7.5) plus paclitaxel (175mg m~2 in a 3-h infusion) in 800 patients with
optimal stage III disease (13). Median progression-free survival and overall sur-
vival were 19.4 and 48.7 months, respectively, for patients treated with cisplatin
plus paclitaxel compared with 20.7 and 57.4 months for carboplatin plus paclitaxel-
treated patients (Fig. 2).

The relative risk (RR) of progression for the carboplatin plus paclitaxel group
was 0.88 (95% CI 0.75-1.03), and the RR of death was 0.84 (95% CI 0.7-1.02).
The carboplatin plus paclitaxel-treated group of patients experienced less toxicity,
and it was concluded that carboplatin plus paclitaxel was less toxic, easier to
administer, and clearly not inferior when compared with cisplatin plus paclitaxel.

Progression—Free Survival
And Survival by Treatment Group
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Treatment (mos.) (mos.)
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Fig. 2 Progression-free survival (lower curves) and survival (upper curves) for optimal stage 111
patients treated with cisplatin plus paclitaxel or carboplatin plus paclitaxel
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In fact, the 16% reduction in the risk of death and an 8-month improvement in
median survival compared with treatment with cisplatin plus paclitaxel helped to
establish carboplatin plus paclitaxel as the regimen of choice against which all new
chemotherapy treatments were to be evaluated (14). A similar trial by the
Arbeitsgemeinschaft Gynikologische Onkologie (AGO) Group, which included
both optimal and suboptimal patients, also concluded that carboplatin plus paclit-
axel was the preferred regimen for patients with advanced disease (15).

Figure 3 depicts the survival of patients on GOG 158 following relapse (13).
Although 90% of patients did achieve a clinical complete remission following six
cycles of either carboplatin plus paclitaxel or cisplatin plus paclitaxel, median time
to progression was still less than 2 years. Following progressive disease, median
survival was approximately 2 years, and it can be seen that there is little likelihood,
if any, for cure for patients with recurrent ovarian cancer despite the fact that some
patients can survive with recurrent disease for as long as 4 or 5 years.

Although the two-drug combination of carboplatin plus paclitaxel has been
accepted as the worldwide standard for patients with advanced ovarian cancer, it
is also clear that overall survival has been minimally improved. Treatment with
carboplatin plus paclitaxel resulted in a clinical complete remission rate of approx-
imately 75% in patients with advanced ovarian cancer (50% for patients with sub-
optimal disease and 90% for patients with optimal disease). However, median
progression-free survival ranges from 16 to 22 months, also depending upon the
volume of disease at the time chemotherapy was initiated, and median overall sur-
vival ranges from 24 to approximately 60 months, and likewise is dependent upon
the volume of disease at the time of diagnosis. Numerous agents have been shown

Survival From Time of Recurrence
By Treatment Group

Proportion Surviving

Months from Progression

Fig. 3 Survival for patients on GOG 158 following relapse from initial therapy with either cisplatin/
Taxol or carboplatin/Taxol
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to have activity in patients with recurrent ovarian cancer, and these agents have
been subsequently incorporated into a large number of randomized trials compar-
ing novel combinations vs. standard therapy with paclitaxel plus carboplatin.

GOG in collaboration with the Gynecologic Cancer Intergroup (GCIG) has
recently reported the results of the largest trial ever performed in patients with
advanced ovarian cancer. Over 4,000 patients with stage III or IV ovarian cancer,
optimal and suboptimal disease, or with primary peritoneal cancer were rand-
omized to one of five different chemotherapy regimens (Fig. 4). Bookman et al.
reported that there was no significant difference in progression-free survival or in
overall survival in these five different regimens, and consequently carboplatin plus
paclitaxel remains the standard of care (16).

4 Surgical Issues in Advanced Disease

An attempt at maximum debulking surgery at the time of diagnosis is generally
accepted to be the standard of care for patients with advanced-stage ovarian cancer.
However, there has never been a trial in which previously untreated patients were
randomly assigned to debulking surgery or no debulking surgery. The reason that
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surgical debulking has been accepted to be the standard of care is primarily based
on uncontrolled trials. Two large metaanalyses suggested that the presence of
small-volume residual disease was associated with improved survival (17, 18). In a
study by Bristow et al. (17), each 10% decrease in residual tumor volume produced
a 5.5% increase in median survival.

There have been, however, two large randomized trials of surgical debulk-
ing, but neither study evaluated initial surgical debulking (19, 20). The
European Organisation for Research and Treatment of Cancer (EORTC) study
randomly assigned patients in whom the initial debulking attempt was not
considered to be successful to six cycles of chemotherapy (cisplatin plus
cyclophosphamide) alone, or three cycles of the same chemotherapy followed
by an attempt at surgical cytoreduction, and then three more cycles of chemo-
therapy (19). In this study, patients assigned to interval surgical cytoreduction
had improved rates of progression-free and overall survival. A GOG study was
designed to confirm the results of the EORTC study for secondary surgical
cytoreduction. The GOG study, however, showed no significant differences
between patients who underwent secondary surgical cytoreduction compared
with those who did not (20). It appears that the major difference between these
two studies was in the extent of the initial surgery (21). In the GOG study, it
was required that all patients undergo initial maximum surgery to debulk the
tumor whereas in the EORTC study it appears that most patients did not have
what would be considered to be a maximal effort at debulking, according to
the GOG standards. There is no doubt that patients who have the least amount
of disease after initial surgery have a better prognosis. However, it is also
important to recognize the impact of the biology of the tumor on prognosis. A
retrospective GOG trial demonstrated that patients whose tumor burden was
<1 cm at the time of diagnosis and consequently did not require debulking sur-
gery had better survival than those patients who were surgically debulked and
were left with the same amount of residual disease as those patients who did
not require debulking surgery (22).

5 Second-Look Laparotomy

Second-look laparotomy (SLL) was incorporated into standard ovarian cancer
management in the 1970s in an effort to minimize the unnecessary exposure to
alkylating agents that were known to result in second malignancies with pro-
longed use. It was also recognized that approximately one-half of patients in a
clinical complete remission would be found to have residual disease at a second-
look operation. It was hypothesized that in patients who were in a clinical remis-
sion if residual disease was found at SLL, then further therapy would be beneficial
and in contrast if the results of the SLL showed no evidence of disease, patients
could stop treatment and be spared from unnecessary toxicity. Two randomized
trials of SLL that failed to demonstrate any survival benefit have been criticized
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Fig. 5(a, b) Reproduced from Greer et al. 2005, with permission from Elsevier

because of methodologic flaws, including the type of chemotherapy used (23,
24). GOG 158 was designed to prospectively evaluate the results of SLL in
patients with optimal stage III disease (25). A SLL was not required, but was
allowed as an option to assess response to treatment with carboplatin plus paclit-
axel or cisplatin plus paclitaxel. Prior to randomization, patients were informed
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of the controversial issues surrounding SLL and they chose whether or not to
undergo an SLL at the completion of chemotherapy. In this study, there were 393
patients who elected SLL and 399 patients who elected no SLL. Residual ovarian
cancer was found in 46% of 294 (75%) patients undergoing SLL. Patients with
residual disease at SLL underwent a wide variety of different treatments selected
by the individual physician and the patient. Figure 5a and b depicts the
progression-free survival and the overall survival of patients who accepted an
SLL vs. those who elected not to have an SLL. There is clearly no difference in
overall survival, and the results suggest that there is no benefit from administering
second-line chemotherapy in patients who have a positive SLL. compared with
administering that same therapy when there is clinical progression. Although this
was not a randomized trial and the results suggest that SLL remains the best
available technique for determining the posttreatment status of ovarian cancer,
there is no evidence that this operation results in improvement in survival. It is
now generally accepted that an SLL be limited to research protocols, which
would be dependent on the findings at SLL.

6 Consolidation and Maintenance Studies

As previously noted, most patients with advanced ovarian cancer will obtain a
clinical complete remission following surgery and chemotherapy. However, most
patients who do achieve a clinical complete remission will ultimately relapse.
Numerous strategies have been evaluated in an effort to prevent recurrences in
patients who achieve a clinical complete remission. Maintenance therapy usually
refers to administration of cytotoxic drugs and biological agents for extended peri-
ods of time or until the time of relapse. Consolidation usually refers to a short
course of treatment, such as high-dose chemotherapy with a stem cell transplant, IP
therapy, or radiation (external beam, IP radioisotopes, or IP radioimmunoconju-
gates). There is no evidence that any form of maintenance therapy or consolidation
therapy improves survival in this group of patients. Maintenance therapy and con-
solidation therapy were recently addressed in two GOG trials.

In one trial, patients in a clinical complete remission were randomized to 3 vs.
12 cycles of monthly paclitaxel (175 mg m= in a 3-h infusion) (26). This study was
closed by the Data Safety Monitoring Board after scheduled interim analysis dem-
onstrated that patients who received the extended treatment with paclitaxel had a
statistically significant improvement in progression-free survival (28 months vs. 21
months). Patients who received three cycles of chemotherapy were given the option
to receive an additional nine cycles of chemotherapy. This crossover, coupled with
the early closure of the study, does not permit an adequate assessment of survival.
It should be noted that maintenance paclitaxel was also associated with significant
toxicity, particularly neurotoxicity. The GOG has initiated another randomized trial
in this group of patients in which survival is the endpoint. Patients who achieve a
clinical complete remission are randomized to receive no further therapy, treatment



140 R.F. Ozols

with 12 months of maintenance paclitaxel, or treatment with a novel pegylated
paclitaxel compound.

IP p32 was also evaluated prospectively in a GOG trial in patients who achieved
a surgically confirmed complete remission (27). Neither progression-free nor over-
all survival was statistically improved by IP p32.

7 IP Chemotherapy

IP chemotherapy has been studied for over two decades in patients with small-
volume ovarian cancer. IP chemotherapy is based on the rationale that ovarian
cancer remains primarily an IP disease, and the administration of drugs directly into
the peritoneal cavity will lead to a pharmacologic advantage with higher intratu-
moral drug concentrations when compared with intravenous administration. The
GOG has performed three large randomized trials in this group of patients (28-30).
In the most recent study, patients were randomized to receive either intravenous
chemotherapy with paclitaxel plus cisplatin or to an IP regimen, which consisted of
paclitaxel in a 24-h infusion on day 1 followed by IP cisplatin (100 mg m=2) on day
2, and IP chemotherapy with paclitaxel (60 mg m= on day 8). The patients treated
with the IP regimen received significant improvement in progression-free survival
and a 16-month improvement in overall survival compared with patients treated
with intravenous cisplatin plus paclitaxel (Fig. 6). The results of this study
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prompted the National Cancer Institute to issue a Clinical Announcement that
patients and physicians should strongly consider IP therapy in women who have
optimal disease after cytoreductive surgery (31). However, controversy remains
whether IP therapy should be accepted as standard treatment (32).

There has been no randomized comparison of IP therapy with IV carboplatin
plus paclitaxel in patients with optimal stage III disease. A cross-trial comparison
of IV carboplatin plus paclitaxel to IP regimens suggests very similar efficacy (32).
Furthermore, IP therapy has for-midable toxicity, and in the most recently study of
the GOG, only 42% of patients could complete the planned six courses. The GOG
is exploring less toxic IP regimens in phase II trials, and it is likely that IP therapy
will have limited acceptance until an IP regimen is developed with acceptable tox-
icity and superior efficacy to IV carboplatin plus paclitaxel.

8 Molecular-Targeted Therapy in Ovarian Cancer

The GOG has undertaken an extensive effort to evaluate new biological agents that
target specific molecular pathways that may be involved in the pathogenesis of ovar-
ian cancer (33). Molecular pathways that are under evaluation as targets include:
angiogenesis, the erb family of receptors and tyrosine kinases, proteosomes, and the
mitogen-activated protein kinase pathway. The GOG phase II trial of bevacizumab
resulted in such notable activity (a 17.7% objective response and almost 40% of
patients without disease progression at 6 months) that a placebo-controlled trial of
carboplatin plus paclitaxel plus or minus bevacizumab in previously untreated
patients with suboptimal stage III and IV disease has recently been initiated.
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Intraperitoneal Chemotherapy for Ovarian
Cancer

Mark A. Morgan

1 Introduction

Cytoreductive surgery followed by chemotherapy with a platinum and taxane combina-
tion constitutes the accepted standard treatment for patients with advanced epithelial
ovarian cancer. Intravenous (IV) carboplatin and a 3-h infusion of paclitaxel were
considered to be the preferable regimen at a recent international consensus conference.
This was due to issues related to ease of administration, toxicity, and quality of life,
with no evidence of inferiority to other regimens (1). Despite this, the long-term outlook
for patients with advanced ovarian cancer remains poor, although patients with opti-
mally debulked stage III disease have median survivals approaching 5 years. It is in this
group of patients (generally with less than 2cm residual nodules) that the intraperito-
neal (IP) administration of chemotherapy has been studied for over 20 years. Since
ovarian cancer remains clinically in the peritoneal cavity for much of its natural history,
this approach seemed rational. Despite encouraging early results, the IP approach has
not been incorporated into the mainstream management of advanced ovarian cancer.

On January 4, 2006, the National Cancer Institute (NCI) of the United States
issued a clinical advisory regarding the “Preferred method of treatment for advanced
ovarian cancer. ... The new NCI clinical announcement recommends that women
with advanced ovarian cancer who undergo effective surgical debulking receive a
combination of IV and IP chemotherapy. IP chemotherapy allows higher doses and
more frequent administration of drugs, and it appears to be more effective in killing
cancer cells in the peritoneal cavity, where ovarian cancer is likely to spread or recur
first.” Despite this announcement, IP chemotherapy remains controversial. Toxicity
and administration concerns persist and because of previous trial design concerns, it
is felt that the ideal IP chemotherapy regimen has yet to be defined.

2 Theory of IP Chemotherapy

IP chemotherapy using nitrogen mustard was first used in the 1950s, primarily to
control ascites (2). In 1978, Dedrick et al. (3) demonstrated a pharmacokinetic
rationale for IP drug administration in ovarian cancer. They suggested that a
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severalfold log increase in dose-intensity could be obtained by IP treatment com-
pared with systemic administration of the same drugs. Clinical and preclinical
studies have demonstrated that larger and water insoluble drugs have a larger peri-
toneal cavity/plasma ratio and a prolonged dwell time in the peritoneal cavity
(Table 1) (4, 5). However, studies also revealed that most chemotherapy drugs only
penetrate the tumor surface for a few millimeters (6-9). It is for this reason that IP
chemotherapy has been largely restricted to patients with small volume residual
disease. Agents such as cisplatin and carboplatin, with a smaller pharmacologic
advantage intraperitoneally, obtain significant systemic levels, which may permit
better treatment of the inner core of tumor nodules.

3 Clinical Trials

Early clinical trials, primarily in the 1980s and 1990s tested multiple agents, typi-
cally in a salvage setting. These trials helped to refine administration techniques,
define toxicities related to the IP treatment, and identify drugs and regimens worthy
of further study in randomized trials in first-line treatment.

3.1 Phase I and Phase II Trials

Phase I and 1II trials, primarily in the salvage setting with small volume disease
evaluated drugs such as thiotepa, mitoxantrone, etoposide, 5-flourouracil, cisplatin,
carboplatin and paclitaxel alone or in combination. Despite IP administration, sys-
temic effects such as neurotoxicity with cisplatin and paclitaxel and myelotoxicity
with carboplatin, etoposide, thiotepa, and mitoxantrone can be seen and be dose-
limiting. Local toxicity, manifested by abdominal pain, seems to be more pro-
nounced in more slowly absorbed drugs such as paclitaxel and mitoxantrone, but
can be seen with any agent.

Complete surgical response rates have been demonstrated in approximately one
third of patients with small volume residual disease at second look laparotomy

Table 1 Physical characteristics and peritoneal/plasma ratios of selected drugs

Drug Molecular weight H,O solubility Peak AUC
Cisplatin 300.05 + 20 12
Carboplatin 371.25 + 24 18
Melphalan 305.20 - 93 65
Doxorubicin 543.53 + 474 —
5-FU 130.08 + 298 367
Methotrexate 454.44 - 92 100
Paclitaxel 853.92 - — 1,000

Mitoxantrone 517.40 — 1,400
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when treated with an IP cisplatin-based regimen (10). In addition, improved or
prolonged survival has been suggested for a t least some subsets of patients treated
with IP chemotherapy in the consolidation or salvage setting (11, 12).

3.2 Phase III Trials

One phase III randomized trial, conducted by the European Organization for
Research and Treatment of Cancer (EORTC), examined the role of IP cisplatin
chemotherapy for consolidation therapy (13). Unfortunately, the study was closed
prematurely because of a low accrual rate. After a median follow-up of 8 years,
there is no difference in overall survival (OS) or progression-free survival (PFS),
although there was nonsignificant improvement in median survival of 13 months
with IP consolidation (78 months vs. 91 months).

Six randomized trials reporting survival have been published assessing IP
chemotherapy in the front-line treatment of ovarian cancer. Three studies compared
IV and IP regimens with similar dosing (Table 2) (14-16), and three studies com-
pared different regimens and dosing (Table 3) (17-19). The estimated relative death
rates for six studies (including the EORTC consolidation trial) are shown in Fig. 1.
On an average, IP therapy was associated with a 21.6% decrease in the risk of death
(hazard ratio = 0.79; 95% CI: 0.70-0.89). For ovarian cancer patients who are opti-
mally debulked and have an expected median survival of 4 years, this should trans-
late into a gain in median survival of about 12 months. This analysis led to the NCI
clinical announcement regarding the potential benefit of IP chemotherapy.

Three cooperative group trials performed in the United States were particularly
important in prompting the NCI announcement. Only one (14) compared identical
regimens with the only difference being the route of administration of cisplatin. The
median survival for the IP arm was significantly better than the IV arm (49 months
vs. 41 months). Although abdominal pain was more common in the IP arm, myelo-
toxicity, ototoxicity, and neurotoxicity were significantly more frequent in the IV
arm. The IP regimen was not widely accepted, because in the same year, the

Table 2 Three trials with equivalent doses IV and IP
Survival [P Survival

Reference IP regimen IV regimen (months) IV (months) p value

(14) Cisplatin 100 Cisplatin 100 49 41 0.02
Cyclo 600 Cyclo 600

(15) Cisplatin 50 Cisplatin 50 67 51 0.14
Epidox 50 Epidox 50
Cyclo 600 Cyclo 600

(16) Carbo 350 Carbo 350 26 25 NS
Cyclo 600 Cyclo 600

All doses are given in mg m™—.
Cyclo, cyclophosphamide; Epidox, epidoxorubicin
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Table 3 Three trials with different regimens IV and IP

M.A. Morgan

Survival IP

Survival IV

Reference  IP regimen IV regimen (months) (months) p value
a7 IP cisplatin 100 Cisplatin 43 48 0.47
(IV) AC or EC 50 AC or EC
(18) IV carbo AUC 9 Cisplatin 75 67 51 0.05
IP cisplatin 100 Paclitaxel 135
IVpaclitaxel 135
19) IV paclitaxel 135 Cisplatin 75 66 50 0.03
IP cisplatin 100 Paclitaxel 135
IP paclitaxel 60
All doses are given in mg m~
Carbo, carboplatin; AC, doxorubicin and cyclophosphamide; EC, epirubicin and
cyclophosphamide
Treatment Hazard Ratios for Overall Survival
Intraperitoneal vs Intravenous Therapy
Rel Haz Varin(HR) IP regimen better | [V regimen better
|
SWOG/GOG-104 (1996) 0.760 0.013 —
|
GONO (2000} 0670 0.077 T
|
G0G-14SWOQ (2001) 0810 0012 gy
|
Talwan m 1130 0.084 ————
[
GOG-172 (2006) 0750 0017 '_'_':
-
L
0% 05 &7 10 15 20 4

Fig. 1 NCI clinical announcement, 2006. The diamond is summary hazard ratio (0.79; 95% CI:
0.70-0.89)

Gynecologic Oncology Group (GOG) reported a 12 month improvement in median
survival of patients with suboptimally debulked ovarian cancer by substituting IV
paclitaxel for IV cyclophosphamide. This was felt to be more important than
administering cisplatin by the IP route. The second (18) and third (19) trials com-
pared markedly different regimens. The control arm of both trials employed IV cis-
platin (75 mg m™2) and IV paclitaxel (135 mg m=) over 24 h for six cycles. However,
one trial used carboplatin IV, given at an AUC of 9 for 2 courses followed by six
cycles IV paclitaxel and IP cisplatin (100 mg m=) and the other added IP paclitaxel
(60mg m™) on day 8 to IV paclitaxel and IP cisplatin. As expected, both IP regi-
mens were significantly more toxic, but the median survival was increased by 11
and 16 months, respectively. Because the IV and IP regimens in these two trials
were so different, it is difficult to conclude that the route of administration was the
primary reason for survival difference. Regardless, the median survival of 66
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months in the Armstrong trial is the longest yet reported for patients with advanced
ovarian cancer, and makes a strong argument for considering this regimen to be the
preferred one for optimally debulked patients.

3.3 Toxicity and Complications

When identical doses and regimens were used with the only difference being the IP
delivery of cisplatin or carboplatin (see Table 2), the major toxicities that could be
attributed to the IP therapy were abdominal pain or catheter complications (failure
or infection). Systemic toxicity such as myelosuppression or neurotoxicity was
generally lower with the IP regimen.

When different doses and regimens were used (see Table 3), systemic toxicities
including myelosuppression, neurotoxicity, and metabolic toxicity were worse with
the IP regimens. This was primarily because the dose intensity and total doses
received were greater with the IP regimens.

Most studies have shown a lower completion of therapy rate for the IP arm vs.
the IV arm. This was especially notable for GOG 172 (19), the trial that produced the
longest median survival yet reported in advanced ovarian cancer and prompted the
NCT announcement. In that trial, only 42% of patients completed all six cycles and
42% completed less than three cycles. Catheter-related issues (infection, blockage,
leakage, and access problems) were responsible for at least one-third of the cases
that failed to complete the proscribed therapy. There was no association between
when a catheter was placed (at the time of debulking surgery or later) and comple-
tion of therapy, but patients who had left colon or rectosigmoid resections were less
likely to initiate IP treatment (20).

4 Future Directions

Although IP regimens have been shown to convey a survival advantage in trials of
advanced, optimally debulked ovarian cancer, many questions remain. The use of
different and more aggressive IP regimens, the relatively high failure to complete
therapy rate, and the comparison to control regimens of paclitaxel and cisplatin
have been cited as reasons to doubt the role of IP therapy as the primary treatment
variable responsible for improved survival. The regimen of carboplatin and paclit-
axel, which has a lower toxicity profile and can be given to an outpatient, has been
advocated by some investigators as the standard regimen to which IP therapy
should be compared (21).

To develop more tolerable IP regimens, future research will focus on several
approaches. One is to modify the GOG 172 regimen, which used a 24-h infusion of
paclitaxel (175mg m=2) day 1, IP cisplatin (100mg m=) day 2, and IP paclitaxel
(60mg m~) day 8. Approaches include shortening the IV paclitaxel infusion to 3h,
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reducing the IP cisplatin dose to 75mg m=, and eliminating the IP paclitaxel or
substituing IP or IV paclitaxel with docetaxel. Another approach is to substitute IP
carboplatin for IP cisplatin. Although in the past carboplatin has been considered
inferior to cisplatin when given by the IP route, recent reanalysis of dosage and
pharmacokinetic issues as well as clinical evidence from Japan suggests that IP
carboplatin may be a less toxic alternative to IP cisplatin (22). This is being evalu-
ated in a current GOG phase I trial. The potential role of biologic agents and tar-
geted therapies given IP or in conjunction with IP chemotherapy is the area that
needs to be studied further.

Finally, technical issues such as the ideal type and timing of IP catheter place-
ment need to be clarified. The optimal number of IP cycles is not known at this
time. It is also not known for sure whether IP chemotherapy should be employed in
the presence of bulky disease, retroperitoneal nodal disease, or after rectosigmoid
resection.

5 Conclusions

Over 20 years of research has demonstrated that it is possible to achieve prolonged
survival in advanced ovarian cancer in the front-line and salvage setting, using regi-
mens that include IP chemotherapy. Results from recent randomized clinical trials
have done a great deal to raise the awareness of the potential of this route of ther-
apy. However, much work is still needed to educate the oncology community in
the safe administration of IP chemotherapy, and research will continue to try to
refine current regimens to improve tolerability and at the same time maintain or
increase efficacy.
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Ovarian Cancer: Can We Reverse Drug
Resistance?

David S.P. Tan, Joo Ern Ang, and Stan B. Kaye

1 Introduction

The treatment of ovarian cancer improved substantially with the introduction of
platinum-based chemotherapy in the 1980s. In the 1990s, the results of randomised-
controlled trials established paclitaxel in combination with a platinum agent as a
standard initial chemotherapy for advanced ovarian cancer (1-3). However, over
90% of patients with advanced ovarian cancer will still subsequently die because
of clinical failure of chemotherapy, i.e. drug resistance, resulting in an overall 5-
year survival of only 30-40%. Clearly, there is a need for more progress in
addressing this issue.

2 What Causes Drug Resistance?

In clinical practice, drug resistance refers to progressive disease that occurs at doses
of drug treatment associated with manageable toxicity (4). As most chemothera-
peutic agents have a low therapeutic index, even small-fold changes in the sensitiv-
ity of tumour cells in patients can render them clinically resistant. Overcoming drug
resistance will therefore require a three-pronged approach: first, and crucially, to
delineate the mechanisms underlying clinical drug resistance; second, based on this
better understanding, to introduce rational circumvention strategies together with
conventional cytotoxics to optimise current treatment methods; and third, to
develop novel cytotoxic agents, which may reverse drug resistance mechanisms
and/or possess cytotoxic activity as well.

Although the underlying mechanisms for clinical drug resistance remain to
be elucidated, it is reasonable to suppose that they will fall into three catego-
ries: pharmacokinetic, tumour micro-environmental, and cancer-cell specific
(4). Pharmacokinetic treatment failure is based on the hypothesis that tumour
cells are exposed to insufficient doses of chemotherapeutic agents. Tumour
microenviromental factors include tumour hypoxia, angiogenesis, and stromal
and intercellular adhesion, all of which may affect drug penetration and cell
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survival. Cancer-cell specific factors refer to the intrinsic and somatically
acquired genetic, epigenetic, and gene expression changes that alter the cellular
response pathways leading to cell death following exposure to cytotoxic agents.
The drug resistant phenotype is often the result of an interaction between all
three factors and strategies designed to overcome drug resistance may need to
target one or more of them.

3 Targeting Pharmacokinetic Factors

3.1 Increasing Dose Exposure

To achieve maximum tumour cell death, chemotherapy should be given at the
maximum tolerated dose (MTD). Retrospective studies suggest that efficacy is
proportional to the degree of myelotoxicity encountered. In the high dose chemo-
therapy Scottish Gynaecological Cancer Trials Group trial of cisplatin dose inten-
sity in advanced ovarian cancer (50 vs. 100mg m™) in combination with
cyclphosphamide (5), a twofold dose increase (cisplatin) led to an initial improve-
ment in median survival but limited long-term benefit at cost of increased toxic-
ity. These results suggest that at a higher intravenous dose, the emergence of a
drug resistant cell population is delayed but not prevented. Phase II trials of very
high-dose chemotherapy with autologous bone marrow transplantation (ABMT)
or peripheral blood stem cell transplantation (PBSCT) in previously treated
patients with recurrent ovarian cancer have produced higher response rates than
achieved with conventional doses (6) but recently, a Phase III randomised trial of
this approach in previously untreated patients have reported no improvement in
outcome (7).

An alternative way of maximising drug exposure in ovarian cancer is by intra-
peritoneal (IP) administration of chemotherapy. The rationale for IP therapy is to
facilitate the local delivery of a higher concentration of cytotoxic agents to the
peritoneum, which is the predominant site of tumour in ovarian cancer, while nor-
mal tissues, such as the bone marrow, are relatively spared. In the Gynecologic
Oncology Group (GOG) 172 study (8), IP chemotherapy with cisplatin and taxol
was shown to be of benefit in patients with post-debulking residual disease of
<1 cm, with a median survival difference in the IV vs. IP arms of 15.9 months
(p < 0.03). However, patients in the IP arm experienced higher rates of grade III/
IV haematological toxicity and poorer quality of life 6 weeks after chemotherapy.
Moreover, IP patients received 100mg m= of cisplatin compared with only
75mg m= in the IV arm, thus the overall benefit may ultimately be related to a
higher systemic dose of cisplatin received by the IP patients. In addition, concern
has been expressed that the control arm (paclitaxel and cisplatin) in this study was
less effective than can now be achieved with paclitaxel and carboplatin at optimal
doses (9).
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3.2 Improving Drug Delivery

Inadequate drug exposure can also be caused by poor drug delivery to the tumour.
This can occur because of low bioavailability, extensive first-pass metabolism, high
plasma protein binding and low tissue binding. One approach is to use novel drug
delivery systems, which include liposomes, pegylation (10) and polymer-drug car-
riers (11). Liposomes exploit the increased permeability of tumour vasculature rela-
tive to normal capillaries to achieve increased tumour-cell-specific drug delivery.
However, there is no evidence in randomised trials to date of clear superiority for
this approach in the context of drug resistance. Alternative means of improving
drug delivery include lipid-, polymer- or poly(L)glutamic-acid conjugated paclit-
axel (such as CT-2103), which has recently demonstrated response rates of 10% in
heavily pretreated patients with recurrent ovarian cancer in a Phase II study (12).
Antibody-directed enzyme prodrug therapy (ADEPT) (13) and gene-directed
enzyme prodrug therapy (GDEPT) (14) approaches also aim to increase tumour-
cell-specific drug exposure to overcome drug resistance with minimal toxicity to
normal tissues.

3.3 Optimising Chemotherapeutic Schedules

Whenever drugs are given in combination for the treatment of a disease, the poten-
tial for synergistic, additive or antagonistic effects exists. Although the combination
of carboplatin and taxol is now considered as the gold standard first line therapy for
ovarian cancer on the basis of the two large randomised studies in the 1990s (1, 3),
two subsequent studies by the International Collaborative Ovarian Neoplasm
(ICON) group (15) and the GOG 132 (16) failed to demonstrate the benefit of add-
ing paclitaxel to platinum. Whilst the reasons for this are unclear, the possibility of
a negative interaction between paclitaxel and platinum cannot be excluded. In addi-
tion, carboplatin-associated thrombocytopenia is reduced in patients treated with
combination carboplatin/paclitaxel, which further suggests some degree of antago-
nism in the interaction between both drugs (17). Furthermore, Phase III trials com-
paring the combination of carboplatin plus paclitaxel with various triple-agent and
sequential doublet combinations (where carboplatin and paclitaxel were given in
combination following carboplatin plus gemcitabine/topotecan) in patients with
advanced-stage epithelial ovarian cancer and primary peritoneal carcinoma have
proven negative (18, 19). Hence, there may be scope to consider alternative sched-
uling of chemotherapeutic drugs to maximise their effectiveness, particularly with
the separation of paclitaxel and carboplatin by sequential delivery in the first-line
treatment of ovarian cancer. Such an approach has been adopted in a series of fea-
sibility studies by the Scottish group, including initial therapy with full doses of
carboplatin followed by four courses of paclitaxel-based treatment, with initial
results that are encouraging (20). In support of this approach, in vitro data suggest
that the additive cytotoxic effects of paclitaxel and platinum are significantly superior
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when tumour cells are sequentially exposed to paclitaxel followed by carboplatin
or cisplatin (21, 22). Furthermore, the sensitivity of tumour cells to paclitaxel and
platinum compounds differs in that cells with mutant p53 are more sensitive to
paclitaxel, whereas cells with wild-type p53 and/or non-functional BRCA1/BRCA2
are more sensitive to platinum (23, 24). Separating the two drugs may thus maxim-
ise these differing sensitivities in a heterogenous tumour cell population.

An alternative way of using existing chemotherapeutic drugs is to administer
them on a weekly schedule. Dr. Van der burg in Rotterdam has pioneered this
approach in the context of drug-sensitive disease (25). Her most recent data using
weekly carboplatin (AUC 4) with paclitaxel (90mg m™) are most interesting, as
they show a response rate of 53% in patients with platinum-resistant disease (26).
Randomised trials of this approach are about to commence.

4 Targeting the Tumour Microenvironment

Tumour progression is accompanied by angiogenesis in response to hypoxic stimuli
(27). However, because of the haphazard growth of abnormal, leaky blood and
lymph vessels, interstitial fibrosis and a contraction of the interstitial space by stro-
mal fibroblasts, the resultant effect is a raised intratumoral interstitial fluid pres-
sure, which may serve as a physical barrier to systemic drug delivery (28).
Combining conventional chemotherapeutic agents with an angiogenesis inhibitor
may, therefore, enhance intra-tumoural drug penetration by inhibiting tumour neo-
vascularisation, thereby reducing the intra-tumoural pressure. Two recent retro-
spective analyses of bevacizumab, a vascular-endothelial growth factor (VEGF)
inhibitor, therapy in platinum-refractory ovarian cancer have demonstrated overall
response rates of 35% when used in combination with other chemotherapeutic
agents, and 16% when used alone (29, 30). Although theoretically there could be a
negative impact on the efficacy of chemotherapy through the induction of tumour
hypoxia from this approach (31), clinical data in breast, colorectal and lung cancer
point to a consistent enhancement of chemotherapy (32). Randomised trials in
which bevacizumab is added to front line chemotherapy in ovarian cancer are now
underway.

The extracellular matrix (ECM) has been suggested to provide protection against
chemotherapy-induced apoptosis in various cancers (33, 34). Integrin-mediated
interactions between tumour and stromal cells can also influence chemoresistance
via anti-apoptotic signalling pathways (35). In addition, many ECM genes are ele-
vated in cisplatin-resistant cells (36). In particular, COL6A3, which encodes for
collagen VI, has been observed to be one of the most highly upregulated genes, and
cultivation of cisplatin-sensitive cells in the presence of collagen VI protein pro-
motes resistance in vitro (36). Collagen VI expression has been demonstrated in
ovarian cancer in vivo, and is associated with tumour grade and prognosis. More
recently, Choi and colleagues demonstrated increased antibody penetration into
xenotransplanted ovarian cancer cells following exposure to collagenase (37).
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These studies suggest that tumour cells may directly remodel their microenviron-
ment to increase their survival in the presence of chemotherapeutic drugs, and point
to new potential targets in modulating drug resistance.

5 Targeting Cancer Cell Factors

5.1 Drug Efflux and Detoxification

Experimental models have implicated various cell-specific mechanisms in the
development of drug resistance in ovarian cancer cells. These include increased
drug efflux from chemoresistant cells mediated by transport proteins encoded by
the ATP-binding cassette (ABC) family of drug resistance genes, which include
permeability glycoprotein (PGP) and the multi-drug resistance protein 1 (MRP1),
and drug detoxification mechanisms such as increased inactivation of platinum by
cytoplasmic thiols (38).

In taxane-resistant cells, the two mechanisms most commonly associated with the
development of drug resistance are the overexpression of drug efflux proteins, like
PGP, and alterations of tubulin, which is the cellular target of the taxanes (39).
Biricodar INCEL, VX-710) has been shown to restore drug sensitivity to PGP and
MRP1 expressing cells in vitro, and the combination of Biricodar with paclitaxel in
45 paclitaxel-refractory advanced ovarian cancer patients has been examined in a
Phase 1II trial, demonstrating three partial responses with stable disease observed in
a further 12 cases (40). PSC-833 is a non-immunosuppressive cyclosporine analogue
that inhibits the function of PGP in vitro. In parallel with the Biricodar studies, the
combination of PSC-833 with paclitaxel in the setting of paclitaxel-refractory ovar-
ian cancer has been examined in two Phase II trials with partial responses observed
in up to 10% of subjects and stable disease in a further 25% (41, 42). However, there
was no evidence of any improvement in outcome in a large randomized controlled
Phase III study comparing concurrent PSC833 or placebo alongside first-line
Carboplatin/Paclitaxel (43). This suggests that if modulators such as PSC-833 and
Biricodar are likely have any prospect of success in reversing resistance in ovarian
cancer, they will need to be applied in a pre-selected population of patients with
established resistance to paclitaxel, based on PGP and MRP1 dysfunction.

Alkylating agents, including platinum, are potent electrophiles that are inactivated
by intracellular electron-rich molecules glutathione and gluthatione-s-transferase-pi
(GST) (44). Reductions in the levels of these intracellular molecules have been associ-
ated with reversal of cisplatin-resistance (44), and the glutathione pro-drug TLK286 was
designed to capitalise on the fact that there is increased expression of GST in ovarian
cancer cells compared with normal cells. TLK286 is activated by GST in experimental
models, following which pro-apoptotic electrophilic fragments are released. Broad
experimental activity has been demonstrated with responses observed not merely in
patients with ovarian cancer (45). A response rate of 15% was seen in patients with
platinum-refractory disease in Phase II trials (46), and a large randomized Phase 111
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study of TLK286 vs. liposomal doxorubicin or topotecan is underway, in addition to
an extensive combination programme. Buthionine sulphoximine (BSO) is a synthetic
amino acid that inhibits the production of glutathione, whilst ethacrynic acid inhibits
GST-mediated conjugation of glutathione to cisplatin (47, 48). Phase I studies have
demonstrated good safety profiles in both agents. Tumour response and depletion of
tumour intra-cellular glutathione levels was achieved with BSO (in combination with
melphalan) in two patients with platinum refractory ovarian cancer (49, 50). The
platinum analogue ZD0473 was designed to sterically hinder glutathione- and GST-
mediated inactivation of alkylating agents. Sequence specificity of DNA-adduct for-
mation is quite likely to differ from other platinum-analogues and may account for
its activity in cisplatin-resistant cell lines. However, despite its in vitro potential, a
response rate of only 8.3% was observed in a Phase II study in 59 platinum-refractory
ovarian cancer patients (51).

5.2 DNA Repair

Experimental models have very usefully facilitated the identification of the cellular
components responsible for the response to DNA/cellular damage from cytotoxic
agents, the result of which is either DNA repair, or damage tolerance (resistance)
or apoptosis (sensitivity). Erroneous DNA replication following platinum-adduct
formation is recognised by the mismatch repair (MMR) pathway proteins, leading
to cell death. Alternatively, platinum-adducts can be rectified by the nucleotide
excision repair (NER) system. Therefore, down-regulation of MMR or up-regulation
of NER could lead to platinum-resistance (52, 53).

Defects in MMR genes, which code for hMLH1 and hMSH?2, result in failure of
DNA damage recognition and tumours characterised by microsatellite instability
(MSI) (38). Experimental data implicate MMR defects caused by loss of MLH1
expression in drug resistance to a wide variety of cytotoxic agents including cisplatin
and doxorubicin (38). Sensitivity to the platinum analogue oxaliplatin is independent
of cellular MMR status, and it was thought that oxaliplatin is quite likely to be active
in platinum-resistant cases where MLHI1 is frequently down-regulated (54). However,
response rates of only 5-6% have been observed in Phase II studies of single-agent
oxaliplatin involving platinum-resistant patients (55, 56). Thus, other methods for
modulating MMR defects are currently being investigated. MLH1 promoter methyla-
tion has been noted in drug resistant, hMLH1 negative ovarian and colon tumour
xenografts. The clinical relevance of methylation was borne out in a study that exam-
ined tumour DNA extracted from plasma in a large randomized clinical trial
(SCOTROC 1). Patients who acquired methylation in plasma samples after disease
relapse had a considerably worse outcome following further chemotherapy compared
with those in whom methylation did not occur (57). Previously, the demethylating
agent 2°-deoxy-5-azacytidine (Decitabine) had been shown to re-sensitise tumour cells
to cisplatin in in vitro and in vivo experimental models (38, 58). In a recent Phase I
clinical trial, the combination of carboplatin and decitabine has, in fact, been shown
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to be feasible with demethylation evident at well-tolerated doses (59). A randomised
Phase II study in partially platinum-sensitive ovarian cancer patients (with treatment
free intervals of 6-12months) is therefore about to open. Patients (30-40% of whom
should have methylated DNA) will receive carboplatin with or without decitabine.

Up-regulation of genes involved in the NER pathway, e.g. ERCC1 has been asso-
ciated with resistance to platinum-based therapy in ovarian cancer (60, 61). Yondelis
(ET-743) is a marine compound that binds to the minor groove of DNA (62), and in
vitro models suggest that ET-743-mediated apoptosis is enhanced by NER and
inhibited by MMR, making it an attractive prospect in platinum-resistant tumours.
Moreover, ET-743 acts synergistically when used in combination with platinum
(63). Initial Phase I studies have indicated that, as a single agent, hepatotoxicity was
dose limiting (64), and that in combination with carboplatin, myelotoxicity was
dose-limiting. Phase II studies have in fact demonstrated its efficacy in platinum-
sensitive cases to be superior to that in platinum-resistant ones (65). A randomized
Phase III trial is now exploring the combination of ET-743 with liposomal doxoru-
bicin. Another compound that targets NER is the DNA polymerase alpha inhibitor,
Aphidicolin, which has been shown to reverse platinum resistance in ovarian cancer
because of enhanced NER. Its water-soluble analogue, aphidicolin glycinate, has
been shown to be well tolerated in a Phase I study (66).

Cells with deficiencies in homologous recombination (HR) pathway genes,
including BRCAI, BRCA2 and FANC, are unable to repair DNA cross-links and
DNA double-strand breaks by error-free HR, thus resulting in genomic instability
and cancer predisposition (67). Hence, HR-deficient cells are particularly platinum-
sensitive as they are unable to repair DNA-damage caused by inter- and intra-strand
adducts, whereas platinum-resistance may occur, at least in part, through the func-
tion of intact HR DNA repair pathway genes, particularly FANC and BRCA (68).
Recently, deficiencies in HR pathway genes have also been found to confer extreme
sensitivity to inhibition of poly(ADP-ribose) polymerase (PARP) (69), an enzyme
involved in base excision repair, which is a key pathway in the repair of DNA single-
strand breaks. The prevalence of BRCAI mutations in ovarian cancer patients has
been reported to be between 5% and 23% (70, 71), whilst inactivation of BRCAI by
promoter methylation has been reported in up to 31% of sporadic ovarian cancer
(72). In addition, BRCA1 and BRCA?2 defects have been reported in 82% of mulle-
rian tumours (ovarian, peritoneal and Fallopian tube tumours) (73). Hence, PARP
inhibition may serve to enhance the efficacy of platinum in these patients or, indeed,
induce cytotoxic effects by itself. Our unit is currently running a Phase I trial of an
oral PARP inhibitor (Ku59436) and, interestingly, we have seen clear signs of anti-
tumour efficacy in one patient with presumed BRCA mutations (74).

5.3 Apoptotic Evasion

One of the main mediators of tumour cell cytotoxicity following exposure to
chemotherapy or radiotherapy is apoptosis. The response to chemotherapy may
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thus be attenuated by the up-regulation of anti-apoptotic proteins or down-regulation
of pro-apoptotic proteins.

One of the most frequently mutated genes in human cancers is p53 (38).
Following DNA damage, active p53 induces the up-regulation of mitochondrial
pro-apoptotic proteins like BAX, as well as those of cell death receptor pathways
like TRAIL-R1 (38). Lack of functional p53 can therefore result in drug resistance,
as these cells are unable to undergo apoptosis in response to DNA damage (75).
Therefore, determining p53 status may prove useful in predicting therapeutic
response to specific drugs. Thus, agents such as the triplatinum analogue BBR3464
— which compared with other platinum analogues, has demonstrated greater
potency, a more rapid rate of DNA binding, the ability to form longer-term DNA
cross-links and to induce apoptosis independent of p53 cellular status in vitro, as
well as good in vivo activity against p5S3 mutant xenografts (76) — have been inves-
tigated in Phase I and II trials. Unfortunately, although responses were demon-
strated in platinum-sensitive patients, little activity was seen in platinum-resistant
patients (77).

Proteins involved in the anti-apoptotic phosphatase and tensin homolog/
phosphoinositide-3-kinase (PTEN/PI3K) pathway have been found to be over-
expressed in ovarian cancer (38). Down-regulation of PTEN, which negatively
regulates PI3K, is observed in numerous tumour types including lung, melanoma
and prostate cancer, and results in the activation of AKT and consequently mammalian
target of rapamycin (mTOR) kinase signalling (78). Amplification of the gene cod-
ing for the p110 alpha subunit of PI3K has been observed in 40% of ovarian cancer
(79). Lysophosphatidic acid (LPA), which is a growth factor found in ovarian can-
cer ascites, has been shown to promote cell survival by activating the PI3K/AKT
pathway (78). In addition, amplification of AKT has been observed in undifferenti-
ated ovarian cancer and may lead to resistance to various drugs, including taxanes,
because of apoptotic failure (80).

In this context, another potentially important anti-apoptotic molecular target is
the HSP90 molecular chaperone, which serves to stabilize a number of mutated and
over-expressed signalling proteins that promote cell survival and proliferation (81),
including those in the PI3K/AKT pathway. Hence, HSP-90 inhibition appears as an
attractive target for modulating dug resistance. The HSP-90 inhibitor, 17-allyamino,
17-demethoxygeldanamycin (17-AAG), has been shown to sensitise ovarian
tumour cells with constitutively active AKT to paclitaxel (82), and may also have
additive or synergistic effects in combination with cisplatin, doxorubicin and
paclitaxel (83).

5.4 Tumour Cell Alterations of Drug-Specific Targets

Specific point mutations in beta-tubulin, e.g. an alanine to threonine substitution at
residue 364, have been shown to confer resistance to paclitaxel (84). Epothilones
are cytotoxic macrolides with a similar mechanism to paclitaxel but with the advantages
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of increased potency as well as retaining activity in taxane-resistant settings in pre-
clinical models, where overexpression of PGP or beta-tubulin mutations are present
(85). Four epothilones are in early clinical trials for cancer treatment, and Phase I
studies have shown that the dose-limiting toxicities are generally neurotoxicity and
diarrhoea (86). Significantly, Ixabepithlone and Patupilone have shown promising
efficacy in platinum and taxane-refractory ovarian cancer (86). Trials with these
drugs are ongoing, including a randomized Phase III trial of Patupilone compared
with liposomal doxorubicin in patients with platinum-resistant disease.

6 Conclusions: Understanding Resistance and Finding New
Targets for the Future

The low response rates observed in many of the aforementioned clinical trials,
based initially on promising results from experimental models, suggest that
although certain molecular mechanisms may contribute to drug resistance, e.g. that
of drug efflux and detoxification, they are unlikely to be the primary mechanisms
in these patients. These results highlight the inherent difficulties in translating the
results from studies using in vitro models, which are often too reductionistic and
over-simplistic in their focus on specific pathways, to clinical use. Nonetheless,
bearing in mind this caveat, in vitro studies on drug response and resistance remain
a useful experimental tool in providing new clues for hypothesis testing and valida-
tion in the clinical setting. An example of such a “bottom-up” approach would
begin with the identification of biologically important molecules in vitro, in vivo
and clinical relevance of which may subsequently be validated using tissue micro-
arrays (87) made up of tumour samples from patients with clinical data available,
ideally including paired samples from the same patients before treatment and when
resistance develops.

In recent years, the advent of high-throughput technologies using microarrays to
facilitate molecular profiling of tumours has allowed detailed analysis of the
genomic and gene expression changes in ovarian cancer (88). By comparing the
molecular profiles of drug-sensitive and drug-resistant ovarian cancers, these tech-
niques have the potential to provide us with a greater and more clinically relevant
insight into the underlying mechanisms of drug resistance in these cancers. Recent
studies using gene-expression arrays have derived a chemotherapy-response profile
(CRP), which is predictive of pathological complete response to first line platinum/
taxane chemotherapy in 60 patients with ovarian cancer (89), and reported 230 dif-
ferentially expressed genes between primary chemosensitive and primary chemore-
sistant ovarian tumours (90).

However, microarray techniques are subject to considerable data variability, due
in part to variability in methods of RNA/DNA extraction, probe labelling and
hybridisation, the type of microarray platform used, the number and histological
type of samples analysed, the methods used for microarray and statistical analysis,
and methods used for results validation (91). Although no formal reliable method
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for power calculation has been devised for microarray-based studies, a minimum
number of 50 subjects have been suggested (92). Unfortunately, most of the studies
addressing the question of drug resistance in ovarian cancer have been hampered
by insufficient sample sizes, a lack of stringency in cohort selection with regard to
the uniformity of selected histological tumour subtype and type of treatment
received by the subjects analysed, and the absence of matched pre- and post-chem-
otherapy/chemoresistant tumour samples. Indeed, given the clinical phenotypic
diversity exhibited by different histological subtypes of ovarian cancer, it is very
likely that more useful information will be gained from microrarray studies by ana-
lysing sufficient numbers of each ovarian cancer histological subtype before
attempting cross-subtype comparisons. It is envisaged that future well-designed
microarray studies involving sufficient numbers of histological subtype-specific
ovarian tumour samples will lead to a more conclusive picture of the underlying
mechanisms behind drug resistance, and the identification of new targets to reverse
this phenomenon in the treatment of ovarian cancer.
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1 Ovarian Cancer

In 2006, it has been estimated that 20,180 women in the United States will be diag-
nosed with ovarian cancer, and 15,310 women will die from the disease (1). Although
advances have occurred in treatment strategies, success remains limited (1). The
median overall survival for patients with advanced ovarian cancer and receiving the
current standards of treatment (surgery and paclitaxel/platinum chemotherapy) is 36—
39 months (2). The realities of the overall statistics are sobering. Future success in the
treatment of women with ovarian cancer, including those diagnosed with late stage
disease, will be dependent on the development of novel approaches to treatment.
Until recently, limited progress has been made in the development of new treatments
largely because of a lack of laboratory animal model systems of ovarian cancer.

2 Animal Models

Recent work has resulted in the development of several different laboratory models
of ovarian cancer. Current rodent models include those of chemical and/or hormo-
nal induction, genetic knockout and transgenics, xenograph, and syngeneic models
(3—-13). Each model exhibits inherent advantages and disadvantages; however,
together these models have provided a means of investigation into multiple aspects
of ovarian cancer including initiation, progression and metastasis, and treatment.

The present series of studies will discuss the syngeneic mouse model of ovarian
cancer developed in our laboratory several years ago (10) and the use of this model
in exploring the efficacy of a novel formulation of paclitaxel.

3 Paclitaxel

Paclitaxel, a naturally occurring diterpenoid isolated from the bark of Pacific yew
trees, has exhibited some success in the treatment of several types of cancers
including ovarian, breast, and lung cancer. Although several cellular actions have
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been reported, the most significant effect appears to be binding to the n-terminal
region of P-tubulin and formation of depolymerization-resistant microtubules.
Paclitaxel prevents the microtubule—kinetichore attachment necessary for chromo-
some segregation, causing blockage of cell cycling at the G2/M stage. This cell
cycle arrest leads to apoptotic death (14).

Paclitaxel is considered to be one of the most promising drugs developed within
the last ten years. The current commercially available formulation of paclitaxel is
6mg ml™" in a 50:50 v/v mixture of Cremophor EL (polyethoxylated caster oil) and
dehydrated ethanol. Significant side effects including severe anaphylactic hyper-
sensitivity reactions, hyperlipidaemia, abnormal lipoprotein patterns, aggregation
of erythrocytes, and peripheral neuropathy have been observed with the commer-
cial formulation, and have been attributed to the cremophor (15).

Because paclitaxel exhibits significant antitumor properties, the demonstration
of a paclitaxel-based therapy without the cremophor-mediated side effects has been
the focus of several research groups (16-20). Our studies have focused on the pro-
duction of nanoparticles of paclitaxel with improved bioavailability. The pharma-
ceutical industry is increasingly interested in developing technologies for the
production of nano/microparticles for drug delivery applications. Such applications
require controlled particle size distribution and consistent product quality (crystal-
linity, purity, morphology). Precipitation with compressed antisolvents (PCA) has
been receiving increased attention as a technique to produce particles with such
controlled properties (21). An increasing number of drugs processed using PCA
technology can be found in many publications (22, 23). In the present series of
studies, paclitaxel nanoparticles, termed as Nanotax®, have been produced using a
novel technology based on PCA (24, 25). Paclitaxel nanoparticles, ranging in size
from 600-800 nm, form stable suspensions in physiological saline and are injected
as a suspension. This preparation of Nanotax® is devoid of cremophor and its unde-
sirable side effects. The efficacy of this novel formulation of paclitaxel in a mouse
model of ovarian cancer will be described.

4 Intraperitoneal Chemotherapy

Intraperitoneal chemotherapy is an attractive option as many malignancies, includ-
ing recurrent ovarian cancer, remain confined to the peritoneal cavity. The basic
goal of intraperitoneal antineoplastic therapy is to expose the cancer to higher
concentrations of drug for longer periods of time than is possible with systemic
therapy. Intraperitoneal therapy may be a rational approach against tumors principally
confined to the abdominal cavity for most of their natural history, tumors where
intraperitoneal spread is the major route of disease progression, and tumors known
to be responsive to effective antineoplastic drugs (26). Intraperitoneal therapy is
designed to maximize drug delivery to the tumor while sparing the patients many
of the systemic toxicities associated with the drug. Agents that have a high level
of intrinsic activity against a broad range of tumor types, which are able to diffuse
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slowly from the peritoneal space, have minimal toxicity when administered into
the pleural space, and whose plasma clearance rates substantially exceed their
rates of uptake from the peritoneal cavity are especially suited for intraperitoneal
administration (26).

Phase I clinical trials have confirmed the safety of intraperitoneal drug delivery
and have demonstrated pharmacokinetic advantage (27). Phase II trials using intra-
peritoneal paclitaxel for ovarian cancer have shown some success (28). Thus far the
dose-limiting toxicity is abdominal pain (29), whether this is due to the Cremophor
formulation is not clear. Other studies have demonstrated increased efficacy with
intraperitoneal vs. intravenous treatment (30, 31). Findings in a recent report (32)
were so dramatic that the National Cancer Institute issued a clinical announcement
encouraging the use of intraperitoneal chemotherapy (http://ctep.cancer.gov/
highlights/ovarian.html). Effects of Nanotax® were further assessed and compared
with Taxol® when delivered either intravenously or intraperitoneally.

5 Generation of a Syngeneic Mouse Model of Ovarian Cancer

Our interest in understanding the aspects of ovarian cancer led us to the develop-
ment of a laboratory mouse model. This model is based on the information pro-
vided by other models utilizing human (33) and rat (7, 34) ovarian surface epithelial
cells and tumor cell lines (35-37). The hypothesis that multiple passages of ovarian
surface epithelial cells in vitro might induce transformation supports the theory of
incessant ovulation and the development of ovarian cancer (7, 34, 38, 39). If
increased follicular rupture followed by epithelial proliferation to repair the rupture
site was a risk factor for cancer, then inducing “repair,” or increased cellular prolif-
eration in vitro might also lead to transformation of the epithelial cells (7, 34). It
was our mission to establish a model of ovarian cancer in mice with intact immune
systems. The ability of ovarian surface epithelial cells to form tumors in normal
immune-intact animals would provide a model in which immune interactions in the
establishment, progression, and treatment of ovarian cancer could be investigated.
In addition, establishment of a mouse model would ultimately allow for the applica-
tion of gene manipulation strategies.

5.1 Isolation and Culture of MOSEC

Ovarian surface epithelial cells were obtained by gentle trypsinization of mouse
ovaries. Mild trypsinization resulted in removal of the surface epithelium without
disturbing the underlying stromal tissue. Following isolation, the mouse ovarian
surface epithelial cells (MOSEC) were maintained in culture by repeated passag-
ing. Early passage cells exhibited “cobblestone” morphology, typical of epithelial
cells and contact inhibition of growth. After more than 20 passages, in vitro
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cobblestone morphology was no longer apparent, and contact inhibition of growth
was lost as evidenced by the growth of multiple layers of cells (Fig. 1) (10).

The initial tumor forming capacity of late passage MOSEC was assessed by
injection of the cells into immunocompromised, athymic mice and into syngeneic,
immunocompetent mice (C57BL6). In both athymic and immunocompetent mice,
subcutaneous injection resulted in relatively slow growth of solid tumors, requiring
nearly 4 months. Injection of late passage MOSEC into the peritoneal cavity of both
strains of mice resulted in the formation and accumulation of ascitic fluid and the
growth of multiple tumor implants over approximately a 90-day period. Within the
peritoneal cavity, multiple tumors were present on the omentum, bowel, diaphragm,
peritoneal wall, and on the surface of all abdominal organs including the kidneys,
pancreas, stomach, and spleen (Fig. 1). Early passage MOSEC, those exhibiting
cobblestone morphology and contact inhibition of growth, did not form tumors or
ascites fluid following injection into the peritoneal cavity of either athymic or
immunocompetent mice.

Late passage MOSEC were cloned by limiting dilution, and ten clonal cell lines
were established on the basis of morphology of the cells. The in vivo tumorigenic-
ity of each clonal line was similar; all clones developed intraperitoneal tumors and
ascites. One clonal line, ID8 was used for the studies described herein.

The in vivo model is highly reproducible allowing for the assessment of treat-
ment efficacy. ID8 cells are injected intraperitoneally. Macroscopic tumors are
present 45 days after cell injection, and the time treatments are initiated. In the
absence of treatment, the cancer progresses and mice reach end-stage disease at
approximately 90 days. End-stage disease is defined as the accumulation of ascites
fluid and the appearance of a scruffy coat.

Fig. 1 Growth of MOSEC in vitro and in vivo. Early pass cells prior to (a) and after (b) spontane-
ous transformation in vitro. Intraperitoneal injection results in tumor seeds throughout the perito-
neal caivity including the body wall (¢), liver (d), and diaphragm (e)
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5.2 Similarities with Human Ovarian Cancer

The mouse model mimics the progression to late stage ovarian cancer in women.
Similar to late stage disease in women, mice produce and accumulate ascites fluid.
Tumors are present on multiple tissues within the peritoneal cavity including the
diaphragm, intestine, liver, and pancreas. Histologically, the mouse tumors were
composed of highly anaplastic malignant appearing cells with a biphasic growth
pattern: a carcinomatous component with attempts of glandular formation inter-
mixed with a sarcomatous component composed of fascicles of spindle-shaped
anaplastic cells. The cells had large hyperchromatic vesicular nuclei with promi-
nent nucleoli, and occasional tumor giant cells were also noted. At the ultrastruc-
tural level, the epithelial nature of the cells was confirmed by the presence of
multiple poorly formed desmosomes along the cell surface and by the presence
of intracytoplasmic lumina and microvilli. In addition, the cells contained abundant
rough endoplasmic reticulum and polyribosomes.

Expression of several genes by the IDS8 cells know to be disregulated in ovarian
cancer were examined. A few of these are illustrated in Fig. 2 and include the plas-
minogen activators (tPA and uPA), estrogen receptor alpha (ERa), colony stimulat-
ing factor-1 (CSF-1), CSF-1 receptor c-fms, and vascular endothelial cell growth
factor (VEGF). Expression of each of these genes has been shown to be altered in
ovarian cancer and is thought to play a role in cancer progression (40—43).
Therefore, this mouse model of ovarian cancer mimics several aspects of human
ovarian cancer including expression of several genes though to be important in
cancer metastasis and progression.

tPA uPA
27—

c-fms

Fig. 2 Expression of several genes by ID8 cells cultured in vitro or in tumors following ID8 cells
injection into mice. Expression was assessed by ribonuclease protection, Western blot, and immu-
nohistochemistry
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6 Generation of Paclitaxel Nanoparticles, Nanotax®

Clinical problems related with the current formulation of paclitaxel are largely due
to the vehicle, i.e., cremophor EL. We have produced a formulation of nanoparticu-
late paclitaxel consisting of only the paclitaxel and physiological saline. Exclusion
of additional compounds from this formulation is anticipated to reduce all potential
toxicity related to formulation.

CritiTech Inc. (Lawrence, Kansas, USA) has produced paclitaxel particles by a
technique known as precipitation with compressed antisolvent (PCA) (44). Drug
dissolved in a suitable organic solvent is sprayed into a flowing stream of super-
critical carbon dioxide. The solvent, which is chosen to be one that is fully miscible
with supercritical carbon dioxide, is selectively extracted into the CO,. This causes
the drug to precipitate or crystallize out of solution. Figure 3 shows the experimen-
tal setup for particle recrystallization from supercritical fluid (SCF).

Drug solution and supercritical CO, are mixed in the pressure vessel (crystal-
lizer), where precipitation or crystallization occurs within fractions of a second.
The suspension of drug particles and solvent-SCF is swept into the harvesting
device (membrane), where the particles are separated from the solvent-SCF mixture
in one of two membranes. After the first membrane is filled with particles, the flow
is switched to the second while pure CO, is pumped through the first to remove all
residual solvent. After passing through the membrane, the solvent-CO, mixture is
depressurized into a condenser where the CO, separates as a gas from the solvent.
The solvent is recovered for clean up and reuse or for safe disposal. Solvent is not
vented to the atmosphere. The CO, exiting the condenser may be recompressed to
the supercritical state before being fed back into the system. The CritiTech process
(U.S. patent no. 5,874,029, 5,833,891, 6,113,795) disrupts droplets emerging from
the capillary by use of sonic energy resulting in smaller droplets and correspond-
ingly smaller drug particles.
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Fig. 3 Experimental apparatus for drug recrystallization with CO, recycling
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Fig. 4 Unprocessed paclitaxel and Nanotax®. Unprocessed paclitaxel (a) is a rectangular crystal-
line with a broad particle size distribution. Nanotax® (b) is a spherical crystalline with a narrow
particle size distribution

The particle size of Nanotax® was estimated using an Aerosizer (TSI) particle
size analyzer. By number distribution, the mean particle size was 600-700 nm with
95% of all particles measuring smaller than 1 pm. By volume distribution, the mean
particle size was 700—-1,200nm with 95% of all particles measuring smaller than
3um. Electron micrographic measurement of particle size was consistent with the
Aerosizer measurements (Fig. 4).

7 Efficacy of Nanotax® In Vivo

The effects of Nanotax® on survival of mice bearing ovarian cancer were assessed
and compared with effects of Taxol®. In addition, the effects of intravenous and
intraperioneal delivery were compared. Although the current standard for adminis-
tration of paclitaxel to patients is intravenous, recent studies reiterate the potential
for intraperitoneal therapy and continued exploration of this potential has been
encouraged by NCI.

7.1 Effects of Intravenous Delivery

Female C57BL6 mice were injected intraperitoneally with 6 x 10° ID8 mouse ovar-
ian epithelial cancer cells. Forty-five days after tumor cell injection, when macro-
scopic tumor implants are visible in the peritoneal cavity, treatment was initiated.
Mice were injected via the tail vein once every 2 days for a total of three doses with
Nanotax® (12mg kg™); Taxol® (12mg kg™!, Bristol-Myers Squibb), cremophor, or
saline. Mice were observed daily for signs of toxicity and were sacrificed at “end-
stage” disease, when ascites accumulation caused peritoneal swelling and the coat
became rough.

Survival of mice treated with Nanotax® or Taxol® intravenously tended to be
longer when compared with control treated mice (Fig. 5). Although the effects were
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Fig. 5 Effects of intravenous administration of Nanotax® or Taxol® on survival of mice bearing
ovarian cancer. Mice were injected intraperitoneally with ID8 cells on day 0 and administered a
single intravenous injection of Nanotax® (12mg kg™), Taxol® (12mg kg™!), cremophor, or saline
on day 45, 47, and 49. Mice were sacrificed when the cancer progressed to end-stage. Reproduced
with permission from (44)

not significant (Kaplan-Meier and Rank Tests), this experiment was carried out
three times with a trend toward increased survival in each experiment. It is possible
that changing the dose and/or treatment schedule would increase the efficacy of
treatment.

7.2 Effects of Intraperitoneal Delivery

Female C57BL6 mice were injected intraperitoneally with 6 x 10° ID8 mouse
ovarian epithelial cancer cells. Forty-five days after tumor cell injection, when
macroscopic tumor implants are visible in the peritoneal cavity, treatment was initi-
ated. Mice were administered Nanotax® (18, 36, 48 mg kg™!); Taxol® (12, 18, 36 mg
kg!, Bristol-Myers Squibb); cremophor (at the final percent/volume equal to the
36mg kg! dose of Taxol®); or saline (at the volume equal to the 48 mg kg dose of
Nanotax®) intraperitoneally once every 2 days for three doses. Mice were observed
daily for signs of toxicity and were sacrificed at “end-stage” disease, when ascites
accumulation caused peritoneal swelling and the coat became rough.

Mice administered with Nanotax® survived significantly longer than control and
Taxol®-treated mice (Fig. 6); duration of survival was directly related to dose of
Nanotax® being administered. In addition, Nanotax® demonstrated reduced toxicity
compared with Taxol®. The 36mg kg™' dose of Taxol® was the ED, (this dose is
excluded from Fig. 6). Using the same dosing schedule, mice treated with the 48 mg
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Fig. 6 Effects of intraperitoneal administration of Nanotax® or Taxol® on survival of mice bearing
ovarian cancer. Mice were injected intraperitoneally with ID8 cells on day 0 and administered a
single intraperitoneal injection of Nanotax®, Taxol®, cremophor, or saline at the indicated dose on
day 45, 47, and 49. Mice were killed when the cancer progressed to end-stage. Analysis by
Kaplan-Meier and subsequent Rank Tests indicated significant effects of both Nanotax® and
taxol®. Reproduced with permission from (44)

kg™ dose of Nanotax® exhibited no signs of toxicity. In addition, mice administered
with Taxol® exhibited transient ataxia, while ataxia was not observed with Nanotax®
at any dose tested. Together these results indicate Nanotax® is more effective than
Taxol® in inhibiting the progression of ovarian cancer and increasing the duration of
survival. In addition, Nanotax® exhibited reduced toxicity compared with Taxol®.

7.3 Cancer Progression Following Intraperitoneal Nanotax®

Tumor bearing mice were prepared as already described and treated with Nanotax®
(36 mg kg™") or saline intraperitoneally once every 2 days for three doses, beginning
on day 45. A group of mice were killed at the time of treatment to assess tumor
progression and all mice were sacrificed when the control-treated mice reached
end-stage disease. Tumor progression in each group was compared.

Figures 7 and 8 illustrate the state of tumor progression in control and Nanotax®-
treated mice. Nanotax® treatment resulted in significantly reduced tumor burden as
evidenced by comparison of panals a and e in Fig. 8. Tumor burden in Nanotax®-
treated mice at the time of sacrifice was less compared with the tumor burden at the
time of treatment indicating that the treatment resulted in tumor cell killing. In
addition, the accumulation of ascites fluids was significantly reduced in Nanotax®-
treated mice (Fig. 7). This series of experiments indicate Nanotax® has a significant
effect in reducing the progression of ovarian cancer in this model system.



Fig. 7 The state of tumor progression in control and Nanotax®-treated mice at the time controls
were killed due to progression to end-stage. Control mice (a and ¢) Nanotax®-treated mice (b and
d). At end-stage control mice exhibited accumulation of blood ascites fluids in the peritoneal cav-
ity. The presence of tumors on the inside of the peritoneal wall could be seen from the exterior as
white spots (a). Upon reflection of the peritoneal wall multiple tumor implants could be visualized
(¢). At the same time, mice treated with Nanotax® had no accumulation of ascites fluid (b). Overall
tumor load was significantly reduced. Upon reflection of the peritoneal wall only small tumor
seeds could be visualized (d)

Fig. 8 Tumor load on the peritoneal wall of mice after ID8 cell injection. Representative tumor
present: 45 days after cell injection at the time of treatment (a and b), in control, treated mice at
the time of sacrifice due to progression to end-stage disease (¢ and d), and Nanotax®-treated mice
sacrificed at the time the control mice were sacrificed due to progression to end-stage. The box in
panels a, ¢, and e indicate the region shown at higher magnification in panels b, d, and f
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It is of interest to note that following ID8 cell injection tumors progress to large
masses throughout the peritoneal cavity as illustrated in Fig. 8c. However, between
these large tumors, on the mesothelial surface, a lawn on cancer cells several layers
deep exists, as illustrated in Fig. 8d. This model appears to illustrate one of the dif-
ficulties faced in treating women with ovarian cancer. Even with extensive cytore-
ductive surgery, it is quite likely that cancer cells layering on the mesothelium will
remain and ultimately repopulate the peritoneum. The use of intraperitoneal thera-
pies will likely enhance the ability to kill these remaining cancer cells and ulti-
mately improve therapeutic outcomes.

8 Conclusion

Nanotax®, a nanoparticulate formulation of paclitaxel free of toxic diluents, exhib-
its improved efficacy compared with the formulation currently available. Higher
doses were administered without the side effects observed with the cremophor-
based formulation. In addition, Nanotax® exhibited greater effects in reducing
tumor burden. The present studies further demonstrated improved outcomes with
intraperitoneal administration of drug compared with intravenous delivery. These
studies demonstrate the utility of the syngeneic mouse model for testing novel treat-
ments for ovarian cancer.
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Individualized Molecular Medicine: Linking
Functional Proteomics to Select Therapeutics
Targeting the PI3K Pathway for Specific
Patients
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Kevin R. Coombes, and Gordon B. Mills

1 Introduction

In 1970s, President Nixon declared a war on cancer and signed the National Cancer
Act with an expectation of finding a cure. For at least a subset of cancers such as
childhood leukemias, we have made remarkable progress to the point where sur-
vival is an expectation rather than a rarity. Although we do not have one panacea
for all human cancers, 30 years later, we understand that each type of cancer and
potentially each person’s cancer is different, and it will take the development of
rationale combination therapies to cure all cancers. To reach Nixon’s idealistic goal,
medical oncology care will need to become individualized. Specifically targeted
drugs continue to receive FDA approval and guide treatment selection on the basis
of the underlying dysfunctional genetic, transcriptional, or protein regulation driv-
ing their tumor progression.

For individual treatment selection to become a reality, it is critical to have meth-
ods in place to determine where, exactly, the genetic defect in each tumor is and to
monitor the response to treatment of the patient’s tumor and of the protein product
of the genetic defect. Thus, oncology will rely heavily on laboratory analysis of the
molecular abnormalities from an individual’s biopsy. Repeated biopsies will guide
every treatment decision along the way to recovery. Following validation of targets
and targeting through biopsies, it may become feasible to move to less invasive
approaches such as molecular imaging. Indeed, a major goal is to develop
approaches that link the concurrent development and validation of targeted thera-
peutics, molecular markers, and molecular imaging.

Although the idea of an individually tailored drug regimen has been around for
some time and other diseases, such as HIV, are treated in this manner, cancer is such
a complex disease that the latest technological developments have only now made
it possible to begin unraveling this complexity. This complexity also makes the
development of effective personalized therapies both challenging and expensive.
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However, personalized therapies are already being used in particular cancers with
targeted therapeutics such as gefitinib and imatinib mesylate for tumors that have
mutations in the drug targets.

Breast cancer serves as the “poster child” for the implementation and validation
of individualized treatment on the basis of biological and genetic abnormalities or
molecular markers. After the diagnosis of breast cancer, the expression of estrogen,
progesterone, and ErbB2 receptors is measured in all patients to determine the most
appropriate course of treatment, either based on hormonal therapy or trastuzumab,
combined with other approaches on the basis of the molecular diagnostics results.
Here, molecular diagnostics allows the presence of the target to drive the selection
of patients who are likely to benefit from a specific treatment. This example dem-
onstrates how molecular medicine can be extended to all cancer types. However,
despite the utility of these approaches in breast cancer, only about 40% of patients
with the underlying aberration respond to the targeted therapeutic. The presence of
the target is not sufficient to faithfully predict response. Thus, it is necessary to
develop additional predictive markers to identify likely responders as well as more
effective combination therapies. In contrast, the negative predictive value of molec-
ular diagnostics for hormone receptors and ErbB?2 is striking with no or extremely
few patients without the marker responding.

Although the availability of targeted treatment options like trastuzumab to selec-
tively inhibit ErbB2 receptors is advantageous, the majority of breast cancer
patients do not have an amplification of the ErbB2 receptor. Novel inhibitors that
target more common protein aberrations without toxic side effects are desperately
needed. However, it is essential to note that even within the small population of
ErbB2-overexpressing breast cancers, individualized molecular medicine yields a
very high patient benefit.

Breast cancer with its frequent early diagnosis presents an additional opportu-
nity for molecular diagnostics and personalized therapy. For patients with small
localized disease, the chance of recurrence after local therapy such as surgery and/
or radiation is low. Indeed, there is a consensus that patients with low risk disease
do not require additional chemotherapy to their management, particularly because
of the short and long-term toxicity of treatment. However, the patient and physician
are faced with the conundrum of not knowing in which patient the disease is likely
to recur. This results in an overtreatment of patients who could have been cured by
surgery alone. Recently molecular marker sets with the potential to identify patients
who do not require additional chemotherapy or patients who potentially will not
respond to chemotherapy have been identified and undergone initial validation. The
Oncotype Dx and Agendia approaches are undergoing large scale evaluation to
establish their utility in patient management. These studies point the way but mark-
ers with high sensitivity and specificity of predicting outcomes and response to
therapy are sorely needed.

For effective implementation of new cancer therapies, the development of phar-
maceuticals requires two important informational components: who would benefit
the most from treatment and what biomarker can be used to measure the response.
A biomarker determines whether the appropriate dose is given or can identify early
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responders allowing triage of nonresponders to alternative therapies. The use of
biomarkers can be critically important in clinical trials by increasing the likelihood
of success as well as in decreasing the size cost and duration of clinical trials. In
the case of tratuzumab, the appropriate selection of patients for “registration” trials
proved crucial. Without screening for ErbB2-positive patients only, the low number
of responders (about 9% of unselected patients) would not have been detected
based on the sample size likely eliminating tratuzumab from FDA approval. In
contrast, using a biomarker to select patients, about 30% responded providing an
adequate signal to result in approval. Using this model for success, laboratories in
industry, clinical, and academic settings are striving to answer both the who and
what questions simultaneously using new high through put technologies like
genomics, transcriptional profiling, functional proteomics as well as more conven-
tional candidate gene approaches.

1.1 Functional Proteomics

Cancer is a disease of genetic change either at the level of DNA sequence, copy
number, or epigenetic change. However, cellular phenotypes and outcomes to stim-
ulii are regulated by protein levels and protein function. A number of robust tech-
nologies have been developed to assess the genomic and transcriptional changes in
cells, but these do not necessarily accurately reflect protein function. For example,
DNA copy number changes resulting in concordant protein level changes in lesser
than 30% of cases. In addition, proteins are extensively posttranslationally regu-
lated. To understand how genomic and transcriptional changes affect cell function,
we must assess both protein levels and modifications. Thus, there is a need to
develop high-throughput functional proteomics approaches that can be readily
applied to patient material to select patients likely to respond, to determine whether
a biologically relevant dose is being delivered, and to identify individuals respond-
ing at an early stage. Mass spectroscopy and related technologies, including nan-
otechnologies, hold an incredible promise to be able to comprehensively profile the
patient material. However, this field is still in its infancy, requiring further develop-
ment prior to implementation into patient care. Indeed, the NCI recently funded the
Clinical Proteomics Technology Assessment Consortium to determine the require-
ments for the implementation of proteomics technology into patient management.

On the basis of genomic and transcriptional profiling studies, it appears quite
likely that a limited number of molecular markers, potentially 10—100 will contain
sufficient informational content to be able to predict clinical outcomes. This sug-
gests that the development of robust, quantitative, moderate throughput proteomics
technologies able to deal with a limited spectrum of candidate proteins will likely
contribute to patient management. To this end, a number of groups have focused on
the development of antibody-based protein arrays as both an interim technology
and potentially as an implementable technology for the integration of molecular
markers into patient care.
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This review will focus on the emerging reverse phase protein lysate array
(RPPA) approach, which allows the rapid identification of aberrant signaling path-
ways from patient samples by measuring both the total amounts of proteins and the
extent of modification through processes such as phosphorylation. RPPA is the first
method that is truly capable of defining functional proteomics of tumors, using a
systems biology approach.

2 RPPA

In essence, RPPA is a quantitative, moderately high-throughput, multiplexed ELISA
that can assist in the development of molecular signature databases. Two important
informatics tools that could be derived from RPPA analysis are intermediary biomar-
ker assessment and protein circuitry maps of the cell. Obtaining as much information
about a patient’s disease status prior to treatment using, for example, a database cate-
gorizing thousands of molecular signatures will be an enormous step toward individu-
alized molecular medicine. RPPA can help reach this goal.

To perform RPPA, lysate from cell lines or patient samples from microdissection
or tumor biopsy are spotted onto a glass slide coated with nitrocellulose. Each
sample is represented on the slide in a serial microdilution curve; for best results,
dilution series are replicated on spatially distant portions of the array. Multiple
controls are built into each assay to ensure quality and detection of the linear range
of the increasing protein slopes created from the protein dilutions. In addition to the
samples, each slide contains positive controls, quantitative peptide, and phos-
phopeptide controls. Early studies used a robotics arrayer to spot samples onto
slides, allowing approximately 192 spots which includes six serial dilutions and
controls to be analyzed simultaneously. Using a new arrayer, we have been able to
assess up to 1,000 spots in dilution series per slide.

Each slide is then probed for a protein of interest using an antibody against either
total or phosphorylated protein. Next, a secondary antibody is used to amplify the
signal intensity, followed by further levels of enzymatic amplification leading to the
deposition of tyramide on in each spot. The resulting spots are quantified using
imaging analysis programs that were initially developed for mRNA expression
microarrays, followed by a custom software program designed to detect changes in
protein activation levels. Using a newly developed “SuperCurve” method, a com-
mon logistic curve is generated by pooling data from all of the samples on the slide.
Then, for each sample, the individual dilution series numbers are mapped onto the
SuperCurve. In this way, RPPA yields relative quantification of samples. If a con-
trol peptide or cell lysate with known amounts of the target is present on the slide,
then the absolute levels can be calculated.

RPPA has a number of benefits over immunohistochemistry, ELISA, or geno-
typing. Perhaps the four most important features are the quantification, cost,
sensitivity, and amount of sample material required. However, importantly, these
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characteristics allow the simultaneous quantitative assessment of multiple differ-
ent proteins in a single sample providing important information on the status of
a protein giving a more comprehensive picture of the activation status of the
tumor. The quantitative nature of the approach converts the normal dichotomous
or binned protein levels (1+, 2+, 3+) from other assays into a continuous varia-
ble. Although RPPA is highly quantitative, it is complementary with immunohis-
tochemistry, as it does not provide spatial organization. The two techniques
together have the potential to provide more information. To make the technique
widely available for laboratory use, patient benefit, and health insurers, it is ada-
mant that the cost be reasonable. RPPA meets this requirement because the cost
averages out to less than $1 per antibody per sample in terms of reagents costs.
Labor probably increases the costs by about twofold. Furthermore, a single anti-
body is applicable to serum or plasma at 100 pg ml~'. Another major advantage
of RPPA is that it is sufficiently sensitive to detect around 5 fg of target protein;
thus, the amount of total cellular protein required for a sample is as low as 5ng.
The miniscule amounts of protein needed for RPPA are also applicable for needle
biopsies, and this is a major advantage over traditional techniques requiring
abundant sample (1).

There are additional reasons to use RPPA for individualized molecular medi-
cine. Recent advances in gene chip array technology are limited to DNA and RNA,
and there is no equivalent yet for protein analysis with an emphasis on signaling
molecules. RPPA is able to fill in this gap in technical ability to quantify protein
levels. It appears that the correlation of DNA copy number to RNA is at best 60%,
and the correlation of RNA to protein level is 50% or less. Thus RPPA provides a
more accurate estimate of protein levels and function. It may also integrate the
functional effects of multiple genomic aberrations into a comprehensive and inter-
pretable phenotype.

Even though RPPA is currently an optimal technique to use for protein and
phosphorylation status detection, some limitations with this method need to be
considered. To successfully perform RPPA, you need robotics equipment and
high-quality, validated antibodies that do not produce background or nonspecific
binding. Although manageable, issues can arise with the sample loading from the
robotics and correcting for protein loading and tumor stroma ratios, particularly
from microdissected samples, can introduce a large amount of variability. We use
an average of all antibodies analyzed to correct for loading amounts. This
approach works well within certain definable limits. The introduction of a high
degree of loading correction can result in over or undercorrection. Another limi-
tation of RPPA, in contrast to tissue microarrays, is that the one-dimensional
arrayed samples lose spatial organization from the primary tumor (1). Finally, the
stability of proteins and phosphoproteins can be problematic, and the half-lives
of individual proteins should be considered. The handling of samples prior to
being prepared for arrays can be critical for accurate analysis. We are per-
forming systematic analysis to attempt to develop approaches to manage these
challenges.
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2.1 Utility of RPPA

After using SuperCurve to quantify a set of RPPA slides from different antibodies,
the result is a “protein-by-sample” data matrix of concentration estimates, similar
to the data structures generated from mRNA expression array experiments. These
data can be used to create a heatmap of cellular protein expression and can be used
to generate an image of network signaling. Multiple samples from cancer patients
can be compared by this analysis through the generation of hierarchical clustering
or by other bioinformatics approaches. In theory, hierarchical clustering can facili-
tate the classification of each sample into specific cancer subtypes, complementing
the current tissue and histologic characterization of samples. Ideally, the prediction
of patient outcome can also be interpreted, and this is important to guide the selec-
tion of appropriate treatments. Signatures that demonstrate metastatic potential,
therapeutic response, or prognosis are ultimately of great benefit for treatment. The
approach can also be used with serial biopsies to determine whether therapeutics
and in particular targeted therapeutics are being given at an optimal dose resulting
in the required level of target knockdown.

From the data generated by RPPA, it is possible to create a network map of
cellular protein phosphorylation status. Ideally, having information about the
tumor’s abnormal protein circuitry before treatment could provide well-chosen
drug combinations for each patient. This medical protocol would undoubtedly
achieve a better long-term outcome than an one-panacea-for-all rationale.
Theoretically, targeted therapeutics affecting multiple points within the dysfunc-
tional cellular signaling network will be the most effective means to treat a complex
disease like cancer. Drug resistance, the key challenge in cancer therapeutics, may
be alleviated by utilizing appropriate therapeutic combinations, based on how the
entire system is communicating and responding to treatment.

Currently, few cancer biomarkers are in use, especially when compared against
the overwhelming numbers of different cancer types that must be distinguished,
categorized, treated, and monitored for recurrence. Although RPPA is not designed
to discover new biomarkers, it can monitor intermediary biomarkers to help deter-
mine biologically relevant drug doses. In addition, RPPA could potentially provide
information about the therapeutic index, which is the ratio of drug efficacy to drug
toxicity, by identifying combinations of signaling events that might contribute to
cell death. The approach is ideal for identifying on and off-target activity. Structure
function studies could be evaluated by an additional criterion of on and off-target
activity, greatly facilitating drug development. Furthermore, drug development
strategies would benefit from the creation of a cellular signaling map of the network
circuitry, as signaling nodes could be identified. This information could rank pro-
teins and nodes in terms of high or low usefulness as inhibition targets within an
aberrant signaling pathway. Thus, there is a tremendous opportunity for RPPA
technology and the fulfillment of its capabilities. Because of the overwhelming
amount of information generated from RPPA and other biomarker-identification
technologies, there is an urgent need to integrate proteomics into clinical trials. This
integration could rapidly identify patients that are most likely to respond to specific



Individualized Molecular Medicine 189

drugs. It could also give information about the biologically relevant and biologi-
cally effective doses of a drug within that tumor subtype, highlight early responders,
and identify protein phosphorylation changes that evolve as a result of therapy or
drug resistance. Factors involved for treatment in this manner are regulatory
approval (CAP/CLIA/FDA) and the collection of small amounts of tissue (i.e.,
breast cancer biopsy) that retains spatial organization and tissue heterogeneity.

2.2 The PI3K Pathway as Proof of Concept

One of the most commonly mutated pathways involved in the etiology of cancer is
the phosphatidylinositol 3-kinase (PI3K) pathway. Although there are hundreds of
different types of cancer, each protein in this signaling cascade has documented
dysfunctional regulation among the various types. Recent success has been
achieved using FDA-approved monoclonal antibodies to inhibit cell-surface recep-
tors that initiate the PI3K cascade. Ligand or mutationally activated tyrosine kinase
receptors autophosphorylate intracellular tyrosine residues to mediate PI3K
signaling. One of the several mechanisms then activates PI3K via its regulatory
subunit, p85, or its catalytic subunit, pl110, and depending on the context, may
involve GRB2, SOS, and Ras complexed together at the phosphorylated receptor
(2). At this point activated PI3K phosphorylates phosphatidylinositol (4,5) bisphos-
phate (PIP)) converting it to phosphatidylinositol (3,4,5) triphosphate (PIP,) and
actually initiates further intracellular signaling cascades. PIP, recruits and activates
phosphatidylinositol-dependent kinase 1 (PDK1), which then phosphorylates
Akt, setting off multiple downstream protein signaling cascades. The downstream
transcription factors that are activated as a result of Akt affect apoptosis, cell-cycle
arrest, insulin signaling and metabolism. Any and all of the aforementioned proteins
is a potential therapeutic target.

In previous years, the research for a therapeutic target focused on understanding
the underlying changes leading to disease. Research concentrated on genetic muta-
tions on genetic mutations or gene alterations that occurred within an individual,
whether the change was through inheritance alone, environmental pressure, or ran-
dom. Although this may still be a worthy goal to pursue, ultimately for the ability
of genes to affect the disease process, protein status is altered. Therefore, it is rea-
sonable to favor a focus on the identification of protein alterations to better under-
stand the outcome of genetic changes and how proteins influence disease. For this
reason, RPPA is a powerful technique that will enhance understanding of protein
deviations in cancer.

3 PI3K Pathways and Inhibitors

The PI3K and p53 pathways are the most frequent aberrant pathways in cancers.
The p53 pathway has thus far been recalcitrant to drug intervention, and it has been
proven to be difficult to restore function, using gene delivery methods; therefore,
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development has shifted toward a more suitable target — the PI3K pathway. In addi-
tion to PI3K, this pathway includes three isoforms of Akt, PTEN, TSC1/2, mTOR,
p70S6k, and other multiple kinases and phosphatases, making it a target-rich
microenvironment for drug development. In addition, mutations within the gene
that codes for PI3K subunit p110 often correlate with an upregulation in ErbB2 (3),
another major cancer target.

The PI3K pathway is responsible for regulating cell proliferation, cell-cycle
progression, survival, motility, metabolism, insulin signaling, and morphology. The
downstream forkhead box (FOXO) transcription factors controlling many of these
functions are activated by PI3K signaling. During oncogenic transformation domi-
nated by aberrant PI3K-Akt signaling, FOXO undergoes marked proteasomal deg-
radation, eliminating this regulatory protein from the cell leading to tumor
development (4).

Bernie Weinstein proposed the theory of oncogenic addiction, which refers to
the tumor cell’s need for the continued presence of a specific oncogenic action to
survive (5, 6). We have assessed whether this process applies to the PI3K path-
way. The ovarian cancer cell line DOV13 has no obvious aberration in the PI3K
pathway, and has a low level of sensitivity to chemical genomic or genomic manipu-
lation of the PI3K pathway. In contrast, following stable introduction of mutationally
acativated PI3K or AKT, DOV 13 cells become remarkably more sensitive to manip-
ulation of the PI3K pathway. This provides a strong example of adaptive oncogene
addiction. However, this increased sensitivity to maniupulation of the PI3K pathway
comes at the expense of the cells acquiring resistance to chemotherapeutic agents
such as taxanes. This can be reversed by inhibition of the PI3K pathway.

Collectively, altered levels or functions of the proteins in the PI3K pathway
materialize in nearly every type of cancer. Gain of function by missense mutation
or amplification in the PI3K p110 subunit appears in certain types of breast, ovar-
ian, hepatic, gastric, head and neck, colon, lung, cervical, and brain cancers.
Likewise, mutational activation of the p85 regulatory subunit is present in colon
and ovarian cancer, Hodgkin’s lymphoma, and lymphatic disorders (7). Functional
loss of PTEN can be associated with thyroid, endometrial, melanoma (8), breast,
prostate, kidney, and brain cancer (9). Overexpression of Akt may occur in gastric,
ovarian, pancreatic, lung cancer, and leukemia (7). Phase II clinical trials for drugs
targeting mTOR, a downstream component of the pathway, are underway for renal,
metastatic breast, endometrial, and lung cancer along with mantel cell lymphoma
and melanoma (10). The prevalence of abnormalities among PI3K pathway mem-
bers in cancer is the reason this pathway will continue to be a major target for can-
cer treatment and prevention.

A number of new drugs are currently under development to address this need for
PI3K pathway-targeting pharmaceuticals. The current repertoire of FDA approved
drugs that directly or indirectly target the pathway include imatinib/Gleevec/
STI571, which inhibits BCR/ABL; rapamycin inhibits mTOR; and gefitinib,
cetuximab, erlotinib and trastuzumab/Herceptin, all of which target receptor tyro-
sine kinases. Other potential drug candidates targeting PI3K pathway members are
at various stages of development. Notable compounds are the nonpeptide Src
inhibitor.
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AP22408 (11), farnesyltransferase inhibitors that target Ras (12), IC87114,
which selectively inhibits PI3K delta (13), AMN107, which is significantly active
against some STI571-resistant BCR-ABL cancers (14), CCI-779, RADO001, and
AP23573, which each inhibit mTOR (15), QLT-0267, which inhibits ILK (16, 17),
KP372-1, a novel multiple Akt/PDK1/FLT3 kinase inhibitor that leads to apoptosis
of acute myelogenous leukemia cells (18), and BM-354825 a dual Src and BCR/
ABL inhibitor (19).

It was recently shown that PDK1 might be a superior target for inhibition
amongst the PI3K pathway proteins (20). Breast cancer cells that overexpress either
Aktl or PDKI1 are resistant to treatment with taxol and doxorubicin, while the
PDKI1 overexpressing cells were more resistant to gemcitabine than Aktl overex-
pressors. Furthermore, loss of functional PDK1 appeared to sensitize breast cancer
cells to gemcitabine-induced apoptosis, suggesting an enhanced therapeutic benefit
through reduction of PDK1-mediated Aktl activation (20).

Previous studies by Hu et al. demonstrated that simultaneous targeting of multi-
ple parameters in the PI3K pathway was more effective than inhibiting PI3K alone.
Gain-of-function mutations of PI3K induce the resistance of ovarian cancer cells to
taxol while simultaneously enhancing the sensitivity to the PI3K inhibitor,
LY294002. In vivo treatment with both taxol and LY294002 reduced tumor burden
to 80% compared with the control group and significantly beyond either drug alone.
The combination of these two drugs together resulted in the only group in this study
that did not develop ascites from the ovarian cancer cells (21). A number of differ-
ent PI3K inhibitors are in development and are expected to enter trials in the near
future. One of the critical unresolved questions is whether pan-inhibitors or PI3K
isoform specific inhibitors will have adequate therapeutic indices for clinical utility.
Further it will be critical to develop methods to identify patients likely to respond
to targeted therapeutics against the pathway.

Targeting Akt has proven problematic. Pan Akt catalytic domain inhibitors may
have a narrow therapeutic index. The Akt isoforms appear to mediate differential
functions with Akt2 promoting motility, invasion, and metastasis with Aktl not
mediating these effects and potentially limiting tumor aggressiveness. However,
whether effective isoform inhibitors can be developed remains unclear.

Novel alkyl-lysophospholipid drugs that resemble natural phospholipids like
Edelfosine, Miltefosine, Perifosine are inhibitors of the PI3K pathway, and have
previously been examined for their anticancer properties (22). Although it may still
be too early to conclude their usefulness in cancer treatment, their potential should
be noted under the combinatorial cancer therapeutic arsenal.

Edelfosine is a proapoptotic mediator in cancer cells and a synthetic analogue
for one of the most abundant lipids in human blood circulation, lysophosphatidyl-
choline. The molecular effects of edelfosine include lipid raft reorganization, which
causes the Fas death receptors to translocate to the cell surface membrane, aggre-
gate, and cap into the rafts (23). Miltefosine has antiprotozoal activity and was
approved in India in 2002 as an oral drug for use against cutaneous leishmaniasis
to reduce parasite burden (24, 25). In spite of its effect on insulin (26), miltefosine
showed efficacy when applied to metastatic lesions topically, and has been approved
in Europe for the treatment of cutaneous breast cancer (27).
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Perifosine inhibits PI3K pathway activity by preventing Akt plasma membrane
localization and has already entered phase II clinical trials in combination with
trastuzumab (28). It causes cell-cycle arrest through the induction of p21, regard-
less of p53 status, which makes it therapeutically viable in tumors that lack func-
tional p53 (29). Perifosine is orally bioavailable, but is not without side effects like
nausea, vomiting, and diarrhea in patients. It is uncertain whether the in vivo effects
of perifosine are due to the PI3K pathway. If perifosine becomes available for treat-
ment in cancer, it will become important to have pharmacodynamic markers
available to monitor response to perifosine therapy.

When studying cancer and determining the best approach to rationally design
drugs, it is important to also consider the tumor microenvironment. Tumors reside
within a very complex space and their interactions within this space are potential
targets for therapy because extracellular growth factors enhance metastasis, inva-
sion, growth, and cell survival. For example, LY294002 blocks the signal
transduction pathway of VEGF, which inhibits ascites formation associated with
ovarian cancer, and LY294002 also inhibits VEGF-mediated angiogenesis (30).
Thus,not only it is the cellular proteins within the cell that are tumorigenic but also
it is beneficial to consider extracellular influences driving tumor progression.

One of the historical challenges associated with inhibiting the PI3K pathway is
the diversity of possible side effects. For example, insulin metabolism in the liver
is regulated by the PI3K p85 subunit and PTEN (31). Consequently, resistance to
insulin, harmful increase in blood sugar level, and severe diabetes have been
demonstrated in mice lacking Akt2 (32, 33). In addition, the PI3K pathway also
regulates brain function, and a reduction of Aktl protein levels was identified in the
brains of those with schizophrenia (34). It is clear from these and other examples
that cellular proteins perform normal regulatory functions, irrespective of aberrant
functions in cancer. Inhibiting the normal function can sometimes contribute to
unpleasant or life-threatening side-effects, but these must be weighed within the
context of a life-threatening disease.

Because increased PI3K pathway signaling is oftentimes seen during tumor pro-
gression, there must exist a normal level of PI3K in an individual’s cell that is main-
tained for normal homeostasis, which does not contribute to diabetes or cancer. This
homeostasis could result in unexpected effects of targeted therapeutics. For exam-
ple, both mTOR and AKT catalytic domain inhibitors result in marked increases in
AKT phosphorylation likely because of the activation of potent feedback loops. This
in turn could lead to unexpected consequences of inhibitors of the pathway. The
RPPA technology described earlier could provide the network and pathway infor-
mation needed to identify the components of these homeostatic regulatory loops.

4 Conclusion

In this chapter, we have emphasized the importance of individualized medicine for
molecular oncology. RPPA is a powerful tool for detecting protein abnormalities
within biopsy samples and creating protein circuitry maps. This technology can
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also create and categorize large database samples of cancer patients, which when
combined with information on treatments and outcomes will guide future treatment
decisions for similar patients. Response to current therapeutic regimens can
additionally be monitored using RPPA. Our overall prediction is that this type of
individualized treatment will improve patient outcomes and carries an extremely
high benefit to small populations of uncommon cancers. Although we have not yet
achieved President Nixon’s goal of a cure to cancer, we are certainly on track for
discovering novel pharmaceuticals, biomarkers, and detection methods that will
bring us closer to accomplishing this objective.
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Defective Apoptosis Underlies Chemoresistance
in Ovarian Cancer

Karen M. Hajra, Lijun Tan, and J. Rebecca Liu

1 Introduction

1.1 Ovarian Cancer and the Development of Chemoresistance

Ovarian cancer is the second most common and the most lethal of malignancies
arising in the female reproductive system. In 2006, over 20,000 new cases of ovar-
ian cancer will be diagnosed, with the majority of these being advanced disease
(stage III or stage IV). Survival varies by age, with overall 1-year and 5-year sur-
vival rates for new ovarian cancer patients of 76% and 45%, respectively (1).
Survival rates drop dramatically with increasing stage at the time of diagnosis. The
overall poor prognosis of ovarian cancer is largely attributable to both the late stage
of diagnosis and the development of chemoresistance that limits treatment for
recurrent disease. Although initial responses to chemotherapy are quite good, the
majority of patients develop recurrent disease, and over time their tumors become
resistant to current treatment modalities (23). Thus, identification and modulation
of the mechanisms that underlie chemoresistance is central to improving patient
outcomes for ovarian cancer.

The standard adjuvant therapy for ovarian cancer at this time is combination
chemotherapy with a platinum-based drug and paclitaxel. The underlying principle
of cancer therapy is the selective killing of malignant cells while limiting toxicity
to normal cells. Multiple studies have demonstrated that platinum-containing
agents, such as cisplatin and carboplatin, kill cancer cells by triggering a pathway
of programmed cell death known as the intrinsic pathway of apoptosis (17, 28).
Research has identified alterations in the molecules that carry out this cell death
cascade in cells that are chemoresistant (17, 28). The specific cellular defects iden-
tified in ovarian cancer cells and potential therapeutic approaches to overcome
these defects and restore chemosensitivity will be discussed, with specific emphasis
on apoptosome defects in ovarian cancers.
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1.2 The Apoptotic Cascade

Two major pathways leading to apoptosis have been delineated: the extrinsic or
receptor-mediated pathway and the intrinsic or mitochondrial pathway (6). Both
pathways involve the activation of a cascade of enzymes called caspases, a family
of cysteine proteases that cleave after aspartic acid residues. The extrinsic and
intrinsic pathways each have an independent group of “initiator”” caspases, and the
pathways converge on the same group of “effector” caspases to execute the cell
death program.

The extrinsic or receptor-mediated pathway is characterized by the activation of cell
surface death receptors following binding of their specific ligand. These death recep-
tors belong to the tumor necrosis factor/nerve growth factor receptor superfamily, and
include members such as Fas, TNFR1, TRAMP, and TRAIL receptors (2). Ligand
binding to the extracellular domain of the death receptor results in receptor trimeriza-
tion, with the subsequent recruitment of the adaptor molecule FADD to the death
domain on the cytoplasmic face of the receptor. This adaptor molecule recruits initiator
procaspase-8 and/or procaspase-10, which then undergo autocatalysis to their active
forms. These activated initiator caspases carry out the downstream proteolytic process-
ing of the effector caspases-3, -6, and -7, which execute the cell death program.

The intrinsic or mitochondrial pathway can be executed independent of death
receptor signaling, and also results in the activation of effector caspases. Mitochondrial
damage results in the leakage of cytochrome ¢ into the cytoplasm. Subsequently,
cytochrome ¢ complexes with the cytoplasmic protein Apaf-1, which then oligomer-
izes and binds to procaspase-9, resulting in the formation of a multimeric complex
called the apoptosome. This brings procaspase-9 molecules into proximity with each
other, allowing enzymatic self-activation. Caspase-9 is then is able to cleave and
activate the downstream effector caspases-3, -6, and -7 (31, 34, 55).

Once activated, the effector caspases degrade vital cellular proteins, leading to
cell death. Specific substrates of these caspases include structural proteins such as
actin and nuclear lamin, regulatory proteins such as DNA-dependent protein kinase,
and inhibitors of deoxyribonuclease (42). The cellular proteolysis carried out by
effector caspases results in the biochemical and morphological cellular changes
characteristic of apoptosis, including nuclear membrane breakdown, DNA frag-
mentation, chromatin condensation, and the formation of apoptotic bodies (49).

2 Apoptosis Defects in the Intrinsic Pathway

2.1 Ovarian Cancers Demonstrate Defects
Throughout the Intrinsic Pathway

Since the intrinsic, mitochondrial pathway of apoptosis was first described, a number
of factors that regulate apoptosome formation and execution of downstream signals
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have been identified. The regulation of this cascade can be divided into three major
steps: inhibition of cytochrome c release, inhibition of apoptosome formation, and
modulation of caspase activation (21). Deregulation of these processes has been
reported in many tumor types (21), including ovarian cancer (Fig. 1).

Mitochondria
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Cytochrome ¢ Release
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Functional apoptosome
with active caspase-9

Fig. 1 Apoptosome formation and its deregulation in ovarian cancer. In response to apoptotic
stimuli, cytochrome c is released from the mitochondria, allowing Apaf-1 to oligomerize into a
heptameric apoptosome. Caspase-9 is then recruited and activated in the apoptosome. This results
in a functional apoptosome that cleaves and activates downstream effector caspases to carry out
the cell death program. Multiple regulatory steps of this process have been shown to be altered in
ovarian cancer, and are shown in bold in this figure. Bcl-x(L) overexpression, XIAP overexpres-
sion, and HtrAl downregulation have all been demonstrated in ovarian cancers, and inhibit the
formation of an active apoptosome. AKT is also overexpressed in many ovarian cancers, where it
phosphorylates and inhibits multiple proteins, including Bad, XIAP, and procaspase-9, resulting
in inhibition of this pathway
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Mitochondrial cytochrome c release in the initiation of the intrinsic pathway of
apoptosis is regulated by the Bcl-2 family of proteins. Bcl-2-related proteins are
divided into two groups: the anti-apoptotic Bcl-2 family and the pro-apoptotic Bax
and BH3-only proteins (12). In ovarian cancer, the anti-apoptotic Bcl-2 family
member Bcl-x(L) is overexpressed, confers resistance to chemotherapy, and is
associated with a significantly shorter disease-free interval in patients (51).

Following cytochrome c release, the next step in the intrinsic pathway is the for-
mation of the apoptosome. The primary defects in apoptosome function in ovarian
cancer involve alterations in Apaf-1 function, as discussed in detail later. In addi-
tion, there are other multiple factors that can inhibit apoptosome formation, includ-
ing heat shock proteins (4), alterations in physiologic intracellular potassium ion
levels (7), and the oncoprotein prothymosin-o. (25).

There are a number of proteins that function to regulate the intrinsic pathway of
apoptosis through the modulation of caspase activation downstream of apoptosome
formation. The inhibitor of apoptosis (IAP) proteins suppress apoptosis by directly
inhibiting specific caspases, and include family members XIAP, cIAP1, cIAP2,
NIAP, BRUCE, ML-IAP, and Survivin. Overexpression of human IAPs has been
shown to suppress apoptosis in response to a number of stimuli, including those
which activate the intrinsic pathway of apoptosis (15). There are also proteins that
block IAP function, including Smac/DIABLO and the HtrA proteases (21). HrtA1l
is downregulated in primary ovarian cancer tumors (11), and in in-vitro studies, the
downregulation of HtrA1 causes chemoresistance, and overexpression can promote
cisplatin toxicity (23). Finally, caspases can be inhibited by proteins containing
caspase-assocaited recruitment domains (CARDs), such as TUCAN, a protein that
has been shown to inhibit caspase 9 and is overexpressed in colon cancer and non-
small cell lung cancer (39, 9).

The protein kinase AKT plays a central role in tumorigenesis, and exerts multi-
ple effects on the intrinsic pathway of apoptosis. The three human AKT homologs
function as serine/threonine kinases with multiple targets that function in cell
growth and survival (48). Increased activation of AKT signaling cascades results
in the survival of cancer cells that normally undergo apoptosis (48). The impor-
tance of AKT in human cancers was first realized with the finding that AKT2 is
amplified and overexpressed in ovarian tumors and cell lines (10). Subsequent
studies have demonstrated elevated AKT2 kinase activity in approximately 40%
of ovarian cancers (48).

Mechanistically, there are multiple effects of AKT activation that lead to inhibi-
tion of the intrinsic pathway of apoptosis (Fig. 1). AKT phosphorylates and inacti-
vates the pro-apoptotic Bcl-2 family member Bad to inhibit cytochrome c release
from the mitochondria (14). Additionally, AKT phosphorylates procaspase-9 to
prevent cleavage and activation (8). Another AKT target is XIAP, with XIAP phos-
phorylation resulting in inhibition of apoptosis and increased resistance to cisplatin
chemotherapy in ovarian cancer cell lines (13). More recent studies have demon-
strated that AKT also functions to modulate p53 effects on mitochondrial release of
intrinsic pathway factors, and overcoming AKT-mediated cisplatin resistance is
dependent on the presence of wild-type p53 (54, 18).
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2.2 Apaf-1 Dysfunction in Ovarian Cancer

Defects in apoptosome proteins themselves have been implicated in multiple
human malignancies including ovarian cancer. The first report of Apaf-1 inactiva-
tion in human cancer was the demonstration that malignant melanomas fail to
express this protein (43). The finding that both Apaf-1 alleles are inactivated sup-
ports the hypothesis that Apaf-1 functions as a tumor suppressor in malignant
melanoma. Apaf-1 loss of function has subsequently been reported in multiple
other tumor types including ovarian cancer.

Decreased Apaf-1 function was first reported in ovarian cancer cell lines with
the use of a cell-free system in which cell line lysates had decreased cytochrome
c-dependent caspase activation (52). In these ovarian cancer cell lines, introduction
of exogenous Apaf-1 or overexpression of Apaf-1 resulted in restoration of the
intrinsic pathway of apoptosis (52). Mutations in Apaf-1 were not identified in the
cell lines analyzed. Other studies confirmed dysfunctional apoptosome activation
in ovarian cancer cell lines, and demonstrated that primary tumors also have
decreased activation of procaspase-9 and downstream effector caspases (32).
Further mechanistic insights were gained by the demonstration that in chemoresist-
ant cells, Apaf-1 and procaspase-9 are expressed and the apoptosome is formed, but
apoptosome function is impaired (32). Also, expression levels of heat shock pro-
teins or XIAP did not correlate with decreased apoptosome function in the ovarian
cancer cell lines or tumor specimens (32). Collectively, these two studies suggest
that in ovarian cancer, apoptosome dysfunction leads to decreased activation of the
intrinsic pathway of apoptosis.

To further elucidate the specific apoptosome defects in ovarian cancer, studies
were carried out in additional cell lines and tumor specimens. A striking correlation
was noted in cell lines between apoptosome dysfunction, based on in vitro caspase-9
cleavage and resistance to cisplatin-mediated apoptosis (46). Apaf-1 and caspase-9
were expressed in ovarian cancer cells; however, in response to stimulation with
cytochrome ¢ and dATP, interaction between these two key apoptosome compo-
nents was diminished, and caspase-9 cleavage did not occur (46). Through immuno-
depletion and mixing studies, experiments demonstrated that chemoresistant cell
lines have functional caspase-9 and defective Apaf-1. Cell lines with defective
apoptosis undergo restoration of the pathway with the introduction of either recom-
binant Apaf-1 in in vitro assays or overexpression of Apaf-1 in cell culture (46).
Additionally, the reintroduction of Apaf-1 results in chemosensitization in ovarian
cancer cell lines (46).

In addition to findings in ovarian cancer that Apaf-1 defects contribute to the
cancer phenotype by conferring chemoresistance, Apaf-1 has been implicated in
tumorigenesis in other human tumors. Apaf-1 deficiency accounts for defective
stress-induced apoptosis in human leukemia cell lines and a cervical cancer cell
line, with the reintroduction of Apaf-1 into these cells resulting in restoration of
apoptosis (24, 27). In a human prostate cancer cell line, an alternatively spliced
form of Apaf-1 is expressed and the cells demonstrate impaired apoptosis, but
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reintroduction of full-length Apaf-1 restores the apoptotic pathway (38). These
studies are important in demonstrating a causative role for Apaf-1 defects in ther-
apy resistance, based on the ability of the cell death pathway and drug sensitivity
to be restored following reintroduction of Apaf-1.

2.3 Mechanisms Underlying Apaf-1 Dysfunction

Multiple defects in the intrinsic pathway of apoptosis have been identified in ovarian
cancer, including apoptosome dysfunction due to Apaf-1 alterations. This prompts
the questions of how Apaf-1 is altered and whether novel therapeutic strategies could
be undertaken to restore the intrinsic pathway of apoptosis and therefore chemosen-
sitize cells. Conceptually, there are multiple potential mechanisms that could result
in loss of Apaf-1 function. At the chromosomal level, potential alterations include
gene mutation and allelic loss of heterozygosity. Transcriptional alterations such as
decreased transcription from altered transcription factor expression or gene methyla-
tion are possible, as well as splicing alterations leading to restricted isoform expres-
sion. Once the Apaf-1 protein is synthesized, multiple posttranslational modifications
may take place, including phosphorylation and acetylation. Finally, protein—protein
interactions with Apaf-1 may impede Apaf-1 function in the apoptosome.

Specific mechanisms underlying alterations in Apaf-1 have been reported in
some tumor types. Apaf-1 gene mutations have been identified in colon and gastric
cancers with the microsatellite mutator phenotype (53). In melanoma, Apaf-1 altera-
tions are due to promoter hypermethylation and allelic loss of heterozygosity (19,
43). Loss of heterozygosity has also been reported in colorectal carcinomas (50).
Methylation of Apaf-1 has been reported in acute leukemias (20). Additionally,
plasma membrane sequestration of the Apaf-1 protein so that it is not available to
function in the formation of the apotosome has been reported in human Burkett
lymphoma cell lines (44). In contrast, Apaf-1 gene mutation and hypermethylation
have not been observed in ovarian cancers (32, 47, 52). Apaf-1 has multiple isoforms
generated by alternative splicing, with some isoforms demonstrating decreased
apoptosome function (5), yet restricted isoform expression resulting in altered apop-
tosis has not been reported in ovarian cancer (32, 52). At the protein level, it does
not appear that Apaf-1 is phosphorylated in ovarian or colon cancer cells (8, 52).

Important new insights into the mechanism of Apaf-1 dysfunction in ovarian
cancer came with the finding that the histone deacetylase inhibitor trichostatin A
(TSA) can restore apoptosome function and induce apoptosis in ovarian cancer
cell lines (46). Of note, both chemosensitive and chemoresistant ovarian cancer cell
lines undergo apoptosis following TSA treatment, while primary cultures of non-
transformed ovarian surface epithelial cells are not sensitive to TSA-induced cell
death. Studies using Apaf-1 knock-out mouse embryo fibroblasts demonstrate that
TSA-induced apoptotic cell death is dependent on the presence of Apaf-1 (46). In
summary, multiple potential mechanisms underlie Apaf-1 defects, and in ovarian
cancer the primary mechanism may be one of epigenetic alterations.
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3 Histone Deacetylation in Tumorigenesis

The finding that treatment with a histone deacetylase inhibitor such as TSA can
induce apoptotic cell death in ovarian cancer cell lines prompts further inquiry into
the role of acetylation in regulation of cellular processes. Epigenetic alterations
including histone acetylation and DNA methylation have been shown to alter the
transcription of oncogenes and tumor suppressor genes, thus playing an important role
in tumorigenesis (22). Nuclear DNA is wrapped around an octamer of histones into
structures called nucleosomes. Acetylation of lysine residues on the histones alters
the chromatin structure to affect the level of gene transcription. Histone acetyltrans-
ferases (HAT's) and histone deacetylases (HDACs) are the enzymes that regulate the
delicate balance of chromatin structure. Histone acetylation leads to an “opening”
of the chromatin structure and increased gene transcription. In contrast, deacetylation
results in a “closed” conformation of chromatin. Tumorigenesis is characterized by
a state of hypo-acetylation (33). Additionally, alterations in HATs and HDACs have
been reported in both sporadic and hereditary cancers, further highlighting their
role in tumorigenesis (35).

The finding of decreased histone acetylation in tumor cells has led to the hypoth-
esis that histone deacetylase inhibitors may have application in the treatment of
human malignancies (16). There are multiple classes of natural and synthetic his-
tone deacetylase inhibitors, all of which function by binding to the catalytic site of
the HDAC to inhibit substrate access. Initial studies on the effects of histone
deacetylases in transformed cells, both in tissue culture and animal models, have
demonstrated that inhibition of HDACs leads to cellular differentiation, growth
arrest, and apoptosis (33). Mechanistically, HDAC inhibitors have been shown to
induce both apoptotic and autophagic cell death (41). The induction of apoptosis is
via the intrinsic pathway, with decreased cell death in mouse embryo fibroblasts
null for Apaf-1 (41). This suggests that intact apoptosome function is important for
HDAC effects. In addition to the induction of apoptosis, HDACs have been found
to inhibit tumor angiogenesis (30).

The growth-inhibitory and cell death-inducing effects of HDAC inhibitors have
been observed in both hematologic and solid tumors (35). An important finding is
that although increased histone acetylation is observed in both normal and tumor
cells, tumor cells are tenfold more sensitive to the HDAC inhibitors (29, 3536). The
basis for selective toxicity of HCAC inhibitors in malignant cells when compared
with nontransformed cells is unclear. HDAC inhibitors can activate the intrinsic
apoptotic pathway in malignant cells through transcriptional activation of proapop-
totic proteins including Apaf-1 (40). Indeed, TSA treatment results in transcrip-
tional activation of Apaf-1 in ovarian cancer cells as well; however, TSA treatment
has no effect on expression of Apaf-1 in nontransformed ovarian epithelial cells
(46). Differences in the acetylome in normal vs. tumor cells may account for dif-
ferential response to HDAC inhibitors, and Apaf-1 may play an important role in
modulating response to treatment.

On the basis of initial studies into the effects of HDAC inhibitors on tumorigen-
esis, a number of inhibitors are now in clinical trial (37). These are phase I and
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phase 1II trials, focused on determining the maximal safe dose of the drug and the
efficacy at that dose. Overall, the studies demonstrate low toxicity of HDAC inhibi-
tors in patients, while having a wide therapeutic window (37). Additionally, clinical
response has been observed in both in hematologic and solid tumor malignancies
(37). Further studies using HDAC inhibitors as both single-agent therapy and in
combination with established cancer treatments are underway.

Ovarian cancers are among the solid tumors that demonstrate alterations in his-
tone acetylation patterns (26). Thus, histone deacetylase inhibitors may alter the
cellular phenotype in these cancers. In ovarian cancer cell lines, histone deacetylase
inhibitors induce activation of caspase-9 and caspase-3, resulting in apoptotic cell
death (45,46). Additionally, ovarian cancer tumor growth in nude mice was abro-
gated, while in mice treated with histone deacetylase inhibitors, no toxic side
effects were noted (45). These findings suggest that histone deacetylase inhibitors
may be of utility in the treatment of ovarian cancer patients. There are a number of
treatment approaches possible, including chemosensitization, combination therapy
with standard chemotherapeutic drugs for synergistic effects, and consolidation
therapy (3). HDAC inhibitors have been shown in vitro to chemosensitize a number
of cancer types, including ovarian cancer cell lines (3).

4 Conclusions

Ovarian cancer treatment is characterized by good initial tumor response to chemo-
therapeutic agents, but subsequent development of chemoresistance that ultimately
limits treatment options. Standard chemotherapeutic regimens trigger the intrinsic
pathway of apoptotic cell death. As discussed earlier, ovarian cancers demonstrate
defects throughout the intrinsic pathway, from inhibition of cytochrome c release to
inhibition of apoptosome formation to modulation of caspase activation. These
alterations in the intrinsic pathway lead to defective apoptosis that likely underlies
the chemoresistance that is observed in ovarian cancers. Improved treatment
options must either restore or circumvent the apoptotic cascade.

Work in our laboratory and that of others suggests that defective Apaf-1 is cen-
tral to chemoresistance in ovarian cancers. Important insights into how to restore
apoptosis in cell lines and primary tumors with alterations in Apaf-1 comes with
the finding that treatment with the HDAC inhibitor trichostatin A can restore apop-
tosome function in ovarian cancer cell lines with resultant apoptotic cell death (46).
Apoptotic cell death following treatment with trichostain A is specific to trans-
formed cells, while nontransformed ovarian surface epithelial cells do not undergo
apoptosis. The finding that Apaf-1 is necessary for HDAC inhibitor-induced cell
death in other studies using mouse embryo fibroblasts null for Apaf-1 (41), and
suggests that this protein may be critical for cellular apoptosis triggered by histone
deacetylase inhibitors. Continued studies are underway to determine the precise
molecular mechanism by which apoptosis is restored in ovarian cancers following
treatment with HDAC inhibitors.
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Likely HDAC inhibitor treatment results in nonspecific increased acetylation of
pro-apoptotic genes and increased gene transcription. However, HDAC inhibitors
have also been shown to demonstrate specific effects, including the inhibition of
deacetylation of non-histone proteins. For example, HDACs have been shown to
remove acetyl groups from p53, GATA-1, E2F, Hsp90, MyoD, and tubulin (16, 35).
This suggests that non-histone proteins also undergo acetylation and deacetylation
in vivo, as a mechanism of posttranslational modification and regulation of cellular
function. Apaf-1 may be a target of regulated non-histone acetylation, and its protein
sequence includes potential lysine residues as target sequences for acetylation.

In summary, defective apoptosis underlies the clinically important phenomenon
of chemoresistance in ovarian cancers. Apoptosome defects are central to the inabil-
ity of ovarian cancers to undergo drug-induced apoptotic cell death, and defective
Apaf-1 has been observed in many ovarian cancer cell lines and primary tumors. As
reviewed earlier, studies suggest that Apaf-1 alterations do not occur at the genetic
level in ovarian cancer, suggesting epigenetic regulation of protein function. The
understanding of epigenetic alterations underlying tumorigenesis and cancer treat-
ment is making exciting new headway, and it may be the pathways of defective
apoptosis and altered acetylation and methylation states in cancer collide at proteins
such as Apaf-1. Continued research will illuminate these connections, with clinical
trials ultimately allowing for the identification of treatment strategies for ovarian
cancer that will lead to longer disease-free intervals and survival rates in patients.
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Nanoparticle Delivery of Suicide DNA
for Epithelial Ovarian Cancer Therapy
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1 Introduction

The standard treatment for patients with advanced stage epithelial ovarian cancer is
optimal surgical debulking followed by chemotherapy with paclitaxel plus a
platinum-based therapy (cisplatin or carboplatin). Although ~80% of patients
receiving this therapeutic regimen have an initial favorable response, recurrent
disease will occur in a majority of cases. Regrettably, there are currently no
effective therapies for those patients with advanced-stage ovarian cancer, who
either do not respond to initial therapy or for those who develop recurrent disease.
There is an immediate need for a more effective treatment for this deadly disease.

Gene therapy holds great promise as an alternative treatment for metastatic ovar-
ian cancer. Metastatic tumors in this disease are nearly always confined to the peri-
toneal cavity, so intraperitoneal delivery of therapeutic DNA allows for direct
treatment of the tumors. In addition, this delivery route protects healthy organs
outside the cavity from harmful side effects. In theory, the ability to target the deliv-
ery of DNA to tumor cells, as well as the ability to control its expression once inside
the cell, provides an added level of therapeutic efficiency and specificity that is dif-
ficult to achieve using chemotherapy. In practice, however, the full potential of
these advantages of DNA therapies has yet to be achieved and remains a goal of
preclinical and clinical studies.

An important consideration in any gene therapy protocol is the choice of vector
used to deliver the DNA to cells. With a few exceptions, viral vectors (either adeno-
viral or retroviral) have been used in clinical trials for the treatment of ovarian can-
cer (see http://clinicaltrials.gov). Recently, the use of nonviral vectors for the
delivery of therapeutic genes is receiving wide attention by the research commu-
nity, particularly in light of the serious consequences that have occurred in associa-
tion with the use of viral vectors in patients.

Another consideration in designing a gene therapy protocol is the nature of the
DNA that will be delivered. Gene therapy treatment strategies used in ovarian can-
cer clinical trials include molecular chemotherapy (prodrugs), mutation compensa-
tion, immunotherapy, altered drug sensitivity, antiangiogenic therapy, and
virotherapy (37, 39).

G. Coukos et al. (eds.), Ovarian Cancer. 209
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In this report, we describe suicide gene therapies for epithelial ovarian cancer
that we are developing. These therapies are based on the use of a class of cationic
polymers called poly(B-amino ester)s to deliver the so-called suicide genes to
tumor cells, resulting in their death. Two mouse models for ovarian cancer that are
being used in preclinical testing of therapeutic efficacy are also discussed.

2 Suicide Gene Therapy

2.1 Diphtheria Toxin

Targeting the death of ovarian cancer cells, both in the primary tumor and in meta-
static lesions, is an attractive therapeutic option. The naturally occurring toxin
made by the bacterium Corynebacterium diphtheriae is an especially good choice for
use as a therapeutic agent because its mechanism of action is known (13), and the
gene encoding the toxin has been cloned, sequenced, and adapted for expression in
mammalian cells. This toxin is also extremely potent; a single molecule is sufficient
to kill a cell (47). Normally, the toxin is secreted as a precursor peptide that is then
enzymatically cleaved into two fragments, A and B chains. The B chain binds to the
surface of most eukaryotic cells and is required for delivery of the A chain (DT-A),
encoding the toxin, into the cytoplasm. Once inside the cell, DT-A inhibits protein
synthesis by catalyzing the ADP ribosylation of EF-2 elongation factor. Diphtheria
toxin is especially well-suited to treat many kinds of cancer because, unlike virtually
all therapeutic agents in use, it kills cells in a cell-cycle independent manner, so that
both dividing and nondividing cells are vulnerable to its deadly effects.

A DT gene, engineered for use in mammalian cells, DT-A, contains the coding
sequence for the DT-A subunit, but not for the DT-B subunit (32). DNA constructs
can be engineered so that DT-A expression is controlled by cell-specific, cis-acting
transcriptional regulatory elements (promoters and enhancers). Use of such con-
structs restricts expression of the DT-A subunit to target cells. In the absence of the
B subunit, even DT-A released from dead cells is not able to enter other neighbor-
ing cells. This feature thus allows for death of the tumor cells, but not neighboring
healthy cells. It also requires efficient uptake of the therapeutic DNA by the tumor
cells in order for the therapy to be effective.

A concern in using a toxin as potent as DT-A is the ability to tightly control
gene expression. To address this concern, we have developed a novel genetic
strategy that makes use of a site-directed recombinase, Flp recombinase (27, 35,
36). Using this strategy, gene expression is regulated both transcriptionally and by
DNA recombination mediated by Flp recombinase (Fig. 1). In this system, a cell-
specific promoter controls the expression of the recombinase, and so recombinase-
mediated recombination event only takes place in selected cells. In those cells
where Flp recombinase is expressed, a gene sequence containing the target
sequences for the recombinase undergoes excisional recombination, which results
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Fig. 1 DNA construct to control DT-A expression. Flp recombinase is produced in tumor cells
where P1, a tumor-specific promoter is active. When Flp recombinase is expressed, recombination
occurs, allowing a second tumor-specific promoter, P2, to drive expression of DT-A. FRTs are Flp
recombinase target sequences. pA, polyadenylation sequence. Horizontal arrows indicate the
direction of transcription

in DT-A expression due to juxtaposition of a second cell-specific promoter to the
DT-A coding sequence. Thus, two cell-specific promoters tightly regulate toxin
gene expression. By selecting tumor-specific (or tissue-specific) promoters, this
system can be applied to target DT-A suicide gene therapy to different kinds of
tumors. Delivery of a PSA promoter-regulated DT-A/FLP recombinase DNA con-
struct to human prostate tumor cell xenografts in nude mice resulted in suppres-
sion of tumor growth and even tumor regression (6).

In current studies, we are using a promoter sequence of the human mesothelin
(MSLN) gene to regulate the expression of Flp recombinase. Activity of this pro-
moter is significantly enhanced in ovarian cancer cells relative to normal ovarian
cells and cells in other tissues, suggesting its promising use as a cancer-specific
promoter in gene therapy strategies (12). The promoter of the gene encoding human
epididymis protein 4 (HE4), another promoter having high activity in epithelial
ovarian cancer cells, drives expression of DT-A upon DNA recombination (7).

2.2 CD/5-FC + HSV-TK/GCYV Gene-Directed Enzyme Prodrug
Therapy

The efficacy of cytosine deaminase (CD)/5-flurocytosine (5-FC) and herpes sim-
plex virus type 1 thymidine kinase (HSV-TK)/ganciclovir (GCV) suicide gene-prodrug
strategies have been studied extensively in animal models and clinical trials (16,
17). In each of these strategies, a normally innocuous prodrug (5-FC or GCV) is
converted by a viral or bacterial enzyme to a toxic compound (5-FU or GCVTP),
which causes tumor cells to die. In contrast to diphtheria toxin-based therapy, these
prodrug therapies are effective primarily against dividing cells. Production of the
toxic drug by cells can also cause neighboring cells to die, a so-called “bystander
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effect.” This may result in the death of more tumor cells, but the trade-off is that it
may also result in the death of healthy cells.

Although studies have shown minimal nonspecific toxicity associated with
delivery of the genes and administration of the prodrugs, each of these therapies has
shown only modest effects on reducing tumor burden and improving clinical out-
comes of patients (20). However, when the CD/5-FC and HSV-TK/GCYV strategies
are administered in combination, therapeutic efficacy is significantly improved
when compared with either strategy that is being used alone (1, 8, 19, 40, 46). In a
recent report, Boucher et al. demonstrate that sequential administration of the pro-
drugs (5-FC, then GCV) to cells infected with an adenovirus containing a CD/HSV-
TK fusion gene in vitro enhanced cytotoxicity above an additive effect by 24- to
35-fold when compared with one to fivefold increase with simultaneous treatment
(10). This study suggests that sequential administration of the prodrugs to cancer
patients may significantly improve therapeutic outcome.

In preclinical studies in mouse models for ovarian cancer, we are studying the
efficacy of sequential prodrug administration following delivery of a CD/HSV-TK
fusion gene regulated by the MSLN promoter.

3 Poly(B-amino ester)s

The safe and effective delivery of DNA remains a central challenge to the applica-
tion of gene delivery in the clinic. Currently, the majority of gene therapy protocols
employ viral delivery systems, which are associated with serious toxicity and pro-
duction concerns (43). Nonviral delivery systems offer a number of potential
advantages, including ease of production, stability, low immunogenicity and toxic-
ity, and capacity to deliver larger DNA payloads (23). Their use in gene therapy
protocols for the treatment of cancer is especially relevant given the low amounts
of the requisite receptor for adenoviral infection, CAR, on primary tumors.
However, existing nonviral delivery systems are far less efficient than viral vectors
(28).

One promising group of nonviral delivery compounds is cationic polymers,
which spontaneously bind and condense DNA into nanoparticles (11, 18, 21, 25,
26, 29, 30, 42). A wide variety of cationic polymers that transfect cells in vitro have
been characterized; some are natural polymers such as protein (18) and peptide
systems (42), while others are synthetic polymers such as poly(ethylene imine)
(PEI) (11, 42) and dendrimers (21). Recent advances in polymeric gene delivery
have focused in part on the incorporation of biodegradability to decrease toxicity.
Typically, these polymers contain both chargeable amino groups, to allow for ionic
interaction with the negatively charged DNA phosphate, and a degradable region,
such as a hydrolyzable ester linkage. Examples of these include poly[alpha-(4-ami-
nobutyl)-L-glycolic acid] (25), network poly(amino ester) (26), and poly(B-amino
ester)s (2, 3, 5, 30). The Langer laboratory has been particularly interested in
poly(B-amino ester)s as delivery agents, as they are easily synthesized via the



Nanoparticle Delivery of Suicide DNA for Epithelial Ovarian Cancer Therapy 213

conjugate addition of a primary amine or bis(secondary amine) to a diacrylate,
transfect cells with high efficiency in vitro, and generally possess low toxicity.

The efficacy of various cationic polymers in vivo has been demonstrated both in
general and therapeutic models (24). To date, most in vivo work has used PEL
Modification of PEI to include both targeting ligands and serum resistance has been
demonstrated and shown to be moderately effective at delivering DNA in a targeted
fashion in some systems (9, 22, 44). However, PEI is both nondegradable and rela-
tively toxic, and still not as effective at delivery as viral systems. Recently, attention
has turned to the development of cationic polymers that are more compatible with
in vivo usage. Using high throughput methods, the synthesis and screening of over
2,350 poly(B-amino ester)s was recently completed (5). This initial screening iden-
tified 46 new, biodegradable polymers, which transfect cells as well, and in some
cases significantly better than, conventional nonviral delivery system such as PEI
in vitro. Subsequent scaled-up resynthesis and analysis of over 500 of these initial
polymers has identified the critical importance that polymer molecular weight and
end-group termination have on transfection potential (2—4). The polymer that trans-
fects cells most efficiently, C32 (Fig. 2), consistently well-outperforms any com-
mercially available compound tested, and is much less toxic than PEI (45). When
C32 complexes with DNA at an optimal polymer/DNA ratio, nanoparticles are
formed, which have a molecular weight of 18,100 Da and a diameter of 70nm (4).
Recently, we have shown that intraperitoneal gene delivery using C32 polymers
containing end-modified amines results in improved expression levels in several
abdominal organs and in ovarian tumors (48). On the basis of these studies, C32
and other polymers similar to it merit further investigation as new vehicles for gene
delivery for the treatment of ovarian cancer.
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Fig. 2 Synthesis of poly(3-amino ester)s. (a) Poly(B-amino ester)s are synthesized by the conju-
gate addition of primary (equation 1) or bis(secondary amines) (equation 2) to diacrylates. (b)
Synthesis of polymer C32



214 J.A. Sawicki et al.

4 The Challenge: Targeted Therapy

Effective treatment of patients with advanced late-stage disease is the major chal-
lenge facing clinical oncologists. Although improved detection methods continue to
increase the number of patients diagnosed at early stages of disease, the fact
remains that, at the time of diagnosis, as many as half of all cancer patients present
with metastatic disease. The percentage of ovarian cancer patients presenting with
advanced disease is even higher than for other cancers (75%) given the absence of
an effective screening for early detection and the relatively asymptomatic nature of
the early stages. In addition, many ovarian cancer patients “cured” of their initial
malignancy relapse with more aggressive drug-resistant metastatic cancer.

Finding ways to target systemically-delivered therapies to tumor cells and caus-
ing minimal toxicity to healthy, nontumorous cells are the key to the development
of effective therapies for metastatic disease. Targeting therapy to specific cells can
be accomplished by transcriptional targeting, transductional targeting, and ideally,
by a combination of both of these approaches.

Transcriptional targeting refers to the use of gene regulatory elements (promot-
ers and enhancers) to restrict gene expression to specific cells. The regulatory ele-
ments of several ovarian-specific genes have been cloned and characterized. As
discussed earlier, we are using two promoter sequences that have enhanced activity
in ovarian tumor cells — the promoter of the mesothelin (MSLN) gene (12), and the
promoter of the gene encoding whey-acidic protein human epididymus protein 4
(HE4) (7). Compared with other “ovarian tumor-specific” promoters, these two
promoters were recently shown to have the lowest activity in normal tissues (41).

Transductional targeting refers to the delivery of DNA to specific cells.
Conjugation of vectors (either viral or nonviral) to proteins that have high affinity
for specific cells is an effective way to target DNA delivery (15). Proteins that are
used for this purpose include ligands, receptors, antibodies, or peptide antagonists.
High affinity targeting of the vector to targeted cells will result in reduced seques-
tration of the particles in nontargeted tissues and more efficient DNA delivery to
the targeted population. Successful targeting should reduce the effective dose,
thereby reducing any toxicity associated with the therapy.

In our studies, in collaboration with Gregory Adams (Fox Chase Cancer Center), we
are conjugating poly(B-amino ester)s with a single chain variable antibody fragment
(scFv) of human origin having reactivity to Mullerian Inhibiting Substance II Receptor
(MISIIR), a transmembrane serine threonine kinase that is specifically expressed in
ovary surface epithelial cells, ovarian tumor cells, in the uterus and Fallopian tubes, and
at lower levels in the breast, but not in other tissues in women (31). Its high expression
by tumors suggests that it will provide a useful targeting signal for directed therapies.

5 Ovarian Cancer Mouse Models for Preclinical Studies

Mouse models for cancer are very useful for evaluating the efficacy of new gene
therapy strategies. Given the importance of identifying possible immunological
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responses to treatment, and the importance of the microenvironment on tumor
development, transgenic mouse models that have an intact immune system and
develop organ-specific cancer are preferred over subcutaneous xenograft models or
orthotopic tumors in immunocompromized mice. Importantly, refinement of new
imaging modalities for small animals including optical imaging, microCT, PET,
and MRI makes it possible to monitor accurately the effect of therapies on tumor
development.

Transgenic mouse models for epithelial ovarian cancer that recapitulate human
disease have only recently been developed [see review of genetically modified
mouse models for ovarian cancer (33)]. We are using the MISIIR/Tag transgenic
mouse model, developed by Denise Connolly and Thomas Hamilton, to test the
efficacy of nanoparticle-delivered suicide gene therapy (14). As a consequence of
expression of the transforming region of SV40 under control of the Mullerian
inhibitory substance type II receptor gene promoter, 100% of female MISIIR/Tag
mice develop bilateral epithelial ovarian tumors. To evaluate the effect of intraperi-
toneal administration of nanoparticle-delivered DT-A DNA on tumor growth, mice
are CT scanned before treatment and then multiple times after treatment. Amira
software is used to generate 3D-reconstructions from tumor images, and tumor
volumes are then determined using Image J software (Fig. 3). We are also evaluat-
ing the effect of this therapy on the lifespan of MISIIR/Tag mice.

Preliminary studies suggest that the lifespan of MISIIR/Tag mice that receive
multiple intraperitoneal injections of poly(-amino ester) nanoparticles to deliver a
MSLN promoter/DT-A DNA is significantly increased when compared with mice
treated with control DNA.

A second mouse model we are using employs a cell line, MOSEC, derived from
mouse ovarian surface epithelial cells that spontaneously transformed in culture

Fig. 3 (a) MicroCT scan of a MISIIR/Tag mouse. Red dashed lines delineate bilateral ovarian
tumors. (b) 3-D reconstruction of the tumors in the same mouse
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Fig. 4 Optical images of a mouse injected with MOSEC-luc cells taken 1-, 2-, and 3-weeks after
injection of the cells into the peritoneum of a C57BL/6 female mouse. Pseudocolor images repre-
senting emitted light are superimposed over grayscale reference images of the mouse. RLUs/pixel
are indicated in the color scale bar

(38). The properties of this cell line, established by Katherine Roby and Paul
Terranova, are described in Chapter 15. When MOSEC cells are injected into the
peritoneum of a syngeneic C57BL/6 female mouse, tumors develop throughout the
peritoneal cavity. We stably transfected MOSEC cells with DNA encoding firefly
luciferase under the control of a strong, ubiquitously expressed promoter/enhancer,
CAG (34), and established a clonal cell line, MOSEC-luc. The tumor load of mice
injected intraperitoneally with these cells can be quantified by optically imaging
these mice to detect bioluminescence following administration of pD-luciferin, the
substrate of firefly luciferase (Fig. 4). Thus, quantitation of relative light units
(RLU) before and after treatment is a convenient and accurate way to assess thera-
peutic efficacy.

6 Summary

Intraperitoneal administration of polymeric nanoparticles to deliver DNA encoding
suicide genes holds much promise as an effective therapy for advanced epithelial
ovarian cancer. Poly(B-amino ester)s, a class of cationic, biodegradable polymers
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complex to DNA to form nanoparticles that deliver DNA to cells in ovarian tumors.
Modifications to poly(B-amino ester)s can improve both the efficiency and specifi-
city with which DNA is delivered to tumor cells. Preclinical studies to test thera-
peutic efficacy of gene therapy strategies that are under development make use of
mouse models for epithelial ovarian cancer and new imaging technologies.
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Biological Therapy with Oncolytic Herpesvirus

Fabian Benencia and George Coukos

1 Introduction

Oncolytic virus therapy refers to the biological therapy of tumors, using live
viruses with relative tumor selectivity. Replication-restricted virus strains have
been genetically engineered, which replicate selectively within tumor cells.
Examples include replication-competent mutants of herpes virus, adenovirus,
vesicular stomatitis virus, reovirus, and measles virus (2, 17, 37, Martuza, 2000;
56, 63). In particular, replication-competent recombinant HSV strains may offer
distinct advantages in oncolytic therapy of epithelial tumors: (a) HSV is highly
infectious to tumors of epithelial origin, resulting in high efficacy (70); (b) there
is considerable redundancy in HSV receptors, which makes the loss of HSV recep-
tors by tumors due to mutations less likely; (c¢) antiherpetic drugs are commer-
cially available, which may be used clinically to control undesired side effects,
should local or systemic spread of the virus occur; and (d) because of its large
genome, HSV offers ample packaging opportunities — up to 30kb — without affect-
ing viral replication in cancer cells.

2 Oncolytic HSV Strains

HSV-1 is an enveloped virus containing approximately 152kb of genomic DNA,
which codify for about 80 identified viral genes. Detailed investigation of the HSV
genome led to the generation of mutants lacking specific genes that are unable to
replicate readily in normal diploid cells, but retain the ability to replicate selectively
in malignant cells owing to compensatory overexpression of homologue eukaryotic
genes in tumor cells. A number of replication-restricted mutants have been gener-
ated including the isolated or combined deletion or mutation of UL23 gene encod-
ing thymidine kinase gene (7K), UL39 gene encoding the large subunit of HSV
ribonucleotide reductase (RR), or the g/34.5 gene encoding infected cell protein
(ICP) 34.5 protein. TK-deficient strains are insensitive to two of the most potent
antiherpetic agents, acyclovir and ganciclovir, and ICP34.5-deficient mutants retain
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their sensitivity to these drugs. Interestingly, RR negative mutants were shown to
have increased sensitivity to acyclovir and ganciclovir (53). Replication-competent
HSYV strains lacking TK, RR, or ICP34.5 were shown to selectively replicate in
neuronal tumor cells and induce their death without exerting cytotoxicity on differ-
entiated neuronal cells (35).

3 Efficacy of Oncolytic HSV

A large amount of preclinical data has been accumulated in immunodeficient as
well as immunocompetent rodent models demonstrating the antitumor efficacy and
safety of intracranial intratumoral inoculation of replication-selective HSV-1
mutants (3, 4, 12, 13, 15, 42, 43, 49, 53, 54, 58, 73, 14). Safety data have also been
collected from HSV-sensitive Aotus nancymae monkeys, in which intracerebral
inoculation of HSV-G207 led to no acute or long-term toxicity (38). No viral spread
could be documented from treated monkeys (67). Results from two dose-escalation
phase-I clinical trials of intracerebral stereotactic inoculation of ICP34.5-deleted
HSV-1716 or ICP34.5-deleted/RR- mutated HSV-G207 for the treatment of malig-
nant glioblastoma reported no toxicity in the human (48, 59). A growing bulk of in
vitro and in vivo evidence in experimental models indicates that oncolytic HSV is
efficacious against a variety of nonneuronal tumors (23). Importantly, intravascular
systemic or locoregional administration of oncolytic HSV resulted in no toxicity in
preclinical models (14, 57).

4 Oncolytic Therapy of Epithelial Ovarian Carcinoma (EOC)

A variety of tumors that metastasize to the peritoneal cavity are also susceptible to
HSV oncolytic therapy including ovarian (23, 26, 27), cervical (11), colorectal (57),
prostate (69); mesothelioma, and breast carcinoma (65). Epithelial tumor cells
express cell surface receptors for HSV-1. For example, we found that A2780 EOC
cells express strongly HVE-B and small amounts of HVE-A by flow cytometry and
are readily infected by ICP34.5-deficient HSV-1. Furthermore, different ICP34.5-
deficient HSV-1 and ICP34.5/RR-deficient HSV exerted a dose-dependent killing
effect against established EOC cell lines SKOV3, A2780, OVCAR, Caov3, the
ovarian teratocarcinoma PA-1 line, and primary cultures obtained from ascites of
patients with stage III EOC (25, 27). To assess the efficacy of oncolytic ICP34.5-
deficient HSV-1 against EOC in vivo, we utilized xenograft and syngeneic mouse
models. Severe combined immune deficiency (SCID) mice were injected with
A2780 EOC cells i.p., resulting in intraperitoneal tumor nodules resembling stage
IIT ovarian carcinoma 2 weeks later. The mice were then treated with HSV-1716
i.p., while control mice received a mock administration. Virus was administered
both to mice with small volume disease (1 week following tumor inoculation) and
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animals bearing bulky disease (4 weeks following tumor inoculation). Histologic
examination of tumors from treated animals revealed large areas of tissue necrosis
displaying cytopathic effects and a brisk inflammatory infiltrate composed of poly-
morphonuclear leukocytes that extended deep into tumor nodules.
Immunohistochemical detection of HSV whole proteins utilizing a polyclonal anti-
body revealed several areas of HSV positivity within or adjacent to areas displaying
cytopathic effects. In the SCID mouse, viral antigen expression persisted within
tumor for up to 8 weeks following a single i.p. administration. A single administra-
tion of virus resulted in arrest of tumor growth; treated mice displayed tumors of
similar weight 4 or 8 weeks after viral inoculation compared with the tumors imme-
diately before administration of the virus. This was significantly smaller compared
with the disease of untreated animals at the end of the experiment. Similar results
were obtained with both early and late virus administration. Single i.p. administra-
tion of the virus resulted also in significant prolongation of animal survival (25).
We further tested the efficacy of HSV-1716 by using a syngeneic mouse model of
ovarian carcinoma developed in our laboratory (74). This model allows for the
development of flank as well as orthotopic intraperitoneal tumors that generate
ascites after inoculation of ID8 mouse ovarian cancer cells over-expressing VEGF
(ID8-VEGF) (74). HSV-1716 was able to infect and kill ID8-VEGF cells in vitro.
Moreover, HSV-1716 was able to replicate in ID8-VEGF cells given the typical
viral growth curve obtained upon infection of tumor cells in vitro. Intraperitoneal
administration of HSV-1716 to mice bearing i.p. tumors significantly prolonged
animal survival compared with mock treated animals (9). Moreover, intratumoral
injection of solid tumors with HSV-1716 induced significant reduction in tumor
growth. Interestingly, tumor endothelial cells seemed to be susceptible to oncolytic
HSYV infection (10). Thus, similar to what we have observed in human ovarian cancer,
HSV-1716 exerts oncolytic activities against murine ovarian cancer.

5 Antitumor Immune Response

In a significant number of patients, antitumor immune response is undetectable or
compromised because of immunologic ignorance or tolerance of tumor antigens.
On the other hand, we have shown that in EOC, the presence of intratumoral T cells
independently correlated with delayed recurrence or delayed death and was associ-
ated with increased expression of interferon-gamma, interleukin-2, and lym-
phocyte-attracting chemokines within the tumor (76). This shows that in some
patients an antitumor immune response is triggered, setting the ground for immu-
notherapeutic approaches against EOC. Cancer vaccination has been attempted to
circumvent the lack of tumor antigen presentation, and highly encouraging results
have been reported in several occasions. During the past few years, a great empha-
sis has been put on the feasibility of DC-based vaccinations (6). DCs are the most
potent antigen-presenting cells (APCs) known to date. Monocyte DC precursors
differentiate into immature DCs, which are very efficient in taking up antigen but
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unable to stimulate T cells. DC maturation (associated with upregulation of cos-
timulatory molecules CD40, CD80, and CD86) is induced by specific cytokines or
inflammatory signals, and allows DCs to present antigen owing to the expression
of surface major histocompatibility class II (MHC-II) and dendritic cell lysosome-
associated membrane protein (DC-LAMP). Following activation by CD40 ligand
(CD40L) or inflammatory signals, mature DCs migrate toward T cell areas, where
they activate antigen-specific T cells in a MHC-restricted fashion through the secre-
tion of IL-1a, IL-2, and IL-12, and the upregulation of CD83 and costimulatory/
adhesion molecules (7). Multiple subsets of DCs are recognized to date (7, 68),
including myeloid and plasmacytoid DCs (CD11c + IL-3R- and CD11c-IL-3R +,
respectively, in the human). Although DCs may be generated from CD14— mono-
cyte precursors, CD14 + macrophages can also differentiate into DCs under the
appropriate cytokine stimulation (5, 77). Macrophages also have the ability to
engulf dying cells and process antigenic material (16). Experimental evidence sug-
gests that in the absence of known tumor antigens, vaccination with whole tumor
antigen may be a viable alternative (1, 36). Moreover, therapeutic approaches
involving new costimulatory molecules may prove effective against EOC (20, 21).
EOC is characterized by the presence of high numbers of resident APCs. Thus, in
situ tumor vaccination using recombinant viruses may offer an appealing alterna-
tive to classical vaccination.

6 Immunosuppressive Properties of EOC

EOC milieu is characterized by elevated levels of immunosuppressive and
growth-stimulating factors including IL-4, IL-10, transforming growth factor beta
(TGF-b), and vascular endothelial growth factor (VEGF) (55, 61, 75), where they
exert multiple negative functions including downregulation of MHC-I expression
by tumor cells and inactivation of immune cells, allowing tumor escape from
immune attack by cytotoxic T lymphocytes (CTLs) (28). For example, IL-4, IL-
10, and TGF-b suppress macrophage function (33), while IL-10 and TGF-b may
induce type-2 polarization of DCs. VEGF suppresses the differentiation and mat-
uration of DCs (34), thus impairing antigen presentation. Moreover, immature
DCs may present antigen in vivo inducing tolerance or energy of T cells (31, 39,
47). High levels of IL-4, IL-10, and TGF-b are quite likely responsible for sup-
pression of T cell function through suppression of expression of the T cell recep-
tor zeta chain (TCR-E) (41). An excessive influx of plasmacytoid DCs due to
adverse chemokine environment may be partly responsible for induction of toler-
ance mechanisms (78). Moreover, we have demonstrated that in EOC the pres-
ence of a population of dendritic cell precursors with angiogenic properties may
further contribute to tumor growth and immunosuppression (19-21). The origin
of immunosuppressive cytokines in ascites may be multiple. Tumor cells have
been reported to express high levels of VEGF as well as TGF-b. In addition,
HLADR-monocytes producing high amounts of IL-10 have been isolated from



Biological Therapy with Oncolytic Herpesvirus 225

the peritoneal cavity of patients with ovarian carcinoma (46). Moreover, tumor-
infiltrating macrophages have been associated with T cell suppression and induc-
tion of tolerance toward tumor antigens (33). Finally, high amounts of CD4 +
CD25 + regulatory T cells were described in ovarian carcinoma and ascites,
which may also produce elevated amounts of IL-10 and TGF-b (72). We have
shown that the presence of T regulatory cells in EOC positively correlates with
poor prognosis (30). Thus, the immune milieu of EOC is adverse to antigen pres-
entation and immune effector cell function. However, evidence suggests that
immune suppression in the tumor microenvironment may be reversed by stimula-
tory cytokines. For example, macrophages procured from malignant ascites were
induced to differentiate into potent DCs presenting tumor antigen ex vivo with
GM-CSF and IL-4 (18).

7 Immunological Effects of Oncolytic HSV

It has been previously demonstrated that the immune response contributes to the
viral-mediated tumor destruction and the increase in survival during HSV onco-
lytic therapy (51, 52, 64, 66). The mechanisms underlying tumor vaccination
triggered by HSV are unknown. Viruses are potent stimulators of the immune
system triggering a strong immune response against viral and, occasionally,
“self” antigens. In part, viruses may achieve such potent immune stimulation
through the generation of strong “danger” signals, including cytokines and chem-
okines released by infected cells. For example, heat shock proteins (HSPs), cyto-
plasmic chaperones that facilitate antigen up-take by APCs and correlate with
tumor immunogenicity, are upregulated by viruses (71). Important information
may be derived from wild type (wt) HSV. Herpetic infections in the eye trigger a
potent antiviral response mediated by CD4+ and CD8+ cells and are often fol-
lowed by a postherpetic T cell response against corneal stromal cells, resulting in
autoimmune stromal keratitis (32). These manifestations are evidence of efficient
presentation not only of viral but also of host antigens. This evidence is in con-
trast with reports indicating that HSV suppresses myeloid DC maturation and the
ability to stimulate naive T cells (45, 60). Although human peripheral blood
monocytes are resistant to HSV infection (62), immature myeloid DCs express
the herpes receptors HVE-A and HVE-C and are susceptible to infection by HSV,
which results in functional inactivation. However, HSV may potently stimulate
other APCs, namely macrophages and interferon-producing plasmacytoid DCs.
In fact, wt HSV induces secretion of interferon-alpha (IFN-a), interferon-beta
(IFN-b), and TNF-a in CD4 + CDl lc- plasmacytoid DC precursors, promoting
their survival, differentiation and maturation (40). Furthermore, HSV infection
induces high levels of CC chemokine macrophage inflammatory protein-beta
(MIP-b) and HSPs (50). Interestingly, supernatants of HS V-infected cells strongly
induce DC maturation, providing a stimulus as strong as bacterial lipopolysach-
aride (LPS) (60).
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8 1In Situ Tumor Vaccination

We have found that similar inflammatory mechanisms as those triggered by wt
HSV are activated by oncolytic HSV. Oncolytic HSV-1716 therapy in our mouse
model of ovarian carcinoma induced expression of IFN-y, MIG, and IP-10 in the
tumor milieu (9). This was accompanied by a significant increase in the number of
tumor-associated NK and CD8 + T cells expressing CXCR3 and CD25, and a sig-
nificantly higher frequency of tumor-reactive IFN-y producing T cells. Ascites from
HSV-1716-treated animals efficiently induced in vitro migration of NK and CD8+
T cells, which was dependent on the presence of MIG and IP-10. Murine mono-
cytes and dendritic cells produce MIG and IP-10 upon HSV-1716 infection. This
effect was partially abrogated by neutralizing antibodies against IFN-o and B, thus
indicating a role of type-1 IFNs in the reported effect (9). Upon HSV-1716 infec-
tion, mouse ovarian tumor cells showed high levels of expression viral glycopro-
teins B and D and were highly phagocyted by DCs. Interestingly, increased
phagocytosis of tumor-infected cells by DCs was impaired by heparin, and anti-
HSV glycoproteins B and D, indicating that viral infection enhances adhesive
interactions between DCs and tumor apoptotic bodies. Moreover, HSV-1716
infected cells expressed high levels of heat shock proteins 70 and GRP9%4 (Fig. 1).
We have reported similar effects upon infection of tumor cells with other recom-
binant HSV strains (8, 29). After phagocytosis of tumor-infected cells, DCs
acquired a mature status in vitro and in vivo, upregulated the expression of costimu-
latory molecules and increased migration toward MIP-3f3 (Fig. 2). Furthermore,
HSV-1716 oncolytic treatment markedly reduced VEGF levels in tumor-bearing
animals, thus abrogating a tumor immunosuppressive milieu (Fig. 3). These mecha-
nisms may account for the highly enhanced antitumoral immune responses
observed in HSV-1716 treated animals (Fig. 4).

Mock HSV-1716

GRP94

Fig. 1 Immunohistochemistry of GRP94 antigen in IDS-VEGEF cells infected with live or UV-
inactivated (mock) HSV-1716, 36 h p.i., | MOI. Arrowheads show typical apoptotic cells strongly
staining for GRP94
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Fig. 2 Maturation of dendritic cells upon phagocytosis of HSV-1716 infected cells. Chemotaxis
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Fig. 3 Oncolytic treatment reduces VEGF expression. ELISA in ascites of i.p. ID§-VEGF
tumors showed a decrease in the levels of VEGF protein 5 days after HSV-1716 treatment in the
intraperitoneal model of murine ovarian carcinoma
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Fig. 4 The in situ tumor vaccination mechanism. Left panel: typical immunosuppressive EOC
milieu. APCs show an immature status with low expression of MHC molecules and little to no
expression of costimulatory molecules. Cytokines produce by both tumor cells and resident APCs
contribute to immunosuppressive status, rendering T cells anergic or increasing the amount of
regulatory T cells. Right panel: Upon oncolytic therapy, death of tumor cells abrogate cytokine
production from these cells, decreasing VEGF levels. Also, apoptotic cells expressing HSP are
actively phagocyte by APCs which, in the absence of VEGEF, turn into mature APCs and are able
to activate specific antitumor T cells

9 Conclusion

We hypothesized that one mechanism underlying tumor vaccination triggered by
HSV-1716 could be the upregulation of the immunogenic properties of infected
cells. We detected overexpression of danger signals such as Hsp-70 and GRP-94 in
HSV-infected tumor cells. These proteins play a critical role in promoting antigen
cross-presentation by DCs and eliciting tumor-specific protective immunity, in part
through cytokine production and increased maturation of DCs. Consistently, phago-
cytosis of ID8 cells killed by HSV-1716 induced phenotypical and functional matu-
ration of myeloid DCs. This effect on DC maturation was observed both in vitro
and in vivo after HSV-1716 treatment of tumors. Tumor-associated VEGF has been
reported as playing a suppressive role in DC maturation. We observed that upon
HSV-1716 treatment, VEGF levels were downregulated in vivo. Thus, HSV oncol-
ysis induces complex modifications of the tumor microenvironment, which are
conducive to enhanced DC function. Collectively, this work shows that HSV onco-
Iytic therapy triggers local and systemic immune response and may be a convenient
therapeutic tool for combinatorial biological cancer therapy.
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Cancer Immunotherapy: Perspectives
and Prospects

Sonia A. Perez and Michael Papamichail

1 Introduction

During the last 15-20 years, immunotherapy has emerged as an alternative or adju-
vant approach to cancer treatment. The immunotherapy of cancer holds promise in
harnessing the host immune response to specifically target tumor cells. Although
the potential of this strategy remains auspicious, the approach requires optimization.
In this review, we intend to delineate basic aspects of the different immunothera-
peutic modalities, their advantages and drawbacks, as well as ways to improve the
efficacy of each, either alone or in combination with others.

A key advance in immunology in the past decade has been the elucidation of the
antigenic basis of tumor-cell recognition and destruction. As in normal cells, tumor
cells express MHC-peptide antigen complexes, and thus can elicit specific HLA-
restricted immune responses. The result of such responses is the generation of spe-
cific CD4* and CD8" T lymphocytes, as well as antibodies, against peptide epitopes
derived from tumor-associated antigens (TAA). TAA fall into four categories:
unique antigens (mutated, alternatively processed, idiotypic antibodies), shared
antigens (cancer/testis antigens, normally expressed during development but aber-
rantly expressed in adult somatic cells, i.e., NY-ESO-1), differentiation antigens (cell-
lineage-specific, i.e., Melan-A/MART-1, gp100), overexpressed antigens (expressed
at higher levels than in normal cells, i.e., HER-2/neu), and viral antigens (HPV, HBYV,
EBYV, etc.) (72).

To develop an effective immune response, the cooperation of different cell types
is required: antigen-presenting cell (APC), CD4* helper T cell, cytotoxic CD8* T cell,
and antibody-producing B cell. Other cells, of the innate immune system, contribute
to the regulation of the immune response, among which natural killer (NK) cells play
a major role because they can also directly kill tumor cells. Termination of an
immune response on the one hand and prevention of autoimmunity on the other hand
are processes that can be regulated by suppressor mechanisms, which include soluble
factors (such as TGF-B, IL-10, IDO, etc.) and cell populations (such as myeloid
suppressor cells, regulatory T cells, etc.). It is only in the last few years after exten-
sive research on the role of these regulatory mechanisms in cancer that they need to
be addressed when considering the immunotherapeutic treatment of these diseases.
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The knowledge acquired from tumor immunology and from animal models led
to the design of clinical protocols for cancer immunotherapy. Current approaches
in cancer immunotherapy include the use of monoclonal antibodies, cytokines,
tumor vaccines, dendritic cells (DCs), and adoptive transfer of T cells or NK
cells.

2 Antibody-Based Immunotherapy of Cancer

The use of monoclonal antibodies (mAbs) in cancer treatment has emerged follow-
ing the development of hybridoma technology by Kohler and Milstein (55). The
design of mAbs is at the moment one of the favorite preferences of pharmaceutical
companies. Antibodies with the potential for use in cancer immunotherapy are
either directed against the tumor or the tumor microenvironment, or are intended to
function as immune modulators by inducing responses against cancer (93, 98).
Targeting of intracellular molecules (such as signal transducers, transcription fac-
tors, hormone receptors) with mAbs is also feasible by means of cell penetrating
peptides (CPP) (74, 77). Antibody-based immunotherapy has the overall advantage
of not interfering with suppressor mechanisms that may affect its successful treat-
ment capacity, as is the case with cancer vaccines and adoptive cellular therapy.

The mechanisms of action of monoclonal antibodies targeting tumor cells them-
selves include (1) the induction of death pathways by the engaging and modulating
of receptors on the tumor cell, (2) antibody-dependent cellular cytotoxicity
(ADCC), (3) blockade of factors necessary for tumor growth, and (4) the delivery
of cytotoxic agents to the tumor cells.

The inhibition of tumor neovascularization or the disruption of the tumor sur-
rounding stroma is among the targets of mAbs directed against the tumor
microenvironment.

MADs targeting immunosuppressive cytokines (such as neutralizing mAbs for
IL-10 and TGF-B), immunosuppressive populations (CD25, CTLA-4, and GITR on
regulatory T cells), costimulatory molecules on effector cells (CD28, 4-1BB, and
CD40), or factors affecting DC, T cell, or NK cell trafficking are intended to
directly promote antitumor immune responses. On the other hand, mAbs directed
against TAA can enhance the processing and presentation of these antigens, leading
to more effective T and B antigen-specific immune responses.

There are currently a number of FDA-approved mAbs employed in cancer treat-
ment and others that are still under investigation in clinical trials (98, 110).

Although no mAb has yet been introduced into clinical practice for ovarian can-
cer treatment, Trastuzumab has a potential for application in HER-2/neu expressing
ovarian tumors, especially under the light of new data indicating that patients with
tumors expressing low/intermediate HER-2/neu and high heregulin might also ben-
efit from Trastuzumab therapy (68). Oregovomab (OvaRex), a murine mAb against
CA125 belongs to an innovative group of antibodies, targeting TAA in the blood-
stream rather than directly binding to antigens on tumor cells themselves.
Oregovomab forms complexes with circulating CA125 antigens that are recognized
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as foreign, as they contain the murine mAb, thereby leading to enhanced processing
of the autologous antigen-mAb complex (9, 10). Bevacizumab (Avastin), a mAb
preventing VEGF receptor binding and inhibiting angiogenesis and tumor growth,
and Cetuximab (Erbitux), targeting EGFR, are also under evaluation for possible
clinical application in patients with ovarian cancer (2, 24).

3 Cytokines in Cancer Immunotherapy

Cytokines are substances secreted by immune cells that act as positive or negative
regulators of both the innate and the adaptive immune system. There are several
positively acting cytokines currently being used in cancer immunotherapy. IFN-
0a2b (Intron A) and IL-2 (Proleukin) are two FDA-approved cytokines for the treat-
ment of cancer.

IFN-02b has been approved for the treatment of malignant melanoma, renal and
kidney carcinoma, Kaposi’s sarcoma, follicular lymphoma, hairy cell leukemia, and
CML (94). The efficacy of IFN-02b in ovarian cancer is still under investigation in
clinical trials (10, 34). Furthermore, administration of IFN-y along with first-line
chemotherapy has also been reported to improve progression-free survival in ovar-
ian cancer patients (10, 67).

IL-2 has been approved for the treatment of malignant melanoma, renal and
kidney carcinoma, leukemia, and lymphoma (94). However, apart from its role in
the initial activation of T and NK cells, IL-2 is also essential for the maintenance
of self tolerance, either by activation-induced cell death (AICD) (61) to eliminate
self-reactive T cells or by generating and maintaining CD4* CD25* regulatory
T cells (97). Thus, its replacement by IL-15, a cytokine with antiapoptotic action,
very effective in the activation of T, NK, and NKT cells, the generation and main-
tenance of CD8* memory T cells, has been proposed as more effective for cancer
immunotherapy (109, 110).

GM-CSF (Sargramostim) is indicated for use following induction chemotherapy
in older adult patients with acute myelogenous leukemia (AML) to shorten time to
neutrophil recovery and in autologous bone marrow transplantation for acceleration
of myeloid recovery. On the other hand, GM-CSF is also used in clinical trials as
an adjuvant, acting on dendritic cells, to enhance T cell immune responses.

Other cytokines, such as IL-12 (51) and IL-21 (76), are also under evaluation for
their potential use in cancer immunotherapy. However, in contrast to mAb development,
the field of cytokine application in cancer immunotherapy is not moving very quickly.

4 Cancer Vaccines

Generating an immune response directed against a tumor antigen has several poten-
tial clinical advantages. Vaccination, if effective, would stimulate immunologic
memory and could result in the prevention of relapse after standard therapy such as
surgery and radiation has been administered.
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Active immunization can be performed with tumor antigens, synthetic tumor
antigen peptides, whole tumor cells (autologous or allogeneic), tumor cell lysates,
naked DNA, or viral vectors (88). There are many ongoing clinical trials worldwide
using injection of synthetic peptides in combination with GM-CSF and/or adjuvant
proteins, such as KLH, to elicit antitumor T cell responses. In another series of
clinical protocols, DCs are used as APCs loaded with synthetic peptides, whole
tumor proteins, antigen RNA, immune-complexes of the relevant TAA with anti-
bodies, through activating FcyR (95) or they are genetically modified to encode
tumor antigen or fused with tumor cells.

TAAs tested in clinical trials or in preclinical models for vaccination in ovarian
cancer include MUC-1, STn, TAG-72, HER-2/neu, CA125, CEA, p53, mesothelin
(44), and NY-ESO-1. Vaccination with whole tumor cells and gene-modified DCs
has also been explored (37, 39, 88).

Immunomonitoring of patients is required following active immunization. This
includes specific T cell responses: in vivo by DTH responses and in vitro by specific
T cell frequency enumeration (ELISPOT or tetramers/pentamers), cytokine produc-
tion (ELISA), and cytotoxic potential against autologous tumor cells. Since clinical
and preclinical data show that effective vaccination may result in epitope spreading
(16, 71, 89) and specific antibody responses (46, 75) their evaluation might also be
required.

4.1 Peptide Vaccines

Peptide vaccines for cancer immunotherapy have many practical and theoretical
advantages compared with other forms of active immunization: (1) they can be
appropriately selected to be immunogenic and to avoid autoimmunity, (2) peptides
are easy and cheap to produce, (3) synthetic peptides can be modified to improve
their antigenicity compared with their native counterparts, (4) the use of peptides
overcomes defects in antigen-processing machinery, (5) immune responses to spe-
cific peptides are easy to monitor, and (6) they can be combined to produce multie-
pitope vaccines, thus mimicking the advantages of whole-cell-based vaccines.

On the other hand, there are substantial limitations while using peptide vaccina-
tion (27, 100):

e Peptides are MHC restricted, especially MHC class I restricted peptides, while
there are many promiscuous MHC class II restricted peptides. Thus, their appli-
cation is restricted to a limited patient group expressing the relevant MHC alle-
les. Furthermore, given the fact that HLA loss is a common phenomenon in
cancer (5), a peptide might be irrelevant even for the same individual at a later
stage of the disease.

e There is great heterogeneity in TAA expression among patients with the same
neoplastic disease.

o TAAs are often downregulated in tumor cell escape-variants, and so the corre-
sponding peptides are no longer expressed.
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e Many TAAs represent overexpressed self antigens (such as HER-2/neu, CEA,
telomerase, etc.); thus the immune system is tolerized against these antigens.
Consequently, the remaining antigen specific T cell clones are usually of low
affinity and the generation of an effective immune response to them might lead
to autoimmunity.

e We still do not know the best way to vaccinate with peptides (timing, adjuvants,
repetitions, etc.)

o Finally, although antigen specific immune responses have been reported in many
patients enrolled in a large number of clinical trials using peptide vaccines, only
limited objective clinical responses have been documented.

4.2 Dendritic Cell-Based Cancer Vaccines

DCs are powerful antigen-presenting cells able to process and present antigens to
CD4* and CD8* T cells, while delivering the costimulatory signals necessary for
effective T cell activation. On the other hand, DCs also have the potential to
actively downregulate an immune response or to induce immune tolerance (30).
Since the first clinical trial using a DC vaccine reported in 1996 (41), DCs are
considered a valuable tool in cancer immunotherapy and are widely used in many
clinical trials worldwide.

Because DCs are found at trace levels in tissues or in circulation, methods to
generate them in vitro are of critical value for their application in immunotherapy.
DCs can be produced from either peripheral blood monocytes or CD34* hemopoi-
etic progenitor cells. Culture of monocytes in the presence of GM-CSF and 1L-4
results in the generation of immature DCs (iDCs). Similarly, culture of CD34+* cells
with an appropriate combination of cytokines leads to the generation of iDCs.
Further maturation of DCs (mDCs) can be achieved by different stimuli, such as
LPS, TNF-a, Poly I-C, or CD40L.

Functionally, iDCs are specialized to uptake and process antigens, whereas mDCs
lose this capability. On the other hand, iDCs induce T cell tolerance, while mDCs can
effectively prime T,1 CD4* and CD8* T cells (87). Additionally, mature DCs have
the capacity to induce T2 CD4" cells, de novo regulatory T cells, or clonal expansion
of natural regulatory T cells, or even to induce deletional tolerance (87). The differ-
entiation, maturation, and effector functions, as well as the trafficking capacity of
DCs, depend on the signals delivered by the microenvironment, by either soluble
factors or cell-to-cell interactions.

All these issues have to be taken into consideration when applying DC vac-
cines for cancer therapy. Although there is a growing body of information arising
from studies on the biology of DCs and from their application in clinical trials,
there is still a necessity for standardization of culture conditions, phenotypic
characteristics, antigen loading, maturation procedure, dose, time and route of
administration as well as establishment of quality criteria for DC-based cancer
immunotherapy (29).
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There are only few clinical trials evaluating the efficacy of dendritic cell-based
vaccination in ovarian cancer patients. Nevertheless, the experience acquired from
clinical trials using DCs for several other cancer types would facilitate the applica-
tion of this immunotherapeutic modality in ovarian cancer patients.

5 Adoptive T Cell Transfer for Cancer Immunotherapy

Adoptive T cell therapy, using specific CD4 (helper or cytotoxic) and/or CDS8 cyto-
toxic cells against tumor antigens, may be very efficacious for the eradication of
existing malignancies. These cells need to be highly active against tumor cells and
can be generated by either in vitro stimulation of patient’s peripheral blood mono-
nuclear cells (PBMC) or ex vivo expansion of specific tumor infiltrating lym-
phocytes (TIL) or from PBMC of prevaccinated individuals (25, 88).

In a standard rapid expansion protocol for CTL, either from TIL or from
patient’s PBMC, cells selected for transfer are expanded with anti-CD3 mAb or
PHA, a high dose of IL-2 and allogeneic irradiated feeder cells (8, 26, 107). This
procedure generates tumor-specific CTL differentiated to an intermediate to late
effector state. Monitoring of cancer patients, either immunocompetent or immuno-
suppressed, receiving adoptively transferred T cells, reveals that blood levels of
tumor-specific T cells decrease rapidly following vaccination, thereby creating the
need for repeated vaccinations (25). Consequently, it is of the utmost importance to
improve existing protocols in terms of both, in vitro expansion of tumor-specific T
cells as well as acquisition of the appropriate phenotype (effector-memory), to
ensure their long term in vivo persistence (42).

Adoptive T cell transfer after host preconditioning by lymphodepletion has been
shown to induce clear and reproducible responses in about 50% of the treated
melanoma patients (26). The mechanisms underlying this improved efficacy of
adoptively transferred tumor-reactive T cells include the elimination of regulatory
T cells, the depletion of endogenous cells competing for activating cytokines, and
the increased function and availability of APCs (32). It is worth mentioning that the
vast majority of clinical trials using adoptive transfer of T cells have been con-
ducted in melanoma patients, and the reported beneficial clinical results refer to this
particular group of patients. This could be either attributed to the difficulty in
obtaining large numbers of TIL-derived antigen-specific T cells from other malig-
nancies or to some particular features of melanoma as a disease.

Genetic modification of T cells to be adoptively transferred is another recently
emerging approach. In a recent report, 15 melanoma patients adoptively received
autologous PBMC-derived T cells, transduced to express a tumor specific TCR.
The transferred cells persisted for at least 2 months in all patients, representing 10%
of their PBMC. Two of the patients demonstrated objective clinical responses (73)
(currently, one more patient has responded positively, Morgan, personal communi-
cation). In another phase I study, autologous T cells were genetically modified to
express a chimeric receptor against the o-folate receptor and then adoptively
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transferred to patients with metastatic ovarian cancer, but these cells did not persist
for long in large numbers and no clinical responses were observed (50).

Although adoptive transfer of tumor-specific T cells constitutes a promising
immunotherapeutic approach, it is a very expensive and laborious procedure,
undertaken only by a few laboratories, and which also needs further improvement
so as to yield appropriate numbers of nonexhausted functional T cells.

6 NK Cell-Based Immunotherapy

Adoptive NK-cell therapy has held great promise for the immunotherapy of cancer
for over three decades. However, to date, only modest clinical success has been
achieved by manipulating the NK cell compartment in patients with malignant dis-
ease. Progress in the field of NK cell receptors, inhibiting or activating NK cells
[killer cell immunoglobulin-like receptor (KIR), C-type lectins, and natural cyto-
toxicity receptors (NCR)], will assist the development of novel approaches to
manipulate NK receptor-ligand interactions for the potential benefit of patients
with cancer.

NK cells are essential elements of the immune system and possess a key role in
immune reaction against pathogens and tumors. In humans, NK cells are character-
ized by expression of the CD56 receptor and lack of CD3. Their rapid activation
and cytotoxic activity, without need of prior sensitization, as well as the release of
cytokines and chemokines, such as IFN-y, TNF-q,, IL-10, GM-CSF, and MIP-1a,
reveals their significance in the progress of an immune response (81).

The ability of NK cells to spontaneously attack and kill transformed cells in an
MHC-unrestricted fashion renders them suitable candidates for use in immuno-
therapeutic protocols. Early studies aiming to improve the antitumor effect of NK
cells include endogenous activation of the patients’ NK cells, through administra-
tion of cytokines (15, 20, 62, 69), or adoptive transfer of ex vivo stimulated autolo-
gous lymphokine-activated killer cells (LAK) (59, 90, 102). Initial clinical trials
based on adoptive transfer of LAK cells in combination with high doses of IL-2,
apart from side effects such as high toxicity, resulted in poor clinical outcome. To
overcome drawbacks caused by high IL-2 doses, IL-2-activated autologous LAK
cells and daily administration of low doses of IL-2 were applied as a novel immu-
notherapeutic approach, but again with limited success (35). Regional administra-
tion of IL-2 activated LAK cells appeared to be more effective, and less toxic, than
systemic IL-2 administration (13, 36, 49).

LAK-based immunotherapy has also been applied in ovarian cancer patients in
a few clinical trials (103, 104, 116), although with poor clinical results.

In the last 3—4 years, NK cells have reemerged as a powerful tool in cancer
immunotherapy (6, 101), following new studies on their biology and function. Data
obtained from haploidentical hematopoietic stem cell (HSC) transplantation, fol-
lowing T cell depletion in patients with acute myeloid leukemia (AML), have
revealed that alloreactive KIR-incompatible NK cells protected patients from
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disease relapse, thus indicating the therapeutic role of allogeneic NK cells in AML
(91). This observation led to the design of new cell therapy clinical protocols on the
basis of the administration of mismatched (haploidentical) allogeneic NK cells,
activated with IL-2, in patients with different types of malignancies, as recently
reported (70). In this phase I clinical study, patients with metastatic melanoma,
metastatic renal carcinoma, refractory Hodgkin disease, and poor-prognosis AML
received up to 2 x 107 NK cells per kg (the higher tolerated dose could not be
defined, due to limitations in NK cell numbers), following an immunosuppressive
regimen. Haploidentical NK cell administration has been proven safe, with minimal
toxicity, mostly attributable to the concomitant administration of a low dose of IL-
2. A very interesting finding in this study was the fact that conditioning of the AML
patients with high-dose cyclophosphamide and fludarabine resulted in an increased
endogenous production of IL-15, which was correlated with the prolonged in vivo
expansion and persistence (up to 28 days) of the engrafted allogeneic NK cells.
Furthermore, although the purpose of the study was only safety testing, it was
found that 5 of 19 poor-prognosis patients with AML achieved complete hemato-
logic remission, with a significantly higher complete remission rate when KIR lig-
and mismatched donors were used.

The limiting factor in such protocols remains the number of appropriately acti-
vated NK that can be obtained (6). Usually the donor undergoes a 4- to 5-h leuka-
pheresis, which is a protracted and cumbersome procedure. We have recently
reported (85) novel data on the effect of glucocorticoids (GCs), along with stimu-
latory signals from IL-15 or IL-2, on NK cell expansion and function. Although
GCs have been reported to exert an inhibitory effect on NK cells, we have demon-
strated that NK cells activated with IL-15 (or IL-2) in the presence of hydrocorti-
sone (HC) not only retain their cytotoxic activity but are also protected from
apoptosis, and their proliferative rate is significantly elevated. HC plus IL-15 is
capable of inducing up to a 400-fold expansion of human NK cells within 20 days
of culture compared with about a 50-fold with IL-15 alone, thus making feasible
their large scale production from a limited volume of peripheral blood (200 ml of
peripheral blood could give rise to more than 10! NK cells, using this protocol)
and their potential application in clinical protocols. Furthermore, expanding NK
cells in the presence of HC, thus rendering them preconditioned to the presence of
GCs, is advantageous, as their intravenous injection into a recipient exposes them
to a microenvironment where active cortisol is naturally present at doses similar to
those used in vitro.

Autologous NK cells, activated and expanded in vitro in the presence of IL-15
and HC, have been found to be effective in vivo in a lung metastasis mouse model.
These NK cells retained their ability to efficiently infiltrate tumor-bearing lung tis-
sue and to persist for more than 3 days after NK cell infusion. Furthermore, survival
of animals with preestablished lung tumors, treated with NK cells activated and
expanded with IL-15 and HC, was more than sixfold extended compared with
untreated animals (unpublished data). We plan to initiate a phase I clinical study in
patients with advanced nonsmall cell lung cancer, who will be adoptively trans-
ferred with allogeneic NK cells expanded ex vivo with IL-2 and HC, to take
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advantage of both, i.e., the novel NK cell-expansion protocol to obtain large num-
bers of appropriate effector cells and the KIR mismatch between donor and recipi-
ent. The selection of lung cancer is based on the observation that the majority of
intravenously administered NK cells accumulate in the lung and are retained at the
tumor site (4).

Adoptive transfer of established NK cell lines, with broad antitumor activity,
such as NK-92 (6, 14, 19), represents an alternative for use in clinical trials. In an
attempt to overcome HLA-mediated inhibitory signals, thus endowing NK cells
with cytotoxicity against otherwise NK-resistant cells, genetic modification with
chimeric receptors (consisting of a tumor antigen-targeting moiety, such as a single
chain Fv against HER-2/neu, and a signaling part, i.e., a CD3 { chain), has already
been tested in preclinical models and might be proven effective in a clinical setting
of NK cell-based immnunotherapy.

HLA class I antigens are often downregulated in ovarian cancer cells (60, 78,
108). This would imply that ovarian cancer cells are more susceptible to NK cell
attack. It has been recently shown that freshly isolated ovarian tumor cells are
directly recognized by resting allogeneic NK cells (17), further strengthening the
notion that NK cell-based immunotherapy for ovarian cancer patients requires
reevaluation.

7 Regulatory Cells and Cancer Immunotherapy

Cancer progression and metastasis has been correlated with the presence of immu-
nosuppressive factors. Reports on the implication of suppressor/regulatory cells in
cancer development and progression date back more than three decades (33, 105).
Populations with immunosuppressive properties include the following:

e Tumor cells: These have been found to produce a broad range of factors confer-
ring immunosuppression, including cytokines (TGF-B, IL-10, etc.), TNF family
ligands (FasL, TRAIL, etc.), small molecules (prostaglandin E2, INOS, etc.), and
enzymes (indoleamine 2,3-dioxygenase (IDO), arginase I), as well as cytokine
receptors competing for cytokines with effector cells (i.e., IL-2R) (82, 112).

o Stromal cells: Cells surrounding the tumor (including endothelial cells, fibrob-
lasts, macrophages, etc.) possess immunosuppressive properties, either through
soluble factors or by cell-to-cell contact interactions (47, 115).

e Dendritic cells: As already discussed in a previous section (“dendritic cell-based
immunotherapy”), under some conditions, DCs induce and maintain tolerance.

e Mpyeloid suppressor cells: Myeloid suppressor cells (MSCs) represent a heterog-
enous cell population comprising immature macrophages, granulocytes, DCs,
and other myeloid cells at early stages of differentiation that can be identified in
humans as CD34*, CD33*, CD15-, and CD13*. MSCs have been detected in the
tumor microenvironment and have been found to inhibit tumor-specific T cell
functions through several mechanisms, mainly through arginase and/or nitric
oxide synthase (NOS) activation (96).



244 S.A. Perez and M. Papamichail

e T cells: There are several subpopulations of CD4* T cells, which have immuno-
suppressive capacity (45, 80), either by producing suppressive cytokines, such
as T,;3 and Tr1 cells, exerting their function through TGF-f and IL-10 produc-
tion respectively, as well as subpopulations of CD8* cells (117).

The identification of a better characterized regulatory subpopulation among CD4*
cells, constitutively expressing high levels of CD25, CTLA-4, GITR, Foxp3, being
anergic when stimulated by TCR cross-linking in vitro and actively inhibiting CD4*
CD25- T cells, CD8* T cells, DC, NK, NKT, and B cells in a cell-to-cell contact
and dose-dependent manner (12) led to a recent intensification of the investigation
on the role of these cells on tumor development, growth, and escape from
immunosurveillance.

Increased numbers of Tregs, either at the tumor site, the tumor-draining lymph
nodes, or in the circulation, have been reported in patients with several types of
malignancy, including gastrointestinal malignancies (56, 63, 92), ovarian cancer (7,
22, 113, 114), nonsmall-cell lung carcinoma (79, 114), melanoma (18), renal cell
carcinoma (18), glioma (28), Hodgkin lymphoma (66), and chronic lymphocytic
leukemia (CLL) (11). Increased numbers of Tregs have been correlated with greater
disease burden and poorer overall survival (92, 113). Therapeutic approaches in
cancer treatment may affect Tregs cell frequency and function. IL-2 therapy has
been found to induce expansion of Tregs in melanoma and renal carcinoma patients
treated with high dose IL-2 (3, 18). On the contrary, some chemotherapeutic agents,
such as cyclophosphamide and fludarabine, have been observed to reduce the fre-
quency and function of Tregs (12).

Increased Treg frequency has been correlated with advanced stages and bad
prognosis in cancer patients (53), although differences among patients with differ-
ent malignancies or even the same type of cancer have not yet been explained (12).
We have recently (84) demonstrated that within a defined group of breast cancer
patients with progressed disease and similar clinical outcome, there is, at least, one
factor that separates these patients into two different subgroups, according to circu-
lating Treg frequency: the overexpression of HER-2/neu, a self antigen expressed
by normal epithelial cells and several types of cancer cells, which is released by the
cells into the systemic circulation (83). The specificity of Tregs in cancer patients
remains unclear (54), although some evidence supports that Tregs associated with
tumors are tumor antigen-specific Tregs (111). Whether systemically circulating
tumor-associated self-antigens at increased concentrations, such as HER-2/neu,
CEA, PSA, and others, induce the expansion of circulating antigen-specific Tregs
in cancer patients, as described for endogenous systemic antigens (52, 64), remains
to be elucidated.

Treg cell depletion or functional inhibition can lead to the induction of efficient
antitumor activity. This can be achieved either by pharmacological agents such as
cyclophosphamide (65), fludarabine (11), COX2 inhibitors (99), temozolomide (1),
or by directly targeting Tregs with antibodies against the IL-2 receptor or against
CTLA-4, or with IL-2 conjugated with toxin (denileukin diftitox, ONTAK).
Furthermore, it has been recently documented that peptide vaccination (43) and
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antibody-based immunotherapy with Trastuzumab (84) in breast cancer patients
can also result in a substantial decrease in Tregs.

Since elimination of Tregs has been proven promising, either alone or in combi-
nation with other immunotherapeutic interventions, in preclinical models (53) or in
pilot clinical studies (23), a number of clinical trials are currently in progress to
further evaluate this approach in cancer immunotherapy. There are currently ongo-
ing clinical trials using ONTAK to eliminate Tregs in ovarian cancer patients with
very encouraging initial results (7, 21).

8 Prospects and Perspectives for the Improvement of Cancer
Immunotherapy

The use of the immune system in cancer therapy, with the entirety of its repertoire
modalities, i.e., active immunization or adoptive transfer, stimulating innate or
adaptive immune mechanisms, targeting the humoral or the cellular immune com-
partment, has proven or has the potential to be effective. However, from the experi-
ence gained so far, it is clear that focusing on a single immunotherapeutic strategy
might not confer success in combating cancer, since tumors elicit diverse mecha-
nisms to escape from immunosurveillance.

e The use of multiantigen vaccines, targeting peptides associated with multiple
MHC molecules and encompassing both MHC class I and class II peptide
sequences, would overcome the heterogeneity of antigen expression and MHC
downregulation by tumor cells, as well as the concomitant stimulation of CD4*
cells to provide help for CD8* T cell priming and antibody production.

e The exploitation of more effective vaccine adjuvants (57) such as CpG and other
TLR agonists, allogeneic or xenogeneic cells or molecules, would generate
stronger stimulatory signals for T cells, thus overcoming the inhibitory signals
delivered from regulatory cells and suppressor soluble factors.

e Targeting of tumor stroma and neovascularization, along with the tumor itself,
is a currently exploited approach, which seems very effective (38, 40, 86).

o Elimination or inactivation of regulatory cells (myeloid suppressor cells or regu-
latory T cells) prior to other immunotherapeutic interventions, including vacci-
nation or adoptive therapy is of great importance.

o Blockade of soluble suppressor factors (i.e., TGF-$, VEGF, IL-10, IDO, etc.) or
inhibitory receptors (i.e., PD-1) represents another approach to improve
immunotherapy.

e The lack of costimulatory molecules from tumor cells or from DCs represents
another obstacle to effective cancer immunotherapy. Genetic modification either
by in vivo gene delivery to tumor cells (48) or by genetically engineered DCs
(31), or other strategies effectively arming APCs with costimulatory molecules
might overcome this obstacle.

e The fact that the immune system consists of an integral network, where the func-
tion of each component population, positively or negatively, affects the other
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immune cell populations, the joined function of the nonspecifically acting
antigen-presenting cells with NK cells, followed by the cells of the adaptive
immune compartment, the T and B cells, need to be combined in the immuno-
therapy of cancer to effectively destroy tumor cells and to generate a persistent
memory antitumor response.

e The combination of different therapeutic modalities, including classical cancer
treatments, with immunotherapeutic approaches, seems indispensable. Surgery
would rid the body of the tumor mass, thus diminishing the immunomodulatory
effects from the tumor burden, and chemotherapy and/or radiotherapy might
lead to cross-presentation of tumor antigens by inducing tumor cell death (58,
106). If this cross-presentation will result in cross-tolerance or in cross-priming
will depend upon the presence or absence of inflammatory signals provided by
the appropriate cytokines, as well as costimulatory signals. On the one hand, the
immunotherapeutic intervention at this point would drive the immune response
toward an effective antitumor cross-priming. On the other hand, as already men-
tioned, many chemotherapeutic agents lead to regulatory cell depletion/inhibi-
tion, further conferring a successful antitumor response.

Thus, the new therapeutic modalities for the treatment of cancer should combine
surgery, chemotherapy, and/or radiotherapy with immunotherapeutic intervention.
Furthermore, similarly to conventional, established adjuvant chemotherapy, “adju-
vant” immunotherapy in patients carrying the minimum tumor load needs to be
seriously considered. It is unfair and misleading to evaluate the efficacy of cancer
immunotherapy treatments in patients with advanced cancer, as currently happens,
where the tumor burden is already large and the immune system highly
deregulated.

Finally, the development of prophylactic cancer vaccines, whenever and wher-
ever possible, is also a promising immunotherapeutic intervention, already applied
in the case of some virally induced tumors, such as HBV and, more recently, HPV
vaccination.

9 Conclusion

Immunotherapy remains a very promising approach for the treatment of cancer.
From the many clinical trials conducted worldwide, it has become clear that cancer
immunotherapy is safe, with limited side effects, but still with only modest overall
clinical efficacy.

The new generation of cancer immunotherapy protocols requires consideration
and potential application of multiple new modalities exploited so far, such as multi-
antigen vaccines, effective adjuvants, costimulatory molecules, lymphodepletion
and/or elimination, or blockade of inhibitory populations and factors.

It is critical for investigators in cancer immunotherapy to join forces with clini-
cal oncologists for the development of novel immunotherapeutic regimens,
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integrating different compartments of the immune system. Emerging strategies
should rely on the knowledge acquired from preclinical models and basic immunol-
ogy and use the latest technological achievements, along with established cancer
treatment modalities (surgery, chemotherapy, radiotherapy, as well as the new
generation of anticancer drugs), for the new era in cancer therapy.
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1 Introduction

Tumor-specific immune-mediate cancer therapy was documented in a mouse model
about one and half century ago (1). Nonetheless, the success of immune-based
cancer treatments in humans has remained quite modest despite advances in our
understanding and technology. The current paradigm driving most immune strate-
gies is that tumors express tumor-associated antigens (TAA), thereby making them
the objects of immune attack. These TAA should then be captured by professional
antigen-presenting cells, particularly dendritic cells, which in turn prime naive T
cells to become TAA-specific effector cells through T cell cosignaling molecules
and other mediators. This paradigm predicts that the solution to improving the effi-
cacy of tumor immunotherapy is to augment TAA expression, boost cosignaling, or
increase the number of effector T cells or professional antigen-presenting cells.
Experience shows, however, that with a few limited exceptions, such strategies do
not yield durable clinical successes.

Recent work, including from our group, now demonstrates that tumors employ
a wide variety of active mechanisms to thwart what could be an otherwise effective
host antitumor immune response (2—4). These tumor-associated mechanisms
include production of factors such as VEGF, TGF-B, or IL-10; induction of dys-
functional dendritic cells; or dysfunctional T cell cosignaling (5).

Much recent work implicates CD4*CD25* regulatory T cells (Tregs) as an agent
of this tumor-mediated anti-host defense (2, 6). CD4*CD25* regulatory T cells nor-
mally mediate peripheral tolerance (7, 8). However, if they are abnormally elevated
in numbers or function, they have the potential to perturb homeostatic immune
functions or defeat a required immune response (6).

In 1999, it was demonstrated that depletion of CD4*CD25* T cells in a mouse
model for cancer using PC61 antibody improved immune-mediated tumor rejection
(9). Soon thereafter, CD4*CD25* T cell depletion was shown to boost endogenous
TAA-specific immunity as well as the efficacy of active immunization or anti-
CTLA-4 blockade (10, 11). CD4*CD25* regulatory T cells are elevated in the
peripheral blood of patients with a variety of cancers (2, 12—18). Nonetheless, most
of the work performed until this time centered on mouse models of cancer.
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We decided to study human Tregs and thus focused on ovarian cancer because
we could obtain large quantities of immune cells from ascites and could grow
autologous tumors from individual patients for studies of tumor-specific events (3,
19). We demonstrated that dendritic cells in the ovarian cancer microenvironment
were dysfunctional and could induce T cells to produce IL-10 (3, 19), suggestive of
Tregs. We then demonstrated that Tregs are accumulated in the human ovarian can-
cer microenvironment against a concentration gradient. These cells could inhibit
tumor-specific cytotoxicity and cytokine production of tumor-specific CD8* T cells
in vitro and in vivo in a chimeric SCID/NOD xenograft model. We further demon-
strated an inverse correlation between tumor Treg content and patient survival even
after adjusting for known factors predicting survival (2).

Taken together, data from mouse models and our findings in human ovarian
cancer predicted that reducing the Treg content of patients with ovarian cancer
might be of therapeutical use. We then identified denileukin diftitox (Ontak) as an
agent that might be useful to deplete CD4*CD25* Tregs in human cancer. Denileukin
diftitox is a fusion protein of IL-2 and diphtheria toxin, which is licensed by the
United States Food and Drug Administration to treat cutaneous T cell leukemia/
lymphoma, a T cell malignancy with a CD4*CD25* phenotype similar to regulatory
T cells. It binds to cells through an IL-2 receptor and inhibits protein translation
following internalization, leading to apoptosis (20). We undertook a phase 0/1 clini-
cal trial enrolling patients with any advanced stage epithelial carcinoma to test the
hypothesis that denileukin diftitox depletes Tregs and thus boosts immunity. This
phase 0/I design was to test immunologic end points only, but we subsequently
obtained some clinical efficacy data as well, as discussed later.

2 Results

Six patients with advanced stage ovarian, breast, or lung cancer were enrolled in the
phase 0/1 study, the first three receiving a single intravenous dose of denileukin
diftitox at 9ug ml™' and the next three a single intravenous dose of 12ug ml™'. A
seventh patient with stage IV pancreatic cancer received five consecutive weekly
doses of denileukin diftitox at 12 g kg™'. Blood was obtained just before and 3-7
days after the first single intravenous dose from all seven patients. Results for those
receiving 9 or 12 ug kg™' were similar and thus pooled for the day 3—7 analyses. All
studies were approved by the Tulane IRB and patients provided written, informed
consent.

Phenotypic Tregs (CD4*CD25* T cells) were reduced in prevalence in 6 of the 7
patients and in absolute numbers in blood from all seven patients, 3—7 days after a
single intravenous infusion of denileukin diftitox. This was not a simple panlym-
phopenia, as CD3*CD8* T cells expressing interferon-y increased significantly in
number at the same time. CD4*CD25* T cells expressing foxp3 message and
FOXP3 protein were reduced in number, and their capacity to inhibit T cell prolif-
eration was significantly reduced in the week following denileukin diftitox
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administration. In three of the patients, we were able to test the capacity of sorted
CD4+*CD25* T cells to suppress T cell proliferation before, in the first week after,
and again 21-30 days after denileukin diftitox infusion. Suppression of T cell pro-
liferation by sorted CD4*CD25* T cells was significantly reduced 1 week after
infusion and remained reduced at 21-30 days, the latest time points tested, in these
three patients. These data are consistent with reduction in functional Treg activity
for up to 30 days after a single denileukin diftitox infusion.

Patient 4 had stage IV epithelial ovarian carcinoma that had failed conventional
chemotherapeutic and surgical approaches, and had no clearly beneficial standard
treatment alternatives. She was enrolled in the stage 0/1 trial at the 12 ug kg™! dose.
Thirty days after this single dose, when her part in the phase 0/ study ended, she
received six additional weekly cycles of denileukin diftitox at 12 ug kg=! with thera-
peutic intent in an IRB-approved study amendment. Following the first infusion in
the phase O/ study, her blood CA 125 fell significantly. After the first of six addi-
tional consecutive weekly infusions (which began 42 days after her initial treat-
ment), her blood CA125 decreased to and remained within the normal range. A
PET/CT fusion scan demonstrated resolution of bony, visceral, and lymphatic dis-
ease with a residual mass persisting in the left groin, which proved to be ovarian
carcinoma upon biopsy. She failed local radiotherapy and then refused additional
therapies and died of infection 13 months later.

Patient 7 with stage IV pancreatic cancer was treated with five consecutive
weekly denileukin diftitox infusions at 12ug kg™ in a separate protocol with thera-
peutic intent. After the third infusion, CD3*CD8" interferon-y* T cells, which had
risen during the first two cycles, began to decline below baseline levels, and therapy
was stopped after the fifth weekly dose as these cells continued to decline after each
successive infusion. Foxp3 message in CD4*CD25* T cells also fell with each suc-
cessive cycle, becoming undetectable after the fourth cycle. CD3*CD8" interferon-y*
T cells in blood recovered to greater than 50% of baseline by 7 weeks after the final
infusion. Foxp3 message data during this recovery phase were discarded when
RNA degradation in the samples was detected in quality control experiments, and
no FOXP3 protein expression data was available at this time. The patient had stable
disease for approximately 4 months, and then the disease progressed and she died
3 months after progression.

3 Conclusions

These preliminary data suggest the following points. A single infusion of deni-
leukin diftitox at 9 or 12 ug kg™ decreases blood CD4*CD25* T cell prevalence and
numbers, and reduces foxp3 message and FOXP3 protein expression in blood
CD4+*CD25* T cells coincident with a reduction in the suppressive capacity of these
cells in patients with ovarian, lung, breast, or pancreatic cancer. Thus, denileukin
diftitox depletes regulatory T cell function from blood of such patients. Regulatory
T cell function and foxp3 message and FOXP3 protein expression remained
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significantly reduced for 3—4 weeks after the single infusion demonstrating a pro-
longed reduction in regulatory T cell function. A single infusion of denileukin difti-
tox at 9 or 12ug kg™ is well tolerated by patients with a variety of epithelial
carcinomas, even with serum albumins as low as 2 gm dI™'. Repeated weekly infu-
sions at 12ug kg™ for up to five cycles are also well tolerated, but eventually
deplete interferon-y-secreting T cells that likely represent immune effector cells.
Thus, the dosing interval for this strategy should be longer than weekly. Resolution
of metastatic ovarian carcinoma was observed in conjunction with regulatory T cell
depletion in the one patient so studied, suggesting potential for clinical efficacy,
although the relation between any immune events and any clinical outcomes
remains unknown at present. We hypothesize improved immunity through Treg
reduction, augmenting immune-mediated tumor clearance as the mechanism which
represents an area of active investigation for us.

These data suggest that Ontak may be useful to reduce CD4*CD25* regulatory
T cell function in blood of patients with certain epithelial carcinomas. Additional
data (Barnett et al., manuscript in preparation) suggest that monthly denileukin
diftitox infusions at 12 g kg™! may continue to suppress regulatory T cell function
with little reduction of interferon-y* T cells in blood. On this basis, we are conduct-
ing a phase II trial of monthly denileukin diftitox at 12 ug kg™' to treat patients with
stage III or I'V epithelial ovarian carcinoma failing standard therapies. Study details
and eligibility criteria can be found on the NCI PDQ Web site [http://www.cancer.
gov/search/ViewClinicalTrials.aspx ?cdrid=445063&version=patient&protocolsear
chid=2853127]. Eight patients have been enrolled to date and there continues to be
minimal toxicity.

Current data suggest that the IL-2 moiety of Ontak does not mediate its thera-
peutic effect and that an intact immune system is required for therapeutic efficacy
(Barnett, Riiter, Cao et al., manuscript in preparation). Much additional work
remains to be done to test whether reduced Treg numbers or function are a mecha-
nism of action of increased interferon-y production and to relate any clinical effects
to Treg depletion.

Our results suggest that regulatory T cell depletion will be a useful immune strat-
egy to treat certain epithelial carcinomas. Further questions include determining
whether eliminated Tregs are antigen-specific and if so, how that influences immu-
nity, and whether combining regulatory T cell depletion with active vaccination or
additional treatments will be more efficacious than either treatment alone. Further
investigations also include studying whether this strategy reduces regulatory T cell
function at the tumor site and in draining lymph nodes, what the relationship between
depletion in blood vs. local sites is, and whether these observations individually or
collectively predict immunologic or clinical benefits. Additional agents suggested or
tested to deplete regulatory T cells include cyclophosphamide and fludarabine among
others (see our review in Frontiers in Bioscience, in press, for many additional
details). We are also developing proprietary agents to deplete regulatory T cells selec-
tively. Immunopathologic contributions of other regulatory cell populations such as
CDS8* regulatory T cells (21), immature myeloid cells (22), NKT cells (23), and B7-
H4* myeloid cells (24) remain to be established and merit further investigations.
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Inhibitory B7 Family Members in Human
Ovarian Carcinoma

Shuang Wei, Tyler Curiel, George Coukos, Rebecca Liu, and Weiping Zou

1 Introduction

Tumors express tumor-associated antigens (TAA), and thus should be the object of
immune attack. Nonetheless, spontaneous clearance of established tumors is rare
(1, 2). Much work has demonstrated that tumors have numerous strategies either to
prevent presentation of TAA or to prevent TAA presentation in the context of T cell
costimulatory molecules (3—12).

Thus, it was thought that a lack of TAA-specific immunity was largely a passive
process; tumors simply did not present enough TAA, or antigen-presenting cells did
not have sufficient stimulatory capacity. On this basis, attempts were made to bol-
ster TAA-specific immunity by using optimal antigen-presenting cells (13-15), by
growing TAA-specific effector T cells ex vivo followed by adoptive transfer (3—10,
16), by cytokine/chemokine immunotherapy (1, 17), or by peptide vaccination
(18-21). These approaches were met with some success in mouse models of human
tumors and showed some early clinical efficacy in human trials, although long-term
efficacy remains to be established and logistical problems are considerable
(3-12).

These studies and clinical trials established the concept that experimentally
induced TAA-specific immunity is a rational and potentially efficacious, means to
treat established human cancer. Nonetheless, more recent work, including from our
laboratories, demonstrates that a lack of naturally induced TAA-specific immunity
is not simply a passive process whereby adaptive immunity is shielded from detect-
ing TAA (1-8, 10).

In fact, over the past few years, our research group took human ovarian cancer
as a human tumor model and focused on defining tumor immune mechanisms. We
have made important insights into cancer immunopathogenesis. Our prior research
efforts clearly demonstrated that the tumor microenvironment is composed of dys-
functional immune cells that have been reprogrammed by active tumor-mediated
processes to defeat tumor-specific immunity in a highly effective manner. Two
major mediators of poor tumor immunity are dysfunctional APCs (including stro-
mal macrophages) and Tregs. In this chapter, we will focus on inhibitory B7 family
members, and discuss three fundamental areas: (1) tumor processes that render
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APCs (including macrophages) and T cell dysfunction in the tumor microenviron-
ment, (2) cellular and molecular mechanisms whereby dysfunctional APCs (includ-
ing macrophage subpopulations) inhibit tumor immunity and induce Tregs in the
tumor microenvironment, and (3) the immunologic and preclinical consequences of
reprogramming tumor microenvironment.

2 B7-H4, Ovarian Cancer, and Other Human Cancers

B7-H4 (B7x, B7S1), a member of the B7 family of T cell costimulatory molecules
was identified in 2003 (22-24). B7-H4 has about 25% homology in the extracellular
portion with other B7-family members. The B7-H4 receptor has not been identified.

B7-H4 mRNA expression was found to be widely distributed in the peripheral
tissues including kidney, liver, lung, spleen, thymus, and placenta. However, B7-H4
protein expression on the cells seems to be limited (22, 25). Interestingly, several
groups have demonstrated that human ovarian cancers express high levels of B7-H4
protein (25-30). The expression is variable in different histological types of ovarian
cancers. B7-H4 was detected in primary and metastatic serous, endometrioid and
clear cell ovarian carcinoma. The expression of B7-H4 in mucinous ovarian carci-
noma is limited (28, 30). More interestingly, low levels of B7-H4 protein were found
in all sera from ovarian cancer patients. The levels of serum B7-H4 were signifi-
cantly higher when compared with healthy controls or women with benign gyneco-
logic diseases. The median B7-H4 concentration in endometrioid and serous
histotypes was higher than in mucinous histotypes (28), consistent with results of
immunohistochemical staining. The multivariate logistic regression analysis of B7-
H4 suggests that B7-H4 is a promising new biomarker for ovarian carcinoma (29).

One study reported that overexpression of B7-H4 in a human ovarian cancer cell
line with little endogenous B7-H4 expression increased tumor formation in SCID
mice, suggesting that ovarian cancer B7-H4 is involved in tumorigenesis (30).
Further work is warranted to confirm this observation and to define the potential
action mode of B7-H4 in ovarian cancer pathology.

In addition to human ovarian cancer, high levels of B7-H4 were found in nons-
mall cell lung cancer (31), ductal and lobular breast cancer (30, 32), and renal cell
carcinoma (33). Vascular endothelial cells also express B7-H4 in renal cell carci-
noma (33). Further, B7-H4 expression was associated with adverse clinical and
pathologic features, including constitutional symptoms, tumor necrosis, and
advanced tumor size, stage, and grade. Patients with tumors expressing B7-H4 were
also three times more likely to die from renal cell carcinoma compared with
patients lacking B7-H4. These data suggest that B7-H4 has the potential to be a
useful prognostic marker for patients with renal cell carcinoma (33).

Although the functional activity, the regulatory mechanism, and the signal path-
ways of B7-H4 remain to be defined, the broad expression of B7-H4 in human tumor
suggests a potential role for this protein in human tumor biology. We will further dis-
cuss the nature, role, and potential application of B7-H4 in the following section.
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3 B7-H4 and Tumor Immunosuppression

It was shown that B7-H4 is a negative regulator of T cell responses in vitro by
inhibiting T cell proliferation, cell-cycle progression, and cytokine production (22—
24, 34). Antigen-specific T cell responses are impaired in mice treated with a B7-
H4lg fusion protein (22).

Antigen-presenting cells (APCs) are critical for initiating and maintaining
tumor-associated antigen (TAA)-specific T cell immunity. Tumor-associated mac-
rophages (TAMs) markedly outnumber other APCs, such as dendritic cells (DCs),
and represent an abundant population of APCs in solid tumors (35-38). Strikingly,
numerous studies have investigated the phenotypes and functions of DCs in tumor
immunity (2, 3, 5-8, 39-42). Studies in mice have also revealed that TAMs promote
tumor growth and metastasis by directly acting on tumor cells (35-38).
Immunohistochemical assessment of the number and the distribution of TAMs in
human tumors have yielded scant and often contradictory results regarding any
potential role in tumor pathogenesis (43—45). We now report a novel TAM popula-
tion in patients with ovarian carcinoma, namely B7-H4* macrophages. The expres-
sion and function of B7-H4 in TAM may provide a consensus of the role of TAMs
in human tumor immunology.

We now document that B7-H4* macrophages significantly inhibit TAA-specific
T cell proliferation, cytokine production, and cytotoxicity in vitro. These B7-H4*
TAMs also inhibit TAA-specific immunity in vivo and foster tumor growth in chi-
meric SCID/NOD mice bearing autologous human tumors, despite the presence of
potent TAA-specific effector T cells. The notion that TAM B7-H4 signals contrib-
ute to immunopathology is supported by several lines of evidence. First, B7-H4*
TAMs are significantly more suppressive than B7-H4~ TAMs. Second, blocking
B7-H4 on tumor conditioned-macrophages disables their suppressive capacity.
Third, forced B7-H4 expression renders normal macrophages suppression. Fourth,
blocking B7-H1 and inhibiting iNOS and arginase have minor effects on B7-H4*
macrophage-mediated T cell suppression. Although ovarian tumor cells express
B7-H4, fixed or irradiated ovarian tumor cells do not induce T cell suppression. It
suggests the role of B7-H4 may be different in tumor from in APCs. In addition to
CD4* Tregs (46), these findings establish B7-H4* TAMs as a novel immune regula-
tory population in human ovarian cancer.

4 B7-H4 and Tumor Environmental Cytokines

Mouse B7-H4 ligation of T cells has an inhibitory effect on T cell activation (22,
24). We recently defined the regulatory mechanisms and the function of human B7-
H4 in human immunology. We show for the first time that recombinant and tumor
environmental IL-6 and IL-10 stimulate monocyte/macrophage B7-H4 expression,
and that GM-CSF and IL-4 reduce B7-H4 expression (26, 47). We also observed
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similar regulatory mechanism for B7-H4 regulation on myeloid dendritic cells (26,
47). In human ovarian cancer, it appears that the dysfunctional tumor microenviron-
mental cytokine networks enable TAM B7-H4 expression. This conclusion is sup-
ported by the following evidence. We found high concentrations of IL-6 and IL-10
but not GM-CSF and IL-4 in the tumor microenvironment. IL-6 and IL-10 in the
tumor environment strongly stimulate macrophage B7-H4 expression, whereas IL-4
and GM-CSF strongly suppress it. Our data and those of others taken together
demonstrate a new immune evasion strategy, whereby tumors maximize local toler-
izing conditions through suppressing dendritic cell differentiation while simultane-
ously inducing macrophage B7-H4 expression. These ends are mediated through
maximal local accumulation of B7-H4 inducing cytokines, IL-6, and IL-10 in the
virtual absence of B7-H4 reducing and dendritic cell differentiation cytokines, GM-
CSF and IL-4. Strikingly, although ovarian tumor cells express B7-H4, it appears
that tumor B7-H4 expression is exclusively intracellular and unable to induce T cell
suppression. Further, cytokines IL-4, GM-CSF, IL-6, and IL-10 have no regulatory
effects on tumor B7-H4 expression. These data suggest that tumor B7-H4 and APC
B7-H4 may be functionally distinct and be differentially regulated (26, 47).

Tumor cells, tumor-associated macrophages, and regulatory T cells may be the
source for IL-6 and IL-10 (40, 46). These data provide mechanisms for how tumor
environmental IL-6 and IL-10 induce immune dysfunction. GM-CSF has been used
to boost TAA-specific immunity in mouse cancer models (48, 49). A proposed
mechanism for GM-CSF efficacy in these models is differentiation or attraction of
dendritic cells that boost TAA-specific immunity. In light of our present work, it
will be interesting and worthwhile to reexamine these GM-CSF studies to deter-
mine whether a GM-CSF-mediated reduction in APC B7-H4 expression accounts
for efficacy.

5 B7-H4 and Regulatory T Cells

In human ovarian cancer, Treg cells and B7-H4* TAMs are colocalized in the
tumor environment (26, 46, 47). We demonstrate that Treg cells, but not conven-
tional T cells, trigger high levels of IL-10 production by APCs, stimulate APC
B7-H4 expression through IL-10, and render APC immunosuppressive. These data
are in line with the observations that macrophages spontaneously produce IL-10
in ovarian tumor environment (40). Initial blockade of B7-H4 reduces the suppres-
sive activity mediated by Treg cell-conditioned APCs. Further, APC, rather than
Treg cell-derived IL-10, is responsible for APC B7-H4 induction. Therefore, Treg
cells convey suppressive activity to APCs by stimulating B7-H4 expression
through IL-10.

Our data mechanistically link IL-10, B7-H4, Treg cells, and APCs in the con-
text of Treg biology. Our findings thus provide three pieces of novel information:
(1) IL-10 is capable of inducing B7-H4 expression on human APCs; (2) Similar to
murine B7-H4 fusion protein (22-24), human APC B7-H4 negatively regulates T
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cell responses; (3) Human Treg cells enable suppressor activity to APCs via trig-
gering B7-H4 expression. Thus, as suppression partially relies on Treg-triggered,
APC-dependent IL-10, our data reconcile the apparent contradiction in previous
in vitro and in vivo studies regarding the role and source of IL-10 in Treg cell
biological activity. These data provide a novel cellular and molecular mechanism
for Treg cell-mediated immunosuppression at the level of APCs. This mode of
suppression mediated by Treg cells may be particularly operative in patients with
ovarian cancer.

6 B7-H1 Expression, Ovarian Cancer,
and Other Human Cancers

B7-H1 is one of the B7 family molecules belonging to immunoglobulin (Ig)
superfamily. Like other B7 family molecules, B7-H1 has one Ig V and one Ig C
in its extracellular domain with a transmembrane and an intracellular domain.
Program death one (PD-1) has been identified as the receptor for B7-H1 (50). It
has been suggested that some of immunological functions of B7-H1 are mediated
by PD-1, while others may be mediated by an additional unidentified receptor
(34, 39, 51, 52).

B7-H1 mRNA expression is widely distributed in every tissues virtually, and cell
surface B7-H1 is only found in macrophage-origin cells such as Kupffer cells in the
liver and dust cells in the lung by immunohistochemistry analysis. Interestingly,
B7-H1 protein is highly expressed in various human tumors including breast cancer
(53), colon cancer (54), esophageal cancer (55), leukemia cells (56), lung cancer
(54, 57), melanomas (54), oral squamous cell carcinoma (58), ovarian cancer (54), and
renal cell carcinoma (59). The relationship between tumor-associated B7-H1
and clinical cancer progression has been studied in renal cell carcinoma (RCC) (60)
and esophageal cancer (55). Patients with RCC harboring high intratumoral expres-
sion levels of B7-H1 exhibit aggressive tumors and are at a markedly increased risk
of death from RCC (60) and esophageal cancer (55). Further, the expression was
more pronounced in the advanced stage of tumor than in the early stage. Multivariate
analysis indicated that B7-H1 was an independent prognostic factor for RCC (60)
and esophageal cancer (55). Although the role of B7-H1 has been extensively stud-
ied in the context of tumor immunity (see discussion below), the biological activity
of B7-H1 in tumor pathology has not been studied.

7 Regulation of B7-H1 Expression

Several cytokines are able to regulate B7-H1 expression. Although B7-H1 expres-
sion on APCs can be stimulated by TNF-o, IFN-y, IL-10, and VEGF (39, 54, 61),
IFN-v is the most powerful stimulus among these cytokines. Further, tumor B7-H1
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expression can be potently induced by IFN-y (54) and type I IFN, but not by other
cytokines (our unpublished data). Consistent with these observations, IFN-y can
induce high levels of B7-H1 expression on normal epithelial cells and vascular
endothelial cells (62). The IFN-y induced B7-H1 on vascular endothelial cells also
mediate T cell suppression (62). These data suggest that strong Th1 responses may
induce B7-H1 expression on APCs and epithelial cells and endothelial cells through
IFN-v, and in turn maintain the threshold of T cell activation and avoid tissue/organ
damage. As B7-H1 can be induced on APCs and multiple human epithelial tumors,
the upregulation of B7-H1 would defeat T cell mediated tumor immunity.

8 B7-H1 and Tumor Immunity

8.1 Tumor B7-HI and Tumor Immunity

As we discussed earlier, multiple human tumor cells express high levels of B7-H1.
It has been demonstrated that tumor B7-H1 reduces tumor immunity through two
mechanisms. The first mechanism is that tumor-associated B7-H1 promotes apop-
tosis of tumor antigen-specific human T cells (54). In support of this, blocking B7-H1
reduces T cell apoptosis in vitro and in vivo (54). Further, CD8* T cell apoptosis is
decreased in the liver in B7-H17~ mice, and B7-H1 deficient mice were prone to
experimentally induced hepatitis (63). These data reveal an inhibitory role of B7-H1
in T cell activation. The second mechanism is that tumor B7-H1 directly reduces
CDS8* T cell-mediated cytotoxicity. Expression of B7-H1 in mouse P815 mastocy-
toma cells results in a reduced killing activity of CTL (64). Similarly, B7-H1
transfected B16-F10 melanoma expressing H-2K® binding peptide STYRYYGL
acquired resistance in vitro for cytotoxic lysis by 2C T cell receptor transgenic T
cells (65). However, it remains to be defined how tumor B7-H1 mediates T cell
apoptosis and suppression of CTL activity. The receptor PD-1 would be implicated
in these processes.

8.2 B7-HI* APCs and Tumor Immunity

In addition to tumor cells, the expression and function of B7-H1 on APCs have been
studied. For example, myeloid dendritic cells (MDCs) highly express B7-H1 in
tumor draining lymph nodes and tumor environment in patients with ovarian cancer.
These B7-H1 expressing MDCs engage T cells, leading to downregulation of MDC
IL-12 and upregulation of MDC IL-10. As MDC IL-12 is critical for establishing
tumor specific immunity and Thl-polarization (66), and as IL-10 inhibits tumor-
specific immunity, including in ovarian carcinomas (40), MDC-associated B7-H1
signals could determine the nature of subsequent T cell activation. In support of this
concept, we found that blockade of tumor MDC-associated B7-H1 decreases T cell
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IL-10, increases T cell interferon-y production and improves clearance of tumor in
xenotransplanted mice, which is associated with tumor infiltration by interferon-y
secreting T cells (39). The study has been further confirmed and extended in differ-
ent systems. For example, blockade of B7-H1 improves tumor regression in mouse
models with CT26 colon cancer cells (67), B16 melanoma (67), oral squamous cell
carcinoma (58), P815 tumor (64), squamous cell carcinomas of the head and neck
(SCCHN) (68), and in human T cell leukemia model (56).

In summary, B7-H1 expressing APCs and tumor cells may mediate T cell sup-
pression by inducing T cell apoptosis, reducing CTL cytoxicity, and inhibiting DC
function. These mechanisms could operate either individually or cooperatively,
depending on the tumor microenvironment. Thus, targeting the B7-H1 and PD-1
signal pathway provides a novel strategy to treat human cancer.

9 Tumor Immunological Therapy and B7-H1/PD-1 and B7-H4

We recently described several mechanisms in the human ovarian cancer microenvi-
ronment that actively defeat tumor immunity (2, 46, 69), including an immun-
opathologic role for regulatory T cells (46, 69) and inhibitory B7 family members.
As many tumor-associated APCs and tumor cells, including the majority of ovarian
carcinomas, express B7-H1 and B7-H4, tumor and associated APCs reduce T cell
effector functions, induce T cell apoptosis or T cell cycle arrest through B7-H1/PD-
1 or/and B7-H4 signal pathways. Blocking B7-H1/PD-1 and B7-H4 signals may
be useful to treat certain cancers. It is possible to block these inhibitory path-
ways by designing genetic and pharmaceutical methods such as interference RNA
or small molecules or humanized specific antibody. Blockade of inhibitory B7 fam-
ily molecules may be combined with other immunotherapeutic interventions. For
example, we observed that Treg cell depletion (2) and blocking B7-H1 synergisti-
cally stimulate tumor T cell immunity and significantly reduces tumor growth in
mouse models. Administration of B7-HI blocking mAb enhanced therapeutic
effects of anti-CD137 agonistic mAb (70), which could augment tumor specific
CTL activity (71). Given the broad expression and suppressive functions of these
inhibitory molecules in tumor and tumor-associated APCs, these strategies will be
promising approaches for broad application in cancer treatment.
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Role of Vascular Leukocytes in Ovarian Cancer
Neovascularization

Klara Balint, Jose R. Conejo-Garcia, Ron Buckanovich, and George Coukos

1 Tumor Angiogenesis and Vasculogenesis

Tumor angiogenesis is a process that allows primary tumors to grow beyond the
approximate size of 1-2mm?. It has been shown that if cancer cells are placed in an
avascular site like rabbit cornea, and the capillaries are physically prevented from
reaching the implant or were inhibited from undergoing angiogenesis, tumor growth
is dramatically impaired, restricting the tumor size to 0.4 mm (15). In the absence of
adequate vasculature, tumor cells become apoptotic or necrotic (4). It is now well-
accepted that antiangiogenic therapy, originally proposed by Judah Folkman (14), is
a promising strategy against cancer. Recent trials with bevacizumab, an antibody
against vascular endothelial growth factor (VEGF) used alone or in combination
with chemotherapy, showed that systemic antiangiogenic therapy may indeed have
a measurable impact on cancer progression and patient survival (31).

During embryogenesis, the formation and remodeling of new blood vessels
occurs in two different ways: (1) angiogenesis-new vessels sprout and mature from
preexisting vasculature, and (2) vasculogenesis-the new vessels are born from pro-
genitor cells. In adults, new vessels are produced physiologically only via angio-
genesis. For example in females, reproductive organs are formed during the
follicular and menstrual cycles. Adult neovascularization occurs largely under
pathologic situations, such as wound healing and tumor growth. The vasculariza-
tion in malignant tumors happens through several different mechanisms, which are
not mutually exclusive and very often occur concurrently (10, 17).

The mechanisms of tumor angiogenesis can be summarized as follows: endothe-
lial sprouting (induction of new capillaries from preexisting host vessels); vessel
cooption (tumors arise or metastasize to a preexisting, well-vascularized organ);
intussusceptive microvascular growth (fast and economic vessel network formation
by insertion of connective tissue columns or pillars, resulting in partitioning the
vessel lumen); glomeruloid angiogenesis (several closely associated microvessels
surrounded by a thickened basement membrane and pericytes, best known in high-
grade glial malignancies); vasculogenic mimicry (aggressive melanoma cells form
vessel-like network in three-dimensional culture, also found in breast, prostate,
ovarian, chorio- and lung-carcinomas, sarcomas, and phaeochromocytomas); and
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the postnatal vasculogenesis. The resulting tumor vessels differ from the normal
vasculature. They are morphologically dilated, leaky, disorganized, immature, and
unstable, and are also distinct in their molecular signature.

2 Endothelial and Hematopoetic Stem Cells in Neovascularization

Vasculogenesis has long been thought to occur only during embryogenesis, but
recent studies have found that bone marrow-derived endothelial progenitor cells
(EPCs) as well as hematopoietic stem cells (HSCs) were able to home to sites of
neovascularization and differentiate into endothelial cells (29). Endothelial progen-
itor cells and hematopoietic stem cells originate from the same cell called heman-
gioblast. EPCs and HCSc are in close interaction as the site of hematopoiesis shifts
from the yolk sac or aorta-gonad-mesonefros region to the fetal liver, and then ulti-
mately to the spleen, as well as to the adult bone marrow. EPCs have the capacity
to proliferate, migrate, and differentiate into endothelial lineage cells. Immature
EPCs and primitive HSCs, which reside in the bone marrow’s stem cell niche, share
similar cell surface markers: CD133* CD34* VEGFR2* CD117* VE-cad™ Tie-2* and
c-kit* (11). Circulating EPCs become CD133~ KDR* CD34* CD146* CD14 and
startexpressing endothelial markers such as VE-cadherin or E-selectin. Accumulating
evidence indicates that EPCs can be specifically recruited from the bone marrow
and can be attracted to a site of neovascularization in response to physiological and
pathological stimuli. Several studies have demonstrated that bone marrow-derived
EPCs functionally contribute to vasculogenesis during tumor growth as well as
wound healing, limb ischemia, postmyocardial infarction, and endothelialization of
vascular grafts (21, 25, 27). EPCs have been detected at increased frequency in the
circulation of cancer patients and also in lymphoma-bearing mice, where the tumor
volume and production of VEGF were found to correlate with EPC mobilization.
Recruitment of EPCs is a dynamic process that needs sequential activation of
molecular switches and release of active cytokines. Several mobilizing factors have
been identified: VEGF, angiopoetin-1, stroma-derived factor 1 (SDF-1)/CCL22,
placental growth factor (PIGF), estrogen, and erythropoietin (EPO) (11, 18, 19, 20).
Treatment of tumor-bearing mice with vascular disrupting agents also leads to acute
mobilization of EPCs (33).

The absolute requirement of EPCs and VEGF-R1* proangiogenic hematopoietic
cells for human tumor angiogenesis has not been established with clarity to date.
Estimates of the contribution of EPCs to tumor vasculature in untreated tumors
range from as much as 10-50% to 5% or less (33). Differences likely depend on
species (human vs. mouse) but also in experimental conditions and type of tumor
examined. Although the level of EPCs is typically low in untreated tumors, their
level can suddenly rise in response to acute stress (33) — similarly to pathological
cardiovascular events (myocardial infarct).

Hematopoietic stem cells, the best-characterized somatic stem cells, derive from the
adult bone marrow and are able to self-renew and provide a lifelong production of all
blood-cell lineages. Hematopoietic stem cells are CD133* CD34* KDR* CD117+ VE-
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cadherin® Tie-2*, Sca*, and c-kit*, while residing in their stem cell niche. Transplantation
of hematopoietic stem cells has been shown to reconstitute hematopoiesis, while pro-
genitors provide only short-term reconstitution of lineage specific precursors. HSCs
traffic regularly in and out of the bone marrow. In mice, approximately 100—400 cells
are present in the circulation at any given time (1). HSCs are thought to possess the
ability for plasticity. It has been demonstrated that HSCs cultured under proangiogenic
condition develop an endothelial phenotype. In a mouse model, when HSCs express-
ing green fluorescent protein (GFP) were transplanted into ischemic retina, HSCs
could clonally differentiate into all hematopoietic lineages, as well as into endothelial
cells leading to the revascularization of the retina (16).

3 Cells of Myeloid Origin in Angiogenesis

Several studies have demonstrated recently that besides myeloid progenitor cells (2),
differentiated monoctyes and monocyte-like cells can also be recruited to sites of neo-
vascularization and can incorporate into vessels (28). Tumor-associated macrophages
can blunt antitumor immunity and stimulate angiogenesis, cell migration, invasion,
and metastasis (5, 26). Macrophages, which represent a major component of leukocyte
infiltrate of solid tumors, were also shown to promote the progression of cancer (24,
26), and were found to be even a regulator of the angiogenic switch in a mouse breast
cancer model (23). A specific subset of proangiogenic Tie-2 expressing monocytes
was found to be specifically recruited to spontaneous and orthotopic tumors, and was
required for tumor neovascularization in the mouse (9). These Tie-2* monocytes were
also recently described in human tumors (34). Antigen-presenting cells have remarka-
ble plasticity and divergent functions: It has been reported that CD14* monocytes cul-
tured under angiogenic conditions coexpress endothelial lineage markers (CD31, von
Willebrand factor, VE-cadherin, VEGFR-1, endothelial nitric oxide synthase), as well
as macrophagocytic lineage markers (CD45, low level of CD14), and stain positive for
the macrophage receptor of ox-LDL. The same cells were able to acquire endothelial
functions by forming tubular-like structures in Matrigel and also exhibit other func-
tions of endothelial cells such as LDL uptake and lectin binding (12, 13, 22, 32, 36).
Rohde et al. (30) performed subtractive “colony-forming units of endothelial progeni-
tor cells” (CFU-EP) analysis on peripheral mononuclear cells obtained from 19
healthy donors and found that depletion of CD14* cells abrogates colony formation,
thus progenitor cells are part of the CD14* cell population.

4 Vascular Leukocytes

4.1 Vascular Leukocytes: A Novel Subset

Our laboratory has recently identified a novel leukocyte cell subset within ovarian
carcinoma. This population simultaneously expresses endothelial cell markers such
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as VE-cadherin, CD31, CD34, CD146, and dendritic cell markers like CD45 and
CDl1c (6). These cells, termed as vascular leukocytes (VLCs), are highly frequent
in ovarian cancer. Characterization of the cell surface markers of sorted CD45" VE-
cadherin® cells from ovarian carcinoma samples showed high levels of MHC-II,
CD86, CDl11c, intermediate levels of CD8o and CCR6, as well as low levels of
CD14. The functional analysis of this highly purified population has revealed that
these cells are able to mimic endothelial cells, as they were able to form tubular
structures in vivo and incorporate into tumor vessels in an animal model.

CD45* VE-cadherin® human sorted vascular leukocytes were cultured on
fibronectin-coated plates for 2 weeks and underwent phenotypic changes: develop-
ment of intercellular junctions and cytoplasmic interdigitations similar to endothe-
lial cells. To confirm the human vascular leukocytes’ angiogenic potential in vivo
we transplanted freshly sorted CD45* VE-cadherin® human VLCs labeled with
CFSE in Matrigel (containing an inhibitor against natural killer cell (NK)-mediated
rejection) into the flanks of immunodeficient SCID mice. At day 14, when the
Matrigel plugs were harvested, sectioned, and analyzed microscopically, we
detected tomato-lectin perfusable capillaries assembled by CFSE-labeled cells in
the Matrigel transplants. As the cells were CFSEM#" we believe that the cells did
not proliferate significantly (7). To summarize, VLCs have the capacity to build
functional blood vessels in vivo.

4.2 Animal Model to Study Vascular Leukocytes in Ovarian
Cancer

To analyze the behavior of vascular leukocytes, we utilized the ID-8/VEGF syn-
genic mouse ovarian carcinoma model (35). ID-8 tumor cells with or without the
B-defensin-29 (Defb29) gene and with high or low expression of VEGF-A were
injected subcutaneously or intraperitoneally into C57BL/6 mice (6). We found that
the expression of Defb29 significantly increased tumor growth and ascites forma-
tion, and accelerated death, but only for tumors expressing high level of VEGF-A.
The micro vessel density in ID-8/VEGF/Defb29 tumors was significantly higher
than in control ID8/Defb-29 tumors, which expressed low levels of VEGF. As B-
defensins, which are antimicrobial inflammatory peptides, chemoattract dendritic
cells, we investigated the spatial distribution of CD11c* cells in ID-8/VEGF/Defb29
tumors. We found that a significant proportion of these cells (up to 40%) were
localized to capillary-like structures identified by CD31 and CD11c double immu-
nostaining. Because we attracted antigen-presenting cells into the tumor, we
expected to see accelerated phagocytosis and tumor antigen presentation, as well as
tumor immune rejection. Instead, we observed that the attracted dendritic cells
under the influence of high level of VEGF-A dramatically increased tumor growth
and reduced the survival of the animals (7). When CD11c* cells derived from these
tumor ascites were isolated and cotransplanted with ID8/VEGEF cells into the flank
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of C57BL/6 mice, their presence promoted tumor growth and vessel formation
compared with the tumor cells injected alone.

To test whether CD11c* cells are capable of vessel formation, a highly purified
population of these cells derived from tumor ascites (labeled with CFSE) was
mixed with ID8/VEGF supernatant containing Matrigel and injected subcutane-
ously into C57BL/6 mice. After 14 days, the Matrigel plugs were harvested and
analyzed. Most of the transplanted cells appeared to be incorporated into dextran
perfusable mature capillaries mixed with host vascular cells. The cells forming
these capillaries strongly expressed CD11c, CD45, DEC-205, and CD8a:. indicating
their dendritic lineage.

To explore the underlying mechanism of increased tumor growth in ID-8/VEGF/
Defb29 mice, we tested whether the enrichments of tumors with CD11c* cells
could repeat the effects of Defb29. For this purpose, we injected an equal number
of ID-8/VEGF or ID§ cells alone or mixed with bone marrow-derived CD34~
CDl1c* cells at 20:1 ratio subcutaneously. We found that the presence of CD11c*
dendritic cells increased the level of vascularization only in the ID8 tumors (com-
pared with ID8 cell injected alone). However, if VEGF was highly expressed (ID8/
VEGF tumors), the addition of dendritic cells increased the tumor growth ten-fold
but did not effect tumor growth in tumors expressing normal levels of VEGF-A.
CDl1c* dendritic cells were able to reproduce the effects of Defb29, namely
increasing growth of tumors producing high level of VEGF-A.

The next step was to test whether Defb29 was a chemoattractant for CD11c*
cells. Bone marrow-derived murine immature dendritic cells were treated with
either ID-8/VEGF or ID-8/VEGF/Defb29 conditioned supernatants or murine
recombinant macrophage inflammatory protein-3-alpha (MIP-3¢., a known den-
dritic cell chemotactic cytokine) or nothing. ID-8/Defb29 or ID-8/VEGF/Defb29
conditioned supernatants chemoattracted immature DCs similarly to MIP-3o.
Defb29 and MIP-30 attenuated each other’s chemotactic effect for dendritic cells,
which suggested that the effect of Defb29 was mediated via CCR6 (6). Addition of
CCR6-specific antibody significantly reduced the migration of CD11* dendritic
cells toward undiluted ID-8/Defb29 and ID-8/VEGF/Defb29 conditioned media in
vitro. In an in vivo experiment, when we injected CD11c* cells intraperitoneally
into C57BL/6 mice, which were bearing an ID-8/VEGF as well as a contra lateral
subcutaneous ID-8/VEGF/Defb29 tumor, we detected a significantly higher migra-
tion rate of dendritic cells toward the Defb29 expressing tumor. Pretreatment of
CDllc* cells with a CCR6 specific antibody, but not with an isotype control,
largely impaired their chemotaxis to ID-8/VEGF/Defb29 tumors. Tumors recruited
CDl1Ic* cells via Defb29 and CCR6.

To verify the role of the CCR6 receptor in dendritic cell-dependent tumor
growth, we transplanted ID-8/VEGF/Defb29 tumors together with a CCR6 specific
rat antibody or with an antibody isotype control, in addition with a secondary anti-
body against rat conjugated to ribosome-inactivating saporin. The treatment of
CCR6 expressing dendritic cells with a CCR6-specific immunotoxin complex
reduced the number of tumor-infiltrated dendritic cells by 95%, as well as reduced
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tumor growth compared with controls treated with rat isotype control/immunoto-
xin. This confirms that targeting of CCR6* cells results in impaired tumor growth.

As vascular leukocytes represent the majority of CD45* tumor-infiltrating leu-
kocytes in ovarian cancer, the depletion of this cell population may provide a good
strategy against ovarian cancer. Bak et al. has recently demonstrated that targeted
depletion of tumor-associated myeloid cells via intraperitoneally injected carra-
geenan (oligosaccharide, blocker of phagocytosis) prevented CB6FI, ID8 tumor-
bearing mice from rapid tumor progression (3). Furthermore, they have identified
the scavenger receptor-A as a VLC-specific cell surface marker, which could
present a promising target for antitumor treatment. If mice transplanted with ID8-
C3 ovarian tumor cells were treated with weekly injections of saporin toxin conju-
gated to anti-SR-A antibody (to eliminate vascular leukocytes), depletion of VLCs
could block ovarian tumor progression.

4.3 Endothelial-Like Differentiation of Dendritic Cells In Vitro

To further study the ontogenesis of VLCs and understand our findings, we cultured
murine bone marrow cells in the presence of granulocyte-macrophage colony-
stimulating factor cells to obtain CD11c* CD45* CD34~ dendritic cells. Cells
exhibited the classical dendritic cell phenotype and functions: dendritic shape,
phagocytosis, and the ability to induce antigen specific T cell response (i.e., anti-
gen-specific proliferation and IL-2 production). After we further cultured these
cells in tumor-conditioned media (of ID-8/VEGF cells), dendritic cells acquired
spindle-shaped phenotype and upregulated CD31. At week 3, more than 80% of
cells were CD31 and vWF positive; the cells assembled into cord-like structures,
and more than 90% were able to uptake fluorescent acetylated LDL (8). Electron
microscopy revealed that these DCs contained Weibel-Palade bodies and had
developed intercellular junctions, meaning that their morphological features are
very close to the endothelial cell (6).

Next, we tested the role of VEGF-A in the endothelialization process of den-
dritic cells in vitro. We used neutralizing antibodies against VEGFR-1, VEGFR-2,
VEGFR-3, and CCR6 on CD11c* cells cultured in ID8/VEGF/Defb29 tumor-
conditioned media. Blocking VEGFR-1 or VEGFR-2 inhibited the downregulation
of CD45 and the upregulation of CD34 cell surface marker, whereas blocking
VEGFR-3 and CCR6 had no effect. VEGF-A, but not B-defensin 29, caused the
endothelialization of the dendritic cells.

5 Summary

Vascular leukocytes are a unique population of CD45* VE-cadherin* cells with
diverse functions. VLCs are capable of antigen presentation, as well as formation
of endothelial-like structures in vitro and in vivo. VLCs are largely present among
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CD45" cells infiltrating human ovarian carcinomas and are highly represented in
the B-defensin-VEGF-ID8 syngenic mouse model. Vascular leukocytes are a new
and promising novel therapeutic target for anti-angiogenic therapy. Their unique
mechanism merits thorough and extensive exploration in the future.
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Heparin-Binding Epidermal Growth
Factor-Like Growth Factor as a New Target
Molecule for Cancer Therapy

Shingo Miyamoto, Hiroshi Yagi, Fusanori Yotsumoto,
Tatsuhiko Kawarabayashi, and Eisuke Mekada

1 Introduction

ErbB receptors belong to the tyrosine kinase family and consist of four ErbB mem-
bers including EGFR/ErbB1, ErbB2, ErbB3, and ErbB4 [37, 40, 55] (Fig. 1).
Activation of ErbB receptors is controlled by the spatiotemporally regulated
expression and liberation of their ligands, which are members of the EGF family of
growth factors. Ligand binding induces formation of homo- or heterodimeric
complexes and activation of the intrinsic kinase domain, resulting in phosphorylation
of specific tyrosine residues that serve as docking sites for adaptor molecules,
which in turn leads to activation of intracellular signaling pathways. The EGF fam-
ily of ligands is divided into four groups: (1) EGF, transforming growth factor-o
(TGF-av), and amphiregulin, which bind to EGFR; (2) heparin-binding EGF-like
growth factor (HB-EGF), epiregulin, epigen, and betacellulin, which bind to both
EGFR and ErbB4; (3) neuregulin (NRG)1 and NRG2, which bind to ErbB3 and
ErbB4; and (4) NRG3 and NRG4, which bind only to ErbB4, but not to ErbB3
(Fig. 1). ErbB receptors and their cognate ligands play fundamental roles in devel-
opment, proliferation, and differentiation.

Downward et al. [7] reported that EGFR (epidermal growth factor receptor) was
the cellular homolog of avian erythroblastosis virus v-erbB oncogene. Accumulating
evidences have revealed that alterations in the EGFR signaling pathway contribute
to malignant transformation. Malignant transformation as a consequence of EGFR
dysregulation can occur in human cancers by different mechanisms including
receptor overexpression, activation of mutations, alterations in dimerization
processes, activation of the autocrine loop of growth factors, limited or enhanced
endocytosis of activated receptors, deficiency in specific phosphatases inactivating
phosphorylated EGFR tyrosine residues, and limited turnover [42]. EGFR gene
overexpression without gene amplification and EGFR activation, by EGFR ligands
in an autocrine loop, are two of the main frequent mechanisms implicated in cancer
development and progression [42].

Overexpressions of EGFR and ErbB2 were shown to induce malignant trans-
formation in NIH-3T3 cells [6]. The ErbB family, and in particular EGFR, has
been found to be altered in a variety of human cancers [34, 39]. Signaling through
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Fig. 1 Binding specificites of members of the ErbB receptor family to their cognate ligands.
ErbB receptor homo- and heterodimer combinations activated by ErbB ligands. EGF epidermal
growth factor; TGF-a transforming growth factor-o; HB-EGF heparin-binding EGF-like growth
factor; AR amphiregulin; BTC betacellulin; EPR epiregulin; NRG neuregulin. ErbB3 is deficient
in kinase activity (X). Blue bar, yellow bar, green bar, and purple bar indicate ErbB 1, 2, 3, and 4,
respectively. The red bar indicates transforming activity in NIH3T3 cells for ErbB receptors. The
red arrow indicates binding of ErbB ligands to ErbB receptors with a transforming activity for
NIH3T3 cells

EGFR is intricately involved in human cancer, and therefore serves as a target for
cancer therapy. Several strategies exist to target EGFR including monoclonal
antibodies (mAbs) directed towards the extracellular domain of EGFR such as
Cetuximab (Erbitux), and low molecular weight tyrosine kinase inhibitors for
EGFR that interfere with receptor signaling (TKIs) such as Gefitinib (Iressa) and
Erlotinib (Tarceva). Cetuximab is the most extensively studied and clinically
approved chimeric mAb designed to specifically inhibit EGFR [2]. In addition to
Cetuximab, several mAbs have already entered Phase I clinical trials, e.g.,
Panitumumab, Matuzumab, and h-R3 are the closest to clinical development [3].
Some studies indicated that Gefitinib affected many of the same intracellular
signaling pathways inhibited by anti-EGFR mAb therapy. The identification of
somatic activating mutations associated with Gefitinib hypersensitivity has
established a new paradigm for mutated EGFR signaling in cancer and Gefitinib
sensitivity [43, 44]. Further clinical studies are required to identify the most
effective antibody- or small-molecule-based treatments for particular tumor types
and for particular patients.
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Autocrine loops, in which both the receptor and the ligand are produced by the
same tumor cells, may be important contributors to growth autonomy of cancer
cells [45]. However, In contrast to their receptors, ligands comprising the EGF
family of growth factors have not yet been investigated as targets for cancer
therapy. This is possibly due to the redundancy of ErbB ligands for each receptor,
and the fact that inhibition of receptor function is more effective than inhibition of
multiple ligands for cancer therapy. However, recent studies have indicated that
expression levels of each individual EGFR ligand vary in different cancers, and a
particular ligand is specifically expressed in some human cancers [26, 49]. These
evidences will help us develop therapeutic strategies to target EGFR ligands in
some human cancers. In the present chapter, we would like to highlight the features
of HB-EGF among EGFR ligands as a candidate target for cancer therapy.

2 The Physiological Role of HB-EGF

HB-EGF is initially synthesized as a membrane-bound precursor (pro-HB-EGF) [12].
The soluble form of HB-EGF (sHB-EGF) is released from the cell membrane by
ectodomain shedding of pro-HB-EGF, in a manner similar to that of other EGFR lig-
ands [41]. A number of physiological and pharmacological stimuli including G protein-
coupled receptor (GPCR) ligands such as lysophosphatidic acid (LPA) induce the
ectodomain shedding of pro-HB-EGF [9]. Ectodomain shedding of pro-HB-EGF is
critical for growth factor activity, and dysregulated release of sHB-EGF results in lethal
severe hyperplasia in mice [53]. Interestingly, the transmembrane form of HB-EGF
(pro-HB-EGF) also acts in a juxtacrine manner to signaling neighboring cells [16].
The transmembrane form of HB-EGF forms complexes with several molecules. In
epithelial cells, pro-HB-EGF interacts with CD9, integrin 331, and heparan-sulfate
proteloglycan (HSPG) [29]. CD9 modulates juxtacrine activity of pro-HB-EGF;
integrin 0331 and HSPG may also be implicated in biological functions mediated by
HB-EGF such as adhesion and signaling [13]. A yeast two-hybrid screening identified
BAGTI and PLZF (promyelocytic leukemia zinc finger) as the proteins that bind to the
cytoplasmic domain of pro-HB-EGF [21, 30]. BAG-1, which has been demonstrated
to bind to Bcl-1 and several other signaling molecules, is capable of suppressing apop-
tosis [47]. PLZF has been recognized as a transcriptional repressor and a negative reg-
ulator of the cell cycle [20]. Through the multifunction of HB-EGF, HB-EGF
participates in a variety of physiological and pathological processes including wound
healing, blast implantation, atherosclerosis, and tumor formation [17, 25, 31, 32, 35].

3 Expression of HB-EGF in Human Ovarian Cancer

Ovarian cancer is the most frequent cause of death among all gynecologic cancers;
in the last 30 years, current therapies have not improved cure rates. High mortality
is predominantly caused by occult progression of the tumor into the peritoneal
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cavity with the initial diagnosis usually being made at an advanced stage. Tumor
growth is characterized by local spreading into the peritoneal cavity following the
circulatory pathway of the peritoneal fluid produced by peritoneal epithelial and
cancer cells. Accumulated evidence from many studies revealed that ascites from
patients with ovarian cancer were a rich source of growth factor activity for ovarian
cancer cells, termed ovarian cancer activating factors (OCAFs) [23]. Dissemination
of cancer cells activated by OCAFs results in exaggerated increase in peritoneal
fluid, leading to tumor spreading of ovarian cancer. To gain an insight into the role
of HB-EGF as OCAF in ovarian cancer, we previously examined cell proliferation-
promoting activities and levels of EGFR ligands in peritoneal fluids obtained from
patients with ovarian cancer [54]. Proliferating-promoting activities in peritoneal
fluids obtained from patients with ovarian cancer were much higher than those in
peritoneal fluids from patients with benign ovarian cysts and normal ovaries, and
activity was suppressed only by antibodies against EGFR and HB-EGF (Fig. 2a).
In addition, cell survival activity mediated by peritoneal fluid obtained from
patients with ovarian cancer was significantly elevated, compared to those from
patients with benign ovarian cysts and normal ovaries (Fig. 2b). This cell survival
activity was also prohibited by antibodies against HB-EGF (Fig. 2b). Significant
differences were observed in levels of HB-EGF and TGF-o or amphiregulin in
patients with ovarian cancer [26]. These results indicated that HB-EGF in perito-
neal fluid of ovarian cancer was sufficient for cancer cells to survive and prolifer-
ate, suggesting that HB-EGF in peritoneal fluid played a key role in tumor
spreading of ovarian cancer.

Moreover, to reconfirm the clinical significance of HB-EGF in human ovarian
cancer, we investigated expressions of EGFR ligands and the ADAM family, which
induces the ectodomain shedding of EGFR ligands, using real-time PCR, immuno-
histochemistry, and in situ hybridization [48]. Large differences in expression were
found between HB-EGF and other EGFR ligands and between ADAM17 and other
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Fig. 2 Cell proliferation activity and cell survival activity mediated by peritoneal fluid in patients
with ovarian cancer. (a) [*H]thymidine incorporation in SKOV3 cells incubated with patients’
peritoneal fluids from normal ovaries (NO, n = 18), ovarian cysts (OVC, n = 18), and ovarian
cancer (OVCA, n = 30); and alterations in [*H]thymidine incorporation of an OVCA patient’s
peritoneal fluid by anti-EGFR ligand antibodies or anti-EGFR antibody. Bars indicate mean val-
ues and standard errors. P-values represent comparison between different levels in patients in the
absence of inhibitory antibodies. (b) Alteration in percentages of apoptotic cells in SKOV3 cells
after incubation with peritoneal fluid from a normal ovary or ovarian cancer. Control indicates the
percentage of apoptotic cells under serum-free conditions. Bars indicate mean values and standard
errors. P-values represent comparisons between different levels in patients and level from a nor-
mal ovary (Reproduced from [54], with permission)

ADAM family members (Fig. 3a). In addition, HB-EGF expression was signifi-
cantly increased in advanced ovarian cancer compared to that in normal ovaries,
and was significantly associated with clinical outcomes (Fig. 3b). ADAM]17
expression was significantly enhanced in both early and advanced ovarian cancers
compared to that in normal ovaries. Immunohistochemistry showed that HB-EGF
protein was abundantly seen in interstitial tissues, but not in cancer cells while
diffuse staining for HB-EGF mRNA was found only in cancer cells, but not in
interstitial tissues using in situ hybridization. These results suggested that HB-EGF
protein was only produced by cancer cells, and by interstitial tissues, and the
proteolytic form of HB-EGF accumulated in the extracellular matrix with heparin
sulfate in the interstitial tissues surrounding cancer cells. Taken together, these
clinical studies suggested that HB-EGF might contribute to tumor progression of
ovarian cancer, and HB-EGF was a putative target molecule for ovarian cancer
therapy. To identify HB-EGF as a novel target for ovarian cancer therapy, we have
to prove that HB-EGF is intensely involved in peritoneal dissemination as well as
in chemoresistance of ovarian cancer.
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Fig. 3 (a) Differences in expressions of EGFR ligands between normal ovaries and ovarian can-
cer (OVCA). mRNA expression indices of HB-EGF, TGF-a, and amphiregulin in patients with
normal ovaries (n = 40), early ovarian cancer (stages I-II, n = 26), and advanced ovarian cancer
(stages III-1V, n = 42). Lines indicate mean values of mRNA expression indices for each group.
P-values represent comparison of levels of mRNA expression indices in patients and those in
patients with normal ovaries. (b) Clinical significance of HB-EGF expression in ovarian cancer.
Progression-free survival of patients with ovarian cancer in relation to tumor HB-EGF expression
status (Reproduced from [48], with permission)

4 Peritoneal Dissemination Mediated by HB-EGF
in Ovarian Cancer

Acquisition of malignant phenotype in peritoneal dissemination of ovarian cancer
is involved in four key steps: (1) survival of cancer cells detached from the primary
tumor in peritoneal fluid, (2) adhesion of cancer cells to the peritoneum, (3) motility
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and invasion of cancer cells into the peritoneum, (4) tumor formation through ang-
iogenesis induced by cancer cells (Fig. 4). From previous studies, HB-EGF was
shown to be sufficient for cancer cells to survive in the peritoneal fluid of ovarian
cancer patients [54].

To examine the involvement of HB-EGF in cell adhesion, a spreading assay was
performed on fibronectin, collagen type I, and collagen type III, which are compo-
nents of extracellular matrices in the abdominal peritoneum, using ovarian cancer
cell lines RMG1 and SKOV3 cells as models of ovarian cancer. Transfection of
small interfering RNAs (siRNAs) against HB-EGF or EGFR but not against TGF-
ocor amphiregulin into RMG1 cells resulted in a significant decrease in cell adhesion
properties on extracellular matrices. Suppression of HB-EGF expression in RMG1
cells also inhibited activations of EGFR and FAK, and expression of integrin (1.
In addition to these results, presence of the soluble form of HB-EGF enhanced cell
adhesion properties of SKOV3 and RMGI cells on extracellular matrices. These
results suggested that HB-EGF was responsible for cell adhesion properties on
extracellular matrices in abdominal peritoneum.

Peritoneal dissemination of ovarian cancer

Dissemination

CRM197

Fig. 4 Steps in peritoneal dissemination of ovarian cancer. Peritoneal dissemination mainly
consists of four steps: (1) survival of cancer cells in peritoneal fluid detached from the primary
cancer lesion, (2) adhesion of cancer cells to extracellular matrices of the peritoneum covering the
peritoneal cavity, (3) invasion of cancer cells into extracellular matrices of the peritoneum, (4)
angiogenesis and tumorigenicity mediated by cancer cells at disseminating sites. Our studies
revealed that HB-EGF was intricately implicated in each step of peritoneal dissemination, and
behavior of cancer cells at each step was suppressed by CRM197
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In the invasion assay, the bottom of the chamber was coated with Matrigel, and
then, RMG1 and SKOV3 cells were introduced into the wells and cultured.
Migrated cells were quantified by counting numbers of cells. The numbers of
migrated cells transfected with siRNA against EGFR or HB-EGF significantly
decreased, compared to those transfected with siRNA for TGF-a or amphiregulin,
and compared to untransfected cells. Addition of the soluble form of HB-EGF to
SKOV3 cells also significantly increased cell invasion properties. Transfection of
siRNA against HB-EGF or EGFR, but not against TGF-o. or amphiregulin into
ovarian cancer cells resulted in a significant decrease in expressions of VEGF and
interleukin-8. Finally, constitutive suppression of HB-EGF, which was mediated by
transfection of the HB-EGF siRNA vector, markedly prohibited tumor growth in
xenografted mice. These results indicated that HB-EGF contributed to the aggres-
sive behavior of a tumor such as invasiveness, angiogenesis, and tumorigenicity.
According to these results, HB-EGF seems to be implicated in each key step of
peritoneal dissemination. To reconfirm promotion of peritoneal dissemination of
ovarian cancer mediated by HB-EGF, tumor volume in peritoneal cavity was
analyzed using RMG1 cells and transfected RMG1 cells with siRNAs against HB-
EGF, TGF-o, or amphiregulin. RMG1 cells, which highly express HB-EGF,
formed definite peritoneal dissemination in mice by intraperitoneal inoculation.
RMGI cells transfected with siRNA against HB-EGF failed to form disseminated
tumors in the peritoneal cavity, while RMGI cells transfected with siRNA against
TGF-o or amphiregulin resulted in similar tumor volumes in peritoneal dissemination
compared to parental cells. SKOV3 cells harboring relatively low expression of
HB-EGF showed no peritoneal dissemination in mice by intraperitoneal inoculation.
Consistently, after transfection with a constructed plasmid of human pro-HB-EGF
cDNA, transfected SKOV3 cells highly expressed HB-EGF, and resulted in
significantly big tumor volumes in the peritoneal cavity of mice by intraperitoneal
inoculation. According to our observations, HB-EGF plays a pivotal role in
peritoneal dissemination including cell survival, cell adhesion, angiogenesis, and
tumorigenicity.

5 Association between HB-EGF Expression
and Chemoresistance in Ovarian Cancer

In our clinical study, enhanced expression of HB-EGF was significantly
associated with clinical outcomes and chemoresistance in ovarian cancer. As shown
previously, Taxol inhibits tumor formation in SKOV3 cells growing subcutane-
ously in nude mice, but only weakly inhibits tumor formation after transfection
with SKOV3 and overexpression of HB-EGF (SK-HB) [26, 54]. Taxol par-
tially, but dose-dependently, suppresses in vitro proliferation of SKOV3 cells,
while no inhibitory effect was observed in SK-HB cells even at the highest
concentration of Taxol. When comparing SKOV3 cells with SK-HB cells,
Taxol induces an increase in the number of apoptotic cells and activation of
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JNK and p38 in SKOV3 cells compared to SK-HB cells, whereas Akt activation
is clearly found in SK-HB cells, but not in SKOV3 cells. Accordingly, enhanced
expression and/or presence of HB-EGF modulates Taxol-induced anti-apoptotic
effects such as ERK- and Akt-signaling pathways, or pro-apoptotic effects such
as JNK- and p38-signaling pathways, leading to acquisition of chemoresistant
properties in cells.

6 Roles of HB-EGF in Other Human Cancers

Recently, there has been growing evidence of increased HB-EGF expression in
tumors compared to normal tissues including pancreatic, liver, esophageal, colon,
gastric, ovarian, bladder cancer, melanoma, and glioblastoma [25]. The relation-
ship between HB-EGF expression and human cancer has been minutely investi-
gated in human ovarian cancer. In bladder cancer, HB-EGF is highly expressed,
at least 10-100 times more than the expression levels of other EGFR ligands [49].
It has been demonstrated that only HB-EGF is an abundantly expressed molecule
among EGFR ligands, and HB-EGF, but not other EGFR ligands, possibly
contributes to tumor growth signaling via EGFR activation in both ovarian and
bladder cancers. Several laboratories reported that HB-EGF mRNA was overex-
pressed in pancreatic cancer compared to normal tissues [19]. HB-EGF mRNA
expression also correlated with clinical prognosis in patients with gastric cancer
[28]. HB-EGF gene expression, as measured by in situ hybridization and immu-
nostaining, was elevated in 100% (17/17) of human hepatocellular carcinoma
biopsies compared to surrounding liver tissues, which were only faintly positively
stained in normal hepatocytes [14]. On the other hand, in colon and pancreatic
cancers, HB-EGF expression is associated with early stages as described by [15].
According to these reports, it is plausible that HB-EGF expression, which is
predominantly found in a variety of human cancers, is associated with the aggres-
sive behavior of a tumor.

We also studied expressions of EGFR ligands in a variety of human cancer cell
lines using real-time PCR. In ovarian, bladder, gastric, endocervical, and endome-
trial cancer cell lines, HB-EGF was the primarily expressed EGFR ligand whereas
expression levels of other EGFR ligands appeared to vary. In melanoma and gliob-
lastoma cell lines, HB-EGF was also recognized as the most prevalent EGFR lig-
and, although TGF-o was as highly expressed as HB-EGF in some of these cell
lines. In many human cancer cells, HB-EGF was the predominantly expressed
EGFR ligand.

In human gastric cancer, HB-EGF was identified as one candidate DDP-
resistance-related gene [46]. Chemotherapy induces elevated expression of HB-
EGF, which is largely dependent on chemotherapy-resistant genes including
activator protein-1 and NF-xB activation, suggesting that chemotherapy-induced
HB-EGF activation represents a critical mechanism of inducible chemotherapy
resistance [51]. Thus, HB-EGF is a key molecule in resistance to cancer agents.
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7 CRM197 as Anticancer Agent

Cross-reacting material 197 (CRM197) is a nontoxic mutant of diphtheria toxin
that shares the same immunological properties of the native molecule, and binds to
human HB-EGF to block its mitogenic activity by prohibiting binding to EGFR
[24]. Since CRM 197 does not inhibit the mitogenic activity of other EGFR ligands,
CRM197 has been used as a specific inhibitor of HB-EGF. Our previous
observations demonstrated that CRM197 attenuated cell survival properties
including the ones in the peritoneal fluid of ovarian cancer. In RMGI cells, CRM197
blocked cell adhesion mediated by integrin on extracellular matrices, accompanied
with inhibition of FAK and EGFR activation. The number of migrated cells in ovar-
ian cancer was significantly reduced in the presence of CRM197. In addition,
expressions of VEGF and IL-8 were also suppressed in the presence of CRM197.

To investigate antitumor effects of CRM197 in xenografted mice, RMGlI,
SKOV3, and OVMGTI cells were subcutaneously injected into nude mice, and
tumor sizes were measured weekly at the injection site [26]. After confirmation of
a definite tumor on subcutaneous tissues, CRM197 or control saline was injected
intraperitoneally weekly for 10 weeks. Each tumor formation in SKOV3, RMGl,
and OVMGI cells was completely suppressed by CRM197 treatment. To further
evaluate whether CRM197 inhibits peritoneal dissemination in ovarian cancer,
RMGTI cells were injected into the peritoneal cavity, and tumor volume formed in
the abdominal cavity was estimated after 6 weeks. Administration of CRM197 or
control saline was given weekly for 6 weeks from the following day after intraperi-
toneal inoculation. Volume of the tumor that formed in the abdominal cavity was
small after CRM197 treatment, while tumor volume was estimated as 4.2 + 1.2¢g
(mean =+ standard deviation) in control mice.

To further examine the combined antitumor effects of CRM197 and Taxol in
xenografted mice, SKOV3 and OVMGTI cells were subcutaneously injected into
nude mice, and tumor sizes were measured weekly at the injection site. When
CRM197 was administered alone, tumor growth in mice was suppressed in a dose-
dependent manner in both cell types (partial suppression required 5mg kg™
CRM197; complete suppression required S0 mg kg~ CRM197). Taxol (10mg kg™)
alone did not significantly inhibit tumor formation in SKOV3 cells or OVMG1
cells. However, co-administration of 10mg kg™ Taxol and Smg kg~ CRM197
completely blocked tumor formation in both SKOV3 cells and OVMGI cells.
These synergistic in vivo antitumor effects occurred by combined treatment with
CRM197 with Taxol. Moreover, CRM197 displayed antitumor effects in mice
xenografted with human cancer cells including gastric, bladder, prostate, breast,
endometrial cancer, melanoma, and glioblastoma.

In spite of its contradictory nature, Diphtheria toxin deserves careful considera-
tion as a potential therapeutic agent in human cancer. Buzzi [4] reported that a
clinical trial investigating the use of small amounts of Diphtheria toxin for patients
with advanced human cancer revealed that 24 of 50 patients indicated partial or
complete response after this treatment. In his study, Buzzi revealed that a small
amount of Diphtheria toxin was not dangerous, and resulted in no early antibody
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response according to the phenomenon referred to as low-dose tolerance, although
reversible side effects were detected in 17 patients. Since it remained unclear
whether antitumor activity of Diphtheria toxin depended on toxicity of the molecule
only or on its strong inflammatory immunological properties, another clinical trial
for patients with advanced human cancer was further performed by Buzzi et al.,
using CRM197 [5]. Twenty-five outpatients with advanced cancer, who were
refractory to standard therapies or had refused conventional therapies, were treated
with CRM197 injected subcutaneously in the abdominal wall. Two, one, and six
patients indicated complete response, partial response, and stable disease,
respectively. Toxicities were minimal since only one patient developed irritating
skin reactions at the injection sites and a flu-like syndrome with fever. Taken
together, these results suggested that CRM197-mediated inhibition of HB-EGF
contributed to the loss of in vitro and in vivo tumor formation in cancer, and HB-
EGF was a potential target for cancer therapy. We are developing clinical trials for
CRM197 for ovarian cancer patients. The use of CRM 197 will allow us to improve
clinical outcomes in patients with cancer.

8 Future Directions

Many clinical trials for cancer therapy have been performed to develop tools
against EGFR. However, most of these clinical trials have not always been
successful. In principle, EGFR antagonists interfere with the activation of several
intracellular pathways that control cell proliferation, survival, apoptosis, invasion,
and metastasis. The acquired resistance to EGFR antagonists can occur as a result
of several different molecular mechanisms: autocrine/paracrine production of lig-
ands, receptor mutations, constitutive activation of downstream pathways, and
activation of alternative pathways [27]. There are two receptor mutations of EGFR
in human cancers. The first one which involves EGFRVIII (variant III), which is
generated from deletion of exons 2—7 of the EGFR gene, is overexpressed in
glioblastoma multiforms [52]. This mutant EGFR does not bind to EGFR ligands,
and is more tumorigenic than the wild-type receptor. However, EGFRVIII induces
expression of HB-EGF as well as other genes, and inhibition of HB-EGF activity
with neutralizing antibodies reduces cell proliferation induced by expression of
EGFRVIII, suggesting that the EGFRVIII-HB-EGF-wild-type EGFR autocrine loop
plays an important role in signal transduction by EGFRVIII in glioma cells [36].
The second mutation of EGFR is exemplified in lung cancer, where three different
mutations, all located in exons 18-21, have been identified: missense mutation,
deletion, and in-frame insertion [43, 44]. These mutant EGFRs are hyperreactive to
EGFR ligands compared to wild-type EGFR, and selectively activate the Akt and
STAT pathways. Mutations of K-ras, which is a signaling molecule in the EGFR
downstream pathway, have been detected in most patients with pancreatic cancer,
approximately 50% of patients with colon cancer, and 20-30% of patients with
other cancers [10]. Ras point mutations have been implicated in the accelerated
signaling of tumor growth, not only through the downstream signaling pathways of
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Ras/Raf/ERK, but also through the upstream signaling pathways of EGFR mediated
by increased expressions of EGFR ligands [11, 50]. In addition, increased
expressions of EGFR ligands have also been reported to occur in ErbB-2-
transformed human mammary epithelial cells [33]. Therefore, in some epithelial
cancers harboring Ras point mutations or enhanced expression of ErbB-2, autocrine
loops of EGFR/EGFR ligands may play pivotal roles in cancer progression. In
breast and prostate cancer cells, acquired resistance to Genitinib or Trasuzumab has
been shown to be associated with increased signaling via the insulin-like growth
factor I receptor (IGF-IT) pathway [18, 22]. The crosstalk between IGF-IR and
EGFR occurs via an autocrine mechanism involving matrix metalloprotease-
dependent release of HB-EGF, and accounts for the majority of IGF-I-stimulated
She phosphorylation and activation of the ERK cascade in COS-7 cells [38]. On the
basis of these evidences, abundant increase in a particular EGFR ligand should
contribute to resistance to EGFR targeting therapy. In the near future, development
of a targeting agent against each EGFR ligand, like EGFR antagonists, should
improve clinical outcomes of cancer patients.

References

1. Athale CA, Deisboeck TS. The effects of EGF-receptor density on multiscale tumor growth
patterns. J Theor Biol 2006, 238:771-779

2. Azemar M, Schmidt M, Arlt F, Kennel P, Brandt B, Papadimitriou A, Groner B, Wels W.
Recombinant antibody toxins specific for ErbB2 and EGF receptor inhibit the in vitro growth
of human head and neck cancer cells and cause rapid tumor regression in vitro. Int J Cancer
2000, 86:269-275

3. Buter J, Giaccone G. EGFR inhibitors in lung cancer. Oncology (willston Park) 2005,
19:1707-1711

4. Buzzi S. Diphtheria toxin treatment of human advanced cancer. Cancer Res 1982,
42:2054-2058

5. Buzzi S, Rubboli D, Buzzi G, Buzzi AM, Morisi C, Pironi E. CRM197 (nontoxic diphtheria
toxin): effects on advanced cancer patients. Cancer Immunol Immunother 2004,
53:1041-1048

6. Di Fiore PP, Pierce JH, Fleming TP, Hazan R, Ullrich A, King CR, Schlessinger J, Aaronson
SA. Overexpression of the human EGF receptor confers an EGF-dependent transformed phe-
notype to NIH 3T3 cells. Cell 1987, 51:1063-1070

7. Downward J, Yarden Y, Mayer E, Scrace G, Totty N, Stockwell P, Ullich A, Schlessinger J,
Waterfield MD. Close similarity of epidermal growth factor receptor and v-erb-B oncogene
protein sequences. Nature 1984, 307:521-527

8. El-Obeid A, Hesselager G, Westermark B, Nister M. TGF-alpha-driven tumor growth is
inhibited by an EGF receptor tyrosine kinase inhibitor. Biochem Biophys Res Commun 2002,
290:349-358

9. Fischer OM, Hart S, Gschwind A, Ullrich A. EGFR signal transactivation in cancer cells.
Biochem Soc Trans 2003, 31(Pt 6):1203-1208

10. Friday BB, Adjei AA. K-ras as a target for cancer therapy. Biochem Biophys Acta (2005),
1756:127-144

11. Gangarosa LM, Sizemore N, Graves-Deal R, Oldham SM, Der CJ, Coffey RJ. A raf-
independent epidermal growth factor receptor autocrine loop is necessary for ras transformation
of rat intestinal epithelial cells. J Biol Chem (1997) 272:18926-18931



Heparin-Binding Epidermal Growth Factor-Like Growth Factor 293

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Higashiyama S, Abraham JA, Miller J, Fiddes JC, Klagsbrun MA. Heparin-binding growth
factor secreted by macrophage-like cells that is related to EGF. Science 1991, 251:936-939
Higashiyama S, Iwamoto R, Goishi K, Raab G, Taniguchi N, Klagsbrun M, Mekada E. The
membrane protein CD9/DRAP 27 potentiates the juxtacrine growth factor activity of the
membrane-anchored heparin-binding EGF-like growth factor. J Cell Biol 1995, 128:929-938
Ito Y, Takeda T, Higashiyama S, Sakon M, Wakasa KI, Tsujimoto M, Monden M, Matsuura N.
Expression of heparin binding epidermal growth factor-like growth factor in hepatocellular
carcinoma: an immunohistochemical study. Oncol Rep 2001, 8(4):903-907

Ito Y, Higashiyama S, Takeda T, Yamamoto Y, Wakasa KI, Matsuura N. Expression of
heparin-binding epidermal growth factor-like growth factor in pancreatic adenocarcinoma.
Int J Pancreatol 2001, 29:47-52

Iwamoto R, Higashiyama S, Mitamura T, Taniguchi N, Klagsbrun M, Mekada E. Heparin-
binding EGF-like growth factor, which acts as the diphtheria toxin receptor, forms a complex
with membrane protein DRAP27/CD9, which up-regulates functional receptors and diphthe-
ria toxin sensitivity. EMBO J 1994, 13:2322-2330

Iwamoto R, Mekada E. Heparin-binding EGF-like growth factor: a juxtacrine growth factor.
Cytokine Growth Factor Rev 2000, 11(4):335-344

Jones HE, Goddard L, Gee JM, Hiscox S, Rubini M, Barrow D, Knowlden JM, Williams S,
Wakeling AE, Nicholson RI. Insulin-like growth factor-I receptor signaling and acquired
resistance to gefitinib (ZD1839); Iressa) in human breast and prostate cancer cells. Endocr
Relat Cancer 2004, 11:793-814

Kobrin MS, Funatomi H, Friess H, Buchler MW, Stathis P, Korc M. Induction and expression
of heparin-binding EGF-like growth factor in human pancreatic cancer. Biochem Biophys
Res Commun 1994, 202(3):1705-1709

Krug U, Ganser A, Koeffler HP. Tumor suppressor genes in normal and malignant hemat-
opoiesis. Oncogene 2002, 21:3475-3495

Lin J, Hutchinson L, Gaston SM, Raab G, Freeman MR. BAG-1 is a novel cytoplasmic bind-
ing partner of the membrane form of heparin-binding EGF-like growth factor: a unique role
for proHB-EGF in cell survival regulation. J Biol Chem 2001, 276:30127-30132

Lu Y, Zi X, Zhao Y, Mascarrenhas D, Pollak M. Insulin-like growth factor-I receptor signal-
ing and resistance to trastuzumab (Herceptin). J Natl Cancer Inst 2001, 93:1852-1857

Mills GB, May C, McGill M, Roifman CM, Mellers A. A putative new growth factor in
ascetic fluid from ovarian cancer patients: identification, characterization, and mechanism of
action. Cancer Res 1988, 48:1066-1071

Mitamura T, Higashiyama S, Taniguchi N, Klgasbrun M, Mekada E. Diphtheria toxin binds
to the epidermal growth factor (EGF)-like domain of human heparin-binding EGF-like
growth factor/diphtheria toxin receptor and inhibits specifically its mitogenic activity. J Biol
Chem 1995, 270:1015-1019

Miyamoto S, Yagi H, Yotsumoto F, Kawarabayashi T, Mekada E. Heparin-binding epidermal
growth factor-like growth factor as a novel targeting molecule for cancer therapy. Cancer Sci
2006, 97(5):341-347

Miyamoto S, Hirata M, Yamazaki A, Kageyama T, Hasuwa H, Mizushima H, Tanaka Y,
Yagi H, Sonoda K, Kai M, Kanoh H, Nakano H, Mekada E. Heparin-binding EGF-like
growth factor is a promising target for ovarian cancer therapy. Cancer Res 2004,
64:5720-5727

Morgillo F, Lee HY. Resistance to epidermal growth factor receptor-targeted therapy. Drug
Resist Updat 2005, 8:298-310

Naef M, Yokoyama M, Friess H, Buchler MW, Korc M. Co-expression of heparin-binding
EGF-like growth factor and related peptides in human gastric carcinoma. Int J Cancer 1996,
66(3):315-321

Nakamura K, Iwamoto R, Mekada E. Membrane-anchored heparin-binding EGF-like growth
factor (HB-EGF) and diphtheria toxin receptor-associated protein (DRAP27)/CD9 form a
complex with integrin alpha 3 beta 1 at cell-cell contact sites. J Cell Biol 1995, 129:
1691-1705



294

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

S. Miyamoto et al.

Nanba D, Mammoto A, Hashimoto K, Higashiyama S. Proteolytic release of the carboxy-
terminal fragment of proHB-EGF causes nuclear export of PLZF. J Cell Biol 2003,
163:489-502

Nanba D, Higashiyama S. Dual intracellular signaling by proteolytic cleavage of membrane-
anchored heparin-binding EGF-like growth factor. Cytokine Growth Factor Rev 2004,
15(1):13-19

Nishi E, Klagsbrun M. Heparin-binding epidermal growth factor-like growth factor (HB-
EGF) is a mediator of multiple physiological and pathological pathways. Growth Factors
2004, 22(4):253-260

Normanno N, Selvam MP, Saeki T, Qi C, Johnson GR, Kim N, Ciardiello F, Shoyab M,
Plowman GD, Todaro GJ, Salmon DS. Amphiregulin as an autocrine growth factor for c-Ha-ras-
and c-erbB-2-transformed human mammary epithelial cells, Proc Natl Acad Sci USA (1994),
91:2790-2794

Normanno N, Bianco C, De Luca A, Maiello MR, Salomon DS. Target-based agents against
ErbB receptors and their ligands: a novel approach to cancer treatment. Endocr Relat Cancer
2003, 10(1):1-21

Raab G, Klagsbrun M Heparin-binding EGF-like growth factor. Biochimica et Biophysica
Acta 1997, 1333(3):F179-F199

Ramnarain DB, Park S, Lee DY, Hatnpaa KJ, Scoggin SO, Out H, Libermann TA, Raisanen
IM, Ashfaq R, Wong ET, Wu J, Elliott R, Habib AA. Differential gene expression analysis
reveals generation of an autocrine loop by a mutant epidermal growth factor receptor in
glioma cells. Cancer Res 2006, 66:867-874

Riese DJ, II, Stern DF. Specificity within the EGF family/ErbB receptor family signaling
network. Bioessays 1998, 20(1):41-48

Roudabush FL, Pierce KL, Maudsley S, Khan KD, Luttrell LM. Transactivation of the EGF
receptor mediates IGF-I-stimulated shc phosphorylation and ERK1/2 activation in COS-7
cells. J Biol Chem 2000, 275:22583-22589

Salomon DS, Brandt R, Ciardiello F, Normanno N. Epidermal growth factor-related peptides
and their receptors in human malignancies. Crit Rev Oncol Hematol 1995, 19(3):183-232
Schlessinger J. Common and distinct elements in cellular signaling via EGF and FGF recep-
tors. Science 2004, 306(5701):1506-1507

Seals DF, Courtneidge SA. The ADAMs family of metalloproteases: multidomain proteins
with multiple functions. Genes Dev 2003, 17(1):7-30

Sebastian S, Settleman J, Reshkin SJ, Azzariti A, Bellizzi A, Paradiso A. The complexity of
targeting EGFR signaling in cancer: from expression and turnover. Biochem Biophys Acta
2006, 1766:120-139

Settleman J. Inhibition of mutant EGF receptors by gefitinib: targeting an achilles’ heel of
lung cancer. Cell Cycle 2004, 3:1496-1497

Sordella R, Bell DW, Haber DA, Settleman J. Gefitinib-sensitizing EGFR mutations in lung
cancer activate anti-apoptotic pathways. Science 2004, 305:1163-1167

Sporn MB, Todaro GJ. Autocrine secretion and malignant transformation of cells. N Engl J
Med 1980, 303:878-880

Suganuma K, Kubota T, Saikawa Y, Abe S, Otani Y, Furukawa T, Kumai K, Hasegawa H,
Watanabe M, Kitajima M, Nakayama H, Okabe H. Possible chemoresistance-related genes
for gastric cancer detected by cDNA microarray. Cancer Sci 2003, 94:355-359

Takayama S, Sato T, Krajewski S, Kochel K, Irie S, Millan JA, Reed JC. Cloning and func-
tional analysis of BAG-1: a novel Bcl-2-binding protein with anti-cell death activity. Cell
1995, 80:279-284

Tanaka Y, Miyamoto S, Suzuki SO, Oki E, Yagi H, Sonoda K, Yamazaki A, Mizushima H,
Maehara Y, Mekada E, Nakano H. Clinical significance of heparin-binding EGF (epidermal
growth factor)-like growth factor and ADAM (a disintegrin and metalloprotease) 17 expres-
sion in human ovarian cancer. Clin Cancer Res 2005, 11:4783-4792

Thogersen VB, Sorensen BS, Poulsen SS, Orntoft TF, Wolf H, Nexo E. A subclass of HER1
ligands are prognostic markers for survival in bladder cancer patients. Cancer Res 2001,
61:6227-6233



Heparin-Binding Epidermal Growth Factor-Like Growth Factor 295

50.

51

52.

53.

54.

55.

Tzahar E, Waterman H, Chen X, Levkowitz G, Karunagaran D, Lavi S, Ratzkin BJ, Yagen Y.
A hierarchial network of interreceptor interactions determines signal transduction by neu dif-
ferentiation factor/neuregulin and epidermal growth factor. Mol Cell Biol 1996,
16:5276-5287

Wang F, Liu R, Lee SW, Sloss CM, Couget J, Cusack JC. Heparin-binding EGF-like growth
factor is an early response gene to chemotherapy and contributes to chemotherapy resistance.
Oncogene, in press

Wong Al, Ruppert JM, Binger SH, Grzeschik CH, Humphrey PA, Bigner DS, Vogelstein B.
Structural alterations of the epidermal growth factor receptor gene in human gliomas. Proc
Natl Acad Sci USA 1992, 89:2965-2969

Yamazaki S, Iwamoto R, Saeki K, Asakura M, Takashima S, Yamazaki A, Kimura R,
Mizushima H, Moribe H, Higashiyama S, Endoh M, Kaneda Y, Takagi S, Itami S, Takeda N,
Yamada G, Mekada E. Mice with defects in HB-EGF ectodomain shedding show severe
developmental abnormalities. J Cell Biol 2003, 163:469-475

Yagi H, Miyamoto S, Tanaka Y, Sonoda K, Kobayashi H, Kishikawa T, Iwamoto R, Mekada
E, Nakano H. Clinical significance of heparin-binding epidermal growth factor-like growth
factor in peritoneal fluid of ovarian cancer. Brit J Cancer 2005, 92:1737-1745

Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol.
2001, 2(2):127-137



Index

A

ABCC3 gene, 30

ABCC6 gene, 30

Activator protein-1, 289

Active immunization, 245

Acute myelogenous leukemia (AML), 237

Acute myeloid leukemia, 241, 242

ADAM17 expression, 284-285

Adenocarcinomas, of lung, 19

Adnexal carcinoma, 79, 81

ADNP gene, 27

Adoptive NK-cell therapy, 241-243

Adoptive T cell therapy, 240-241

A549 (lung cancer cell lines), 72

Amphiregulin, 284, 288

Anaplastic cells, 173

Androgens, 58, 60, 123

Angiogenesis, 141

Angiogenesis inhibitor, 156

Anti-apoptotic proteins, 160

Anti-apoptotic signaling pathways, 156

Antibody-dependent cellular cytotoxicity
(ADCCQ), 236

Antibody-directed enzyme prodrug therapy
(ADEPT), 155

Anti-CD137 agonistic mAb, 267

Anti-CTLA-4 blockade, 255

Antigen-mAb complex, 237

Antigen-presenting cells, 223, 235, 263

Antineoplastic drugs, 170

Antioxidants, use in prevention of ovarian
cancer, 122

Antitumor immune response, 223-224

ANXA4 gene, 28

Aotus nancymae, 222

Apaf-1 dysfunction

mechanisms of, 202
in ovarian cancer, 201-202
ApcP75 mice, 106

APC gene, 38,43
APCs. See Antigen-presenting cells
Apoptosis
and fat metabolism, 69
pathways and defects of, 198-202,
242,256
Apoptotic cascade, 198
Apoptotic evasion, 159-160
Arbeitsgemeinschaft Gynédkologische
Onkologie (AGO) Group
clinical trials in ovarian cancer, 135
ARF gene, 61
Argonaute 2, 70
ARHI (Ras homologue member 1) gene,
37,39
ARLTS1 gene, 38
Array-based comparative genomic
hybridization (aCGH), 73
ASK gene, 27
Aspirin, 106
ATP-binding cassette (ABC), 157
Autoantibodies, to mesothelin, 17-18
Autocrine loops, 283
Autologous bone marrow transplantation
(ABMT), 154
Avian erythroblastosis virus v-erbB
oncogene, 281
5-Aza-2'-deoxycytidine, 72

B
BACHI gene, 61
BARDI gene, 61

B cell chronic lymphocytic leukemia (CLL),

71
BCL6, 72
BCL-2 gene, 101
Bcl-2-related proteins, 200
Bead-based assays, 10-11



298

Bead-based flow cytometric method, 70
Beta-tubulin, 160
Bevacizumab, 141, 237
B16-F10 melanoma, 266
B7-H4 (B7x, B7S1) molecule
as negative regulator of T cell, 263
and regulatory T cells, 264-265
in TAM, 263
and tumor environmental cytokines,
263-264
in various carcinoma, 262
B7-H1 expression, 265
regulation of, 265-266
and tumor immunity, 266-267
B7-H4* macrophages, 263
B7-H4* myeloid cells, 258
B7-H1/PD-1 and B7-H4 signals blocking, 267
B7-H4 serum biomarker, 6
Bladder cancer, 71
BRCA1 (breast cancer susceptibility gene 1),
53,55, 57-59, 61, 79-80, 82, 102,
106, 108, 121
cancer predisposition in, 94
as classical tumor suppresser, 89-90
epigenetic regulation of, 36-37, 4143
expression and menstrual cycle regulation,
90-92
granulosa cell-specific inactivation, 92-93
implications for ovarian epithelial
tumors, 95
inactivation on estrus cycle, 93-94
induced ovarian oncogenesis, 89-96
mutation carriers, 89, 93-95
BRCA2 (breast cancer susceptibility gene 2),
42-43, 53, 55, 57-59, 61, 79-80,
121
BRCA genes polymorphisms, 58-59. See also
BRCA1 (breast cancer susceptibility
gene 1); BRCA2 (breast cancer
susceptibility gene 2)
BRCA germline mutation, and fallopian tube
carcinoma, 80
Brcal”-mouse embryos, 102
Breast cancer, 60, 70-73, 79, 89, 99, 191
Breastfeeding, and ovarian cancer, 56
Buthionine sulphoximine (BSO), 158

C

CA125 antigens, 236, 257
CA19-9 biomarker, 15
Caenorhabditis elegans, 103
CAI12511 RIA assay, 11
CA125II serum biomarker, 11
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Cancer
and miRNAs
deregulation in, 70-71
DNA copy number alterations in,
72-73
mutations identified in, 72-73
regulation by epigenetic alterations in,
71-72
predisposition in BRCA1 mutation
carriers, 94
Cancer biomarkers, 188
Cancer vaccines, 236-238
dendritic cell-based cancer vaccines,
239-240
peptide vaccines, 238-239
Carboplatin, 156
Carboplatin plus paclitaxel
in clinical trials in ovarian cancer, 132,
134-136, 141
CARDs. See Caspase-assocaited recruitment
domains
CA125 serum biomarker, 5-8, 10-12
developing decision rules for, 6-7
for ovarian carcinoma, 15-19
Caspase-9, 198
Caspase-assocaited recruitment domains, 200
Caspases enzyme, 198
Catalase, 121
CCNBI gene, 26
CCNB?2 gene, 27
CCNDBPI gene, 26
CCNElgene, 27
CD4+ and CD8+ T lymphocytes, 235
CDC?2 gene, 26
CDC20 gene, 27
CDC42 gene, 30
CDK inhibitor p2/ gene, 101
CDKNIA gene, 27
CD40 ligand (CD40L), 224
CD56 receptor, 241
Cell penetrating peptides (CPP), 236
Cell proliferation and death, 69
Cells with immunosuppressive properties,
243-244
Cellular proteolysis, 198
CENP-A gene, 27
Cervix cancer, 99, 122
Cetuximab, 237, 282
Chemoresistance, development of, 197
Chemotherapeutic agents, 153, 156
Chemotherapeutic drugs, 155
Chemotherapy regimens, in clinical trials in
ovarian cancer, 133-136
Chemotherapy-response profile (CRP), 161
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Chromatin immunoprecipitation (ChIP)
analysis, 39
Chromatin modifications, influence on genes,
38-39
Chromatin remodeling, 35
Cisplatin, 42
Cisplatin plus cyclophosphamide, in clinical
trials in ovarian cancer, 132-133, 137
Cisplatin plus paclitaxel, in clinical trials in
ovarian cancer, 133-135
Claudin 3 biomarker, 15
Claudin-4 (CLDN4) gene, 39
Clear cell EOC, 99-100
Clear cell ovarian cancer, 27-28, 31
Clinical drug resistance
causes of, 153
mechanisms for, 153
potential targets in modulating, 157
to wide variety of cytotoxic agents, 158
Clinical epigenetic markers
early diagnostic markers, 42—43
prognostic markers, 40—41
of therapeutic responsiveness, 41-42
Clinical trials in ovarian cancer
carboplatin plus paclitaxel, 132, 134-136,
141
chemotherapy regimens, 133—-136
cisplatin plus cyclophosphamide, 132-133,
137
cisplatin plus paclitaxel, 133-135
early stage, 131-133
by GOG USA, 131-141
IP chemotherapy, 140-141
IP phosphorus-32, 132
maintenance and consolidation therapy,
139-140
molecular-targeted therapy in, 141
oral melphalan, 132
second-look laparotomy (SLL), 137-139
surgical issues in, 136-137
Colon cancer, 70, 106
Colony-forming units of endothelial
progenitor cells (CFU-EP), 275
Colorectum cancer, 122
Composite marker (CM), 11
Consolidation therapy, in clinical trials in
ovarian cancer, 139-140
Cortactin gene, 30
Corynebacterium diphtheriae, 210
COX2 inhibitors, 244
CpG dinucleotides. See CpG islands
CpG islands, 35, 40-42
hypermethylation, 36
Cre-loxP technology, 105
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Cross-reacting material 197 (CRM197),
290-291

CTLs. See Cytotoxic T lymphocytes

Cutaneous breast cancer, 191

Cyclin D1/CDK4, 103

Cyclin D-dependant kinases, 102-103

Cyclooxygenase-1 (COX-1), 106-107

Cyclooxygenase-2 (COX-2), 106-107

Cyclooxygenase (COX) protein, 62, 106

Cyclophosphamide, 132-133, 137, 244, 258

CYP17, 58

CYP3A4, 62

CYP2C9, 62

Cystadenocarcinomas, 29

Cytokeratin 8 (CK8) immunostaining, 105

Cytokines, 236

Cytosine deaminase (CD), 211

Cytotoxic agents, 154

Cytotoxic T lymphocytes, 224

D
DAB?2 gene, 121
DAPK gene, 43
DC-LAMP. See Dendritic cell lysosome
associated membrane protein
Death by checkpoint hypothesis, 102
Dendritic cell lysosome associated membrane
protein, 224
Dendritic cells (DCs), 236, 263
Denileukin diftitox (Ontak), 256-257
DF3 biomarker, 15
DGCRS protein, 70
Diphtheria toxin, 290, 291
DIRAS3 gene, 121
DLEC] (deleted in lung and esophageal
cancer 1) gene, 37, 39
DNA
copy number, alterations in cancer, 72—73
hypomethylation, 36
methylation and ovarian cancer, 35-36,
38-40, 42-44, 71
process for rectification and repairing of,
158-159
repair genes polymorphisms, 61
DNAJ (MCJ) gene, 42
Drosha, 70
Drug delivery
process for improving, 155
tumour-cell-specific, 155
Drug detoxification mechanisms, 157
Drug efflux proteins, 157
Drug resistance. See Clinical drug resistance
Dysfunctional cellular signaling network, 188
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E
Early Detection Research Network (EDRN)
sites, 10
Early diagnostic markers, 42-43
E-cadherin, 83
ECT2 gene, 30
E2F3 gene, 26
EGF family of ligands, 281
EGFR and ErbB2 overexpressions, 281
EIF4G1 gene, 27
Embryologic Miillerian duct, 79, 85
Endometrial cancers, 60
histological analysis, 28
Endometrioid EOC, 99-100
Endometrioid tumors, 23
Endometriosis, 60, 124
Endothelial progenitor cells (EPCs), 274
Epidermal growth factor receptor (EGFR), 281
Epigenetically regulated genes
chromatin modifications influence, 38-39
hypermethylated and silenced, 36-38
hypomethylated, 39-40
in ovarian cancer, 3640
Epigenetic markers, of ovarian cancer, 35-44
Epithelial ovarian cancers (EOCs), 29, 37, 54,
99, 119. See also Ovarian cancer
classification, 99
etiology, 99-100
genetics, 100-106
mutations in p53 pathway, 100-102,
109
mutations in RB pathway, 102-103,
109
p53 and RB function in, 103-106, 109
histotypes, 23
mouse models for, 106—-108
drug design, 106107
imaging techniques development,
107-108
ovulation role in, 123
treatment
cationic polymers, role of, 212-213
CD/5-FC and HSV-TK/GCV gene,
211-212
diphtheria toxin, role of, 210-211
late-stage disease and, 214
poly(B-amino ester)s, role of, 212-213
Epithelial ovarian carcinoma (EOC)
immunosuppressive properties of, 224-225
treatment of, 222-223
Epoxide hydrolase, 58
ErbB receptors, 281
ERCCI genes, 159
Erlotinib, 282
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Erythropoietin (EPO), 274

Estrogens, 60, 91, 123

Estrus cycle, BRCAI inactivation
consequences on, 93-94

European Organization for Research and
Treatment of Cancer (EORTC),
137, 147

Exfoliation theory, 84-85

Exportin-5, 70

Extracellular matrix (ECM), 156

F
Fallopian tube carcinoma, 53, 79, 82, 89
BRCA germline mutation and, 80

Fallopian tube inner surface epithelium (TSE),
79, 84-85

Fallopian tubes cancer. See Fallopian tube
carcinoma

Familial adenomatous polyposis (FAP), 106

FANCD?2 gene, 61

FANCF gene, 42

FAS gene, 101

Fat metabolism and apoptosis, 69

FDA-approved cytokines, 237

Female adnexal carcinoma, 79, 81

FENI gene, 27

FIGO at diagnosis stages, in ovarian cancer
and survival, 3—4

Flp recombinase, 210

Fludarabine, 244, 258

5-Flurocytosine (5-FC), 211

Forkhead box (FOXO) transcription
factors, 190

FOXP3 protein, 256, 257

Functional proteomics, 185

G
GADD45 gene, 61
Ganciclovir (GCV), 211
GATA4 gene silencing, 39
GATAG gene silencing, 39
GDFI5 gene, 27
Gefitinib, 282
Gene chip array technology, 187
Gene-directed enzyme prodrug therapy
(GDEPT), 155
Genes expression, of tumor grades in ovarian
cancer, 26-27
Genes polymorphisms
BRCA genes, 58-59
candidate gene approaches, 62—-63
DNA repair genes, 61
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inflammation pathways genes, 61-62
progesterone receptor genes, 59-61
role in susceptibility of ovarian cancer,
53-63
whole genome studies, 63
Genome hypomethylation, 36
Germ-line mutation, 73
Glioblastoma cancer, 70
Glucocorticoids (GCs), 242
Glutathione perioxidase, 121
Gluthatione-s-transferase-pi (GST), 157
GM-CSF (Sargramostim), 237
Gonadotropins, 58, 123
G protein-coupled receptor (GPCR), 283
Granulosa cells, 91-95
BRCATI gene inactivation in, 92-93
Green fluorescent protein (GFP), 275
Growth factors, EGF family, 281
GSTPI gene, 38,41, 43
Guanine, 121
Gynecologic cancer. See Ovarian cancer
Gynecologic Cancer Intergroup (GCIG),
clinical trials in ovarian cancer,
136
Gynecologic Oncology Group (GOG), USA
clinical trials in ovarian cancer, 131-141
carboplatin plus paclitaxel, 132,
134-136, 141
chemotherapy regimens, 133-136
cisplatin plus cyclophosphamide,
132-133, 137
cisplatin plus paclitaxel, 133-135
early stage, 131-133
IP chemotherapy, 140-141
IP phosphorus-32, 132
maintenance and consolidation therapy,
139-140
molecular-targeted therapy in, 141
oral melphalan, 132
second-look laparotomy (SLL),
137-139
surgical issues in, 136-137

H

Haploidentical hematopoietic stem cell (HSC),
241

HATs. See Histone acetyltransferases

HDAC:Ss. See Histone deacetylases

HDM?2 gene, 101, 103

HE4. See Human epididymis protein 4

Heat shock proteins (HSPs), 225

Hematopoiesis, 69

Hematopoietic stem cells (HSCs), 274
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Hens
intraperitoneal carcinomas in, 120
serous tubal carcinomas in, 82—-83
Heparan-sulfate proteloglycan (HSPG), 283
Heparin-binding EGF-like growth factor
(HB-EGF)
expression and chemoresistance in ovarian
cancer, 288-289
in human ovarian cancer, 283-286
in other human cancers, 289
peritoneal dissemination in ovarian cancer,
286-288
physiological role, 283
HER-2/neu expression, 236, 244
Herpes simplex virus type 1 thymidine kinase,
211
Herpesvirus (HSV), 221
HE4 serum biomarker, 67, 10-11, 15
for other tumors detection by assaying, 19
for ovarian carcinoma, 18—-19
HICI gene, 38
Hierarchical clustering, 188
Histone acetyltransferases, 203
Histone deacetylases, 71-72, 203
Histone H3, 38-39
Histone H4, 38-39
Histone protein acetylation and methylation, 35
HKG6 biomarker, 15
HK11 serum biomarker, 6
HLA class I antigens, 243
HNPCC genes, 55, 57, 61
Hodgkin disease, 242
Hodgkin’s lymphoma, 190
Homologous recombination (HR) pathway
genes, 159
HSV-TK. See Herpes simplex virus type 1
thymidine kinase
hTR gene, 38
Human cancer. See Cancer
Human epididymis protein 4, 6, 211, 214
Human genome, miRNAs in, 69-70
Human ovarian carcinomas, defects of p/6 and
Rb in, 103-104
Hybridoma technology, 236
Hypermethylated genes, 36-38
Hypomethylated genes, 39-40
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IFN-02b (Intron A) cytokine, 237
IGFBP-3 methylation, 40

IL-6, 62

IL-10, 62

IL-B, 62
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IL-2 (Proleukin) cytokine, 237
IL-1RA, 62
Immortalized ovarian surface epithelium
(IOSE) cell lines, 24-25
Immunotherapeutic strategy for cancer, 245-246
Immunotherapy of cancer, antibody based, 236
Incessant ovulation hypothesis, 100
Inclusion cyst epithelium (ICE), 83-84,
119-120
Infected cell protein (ICP), 221
Inflammation pathways genes polymorphisms,
61-62
Inhibitor of apoptosis (IAP) proteins, 200
INK4 protein p16™%* (p16), 103
Insulin-like growth factor binding protein 3
(IGFBP-3), 38
Interferon-alpha (IFN-a), 225
Interferon-beta (IFN-B), 225
Interferon-y, 256-258
International HapMap Project (HapMap), 62
Intraperitoneal antineoplastic therapy, 170
Intraperitoneal (IP) chemotherapy
clinical trails
phase I, 146-147, 171
phase 11, 146-147, 171
phase III, 147-149
effect of increasing dose exposure, 154
feasibility of employing, 150
optimizing schedules for, 155
theory of, 145-146
therapy for treatment of ovarian cancer,
170-171
toxicity and complications associated with,
149
Intraperitoneal (IP) chemotherapy, in ovarian
cancer, 140-141
Intraperitoneal tumors, 172
Intratumoral interstitial fluid pressure, 156
Intra-tumoral drug penetration, 156
Invasive epithelial ovarian cancer. See Ovarian
cancer
Invasive ovarian carcinoma, 38
Invasive tumors, 29-30
LMP tumors and, 26
IP cisplatin chemotherapy, 147
IP phosphorus-32, in clinical trials in ovarian
cancer, 132
IQGAP2 gene, 30

K

Killer cell immunoglobulin-like receptor
(KIR), 241

KIR-incompatible NK cells, 241
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L
LAK-based immunotherapy, 241
LAQS824 (HDAC inhibitor), 71-72
Leukemia, 70-71
Leukocytes, 119
Lipopolysacharide (LPS), 225
Liposomal doxorubicin, 159
Liver cancer, 70
Loss of heterozygosity (LOH)

at BRCAI locus, 37

in ovarian cancer, 36
Low malignant potential (LMP) tumors,

23,29-31, 38

and invasive tumors, 26-27
Luminex® assays, 10
Lung cancer, 70, 122

let-7 miRNA family in, 71
Lymphokine-activated killer cells

(LAK), 241

Lymphoma cancer, 70
Lysophosphatidic acid (LPA), 160, 283

M

MADb569, 15-17

Macrophage inflammatory protein-beta
(MIP-b), 225

Maintenance therapy, in clinical trials in
ovarian cancer, 139-140

Major histocompatibility class II (MHC-II),
224

Mammalian target of rapamycin (mTOR)
kinase signaling, 160

Maspin (SERPINBS) gene, 39

Matuzumab, 282

Maximum tolerated dose (MTD), 154

MCJ methylation, 42

MCM4 gene, 27

MCMS5 gene, 27

MCM?7 gene, 27

MDM?2 gene, 61

Melanoma, 73

Melphalan, 132

Menstrual cycle regulation, and BRCA1 gene
expression, 90-92

Mesothelin (MSLN) serum biomarker,
6-8, 10

autoantibodies to, 17-18

Mesothelin protein, 211

Mesothelioma, 16

Metaplasia theory, 83

MethyLight technique, 40

MGMT gene, 38, 41

MHC-peptide antigen complexes, 235
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MicroRNAs (miRNAs)
in cancer
deregulation, 70-71
diagnosis and treatment, 74
DNA copy number alterations, 72-73
mutations identified in, 73-74
regulation by epigenetic alterations,
71-72
in human cancer, 69-74
in human genome, 69-70
Microsatellite instability (MSI), 158
MINT25 gene, 38
Mir-16-1, 72-73
Mir-22, 74
Mir-127, 72
Mir-146, 74
Mir-221, 74
Mir-15a, 72-73
MISIIR. See Mullerian Inhibiting Substance II
Receptor
MISIIR/Tag transgenic mouse model, 215
Mismatch repair (MMR) pathway proteins,
158
Mixed epithelial neoplasms EOC, 99
MLH] gene, 38, 42
MLHI1 promoter methylation, 158
MMR genes, 158
Molecular markers, 184
Molecular-targeted therapy, in clinical trials in
ovarian cancer, 141
Monoclonal antibodies (mAbs), 15-16, 236,
282
MOSEC. See Mouse ovarian surface epithelial
cells
Mouse granulosa cells, BRCA1 gene
inactivation in, 92-93
Mouse ovarian surface epithelial cells,
215-216
isolation and culture of, 171-172
similarities with human ovarian cancer,
173
MSLN gene, 211, 214
MUCI1 biomarker, 15
Mucinous adenocarcinomas, 30
Mucinous cystadenomas, 29-30
Mucinous EOC, 99-100
Mucinous tumors, 23, 29-30
Mullerian ducts, 92
Mullerian Inhibiting Substance II Receptor,
105,214
Mullerian tumors, 159
Multidimensional scaling (MDS), of ovarian
specimens, 25
Multi-drug resistance protein 1 (MRP1), 157
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Multiphoton microscopy (MPM), 108

Mutations, of miRNAs identified in cancer,
73-74

Myeloid dendritic cells (MDCs), 266

MYO18B gene, 37

N
Nanotax®, 174. See also Paclitaxel
cancer progression following treatment
with, 177-179
intraperitoneal delivery, effects of,
176-177
intravenous delivery, effects of, 175-176
survival of mice bearing ovarian cancer,
effects on, 175
Natural killer (NK) cells, 235, 241-243
NCI-H157 (lung cancer cell lines), 72
Neuregulin (NRG), 281
NF-kB activation, 289
NIH-3T3 cells, 281
NK cells, 17
Non-immunosuppressive cyclosporine
analogue, 157. See also PSC-833
Nonsteroidal antiinflammatory drugs
(NSAIDs), 106
Normal ovarian surface epithelium (NOSE)
cell lines, 24-25
Nucleotide excision repair (NER) system, 158

(0]
Oncolytic HSV
efficiency of, 222
immunological effects of, 225
strains, 221-222
OPCML gene, 37
OPN biomarker, 15
Oral contraceptives (OCs) use, and
ovarian cancer, 56, 58, 90-91, 100,
119, 124
Oral melphalan, in clinical trials in ovarian
cancer, 132
Ovarian cancer, 197. See also Sporadic ovarian
cancer
AGO Group clinical trials in, 135
animal model systems of, 169
anti-mesothelin antibodies in, 17-18
antioxidants use in prevention, 122
Apaf-1 dysfunction in, 201-202
apoptosis intrinsic pathway defects,
198-200
biological treatment
antitumor immune response, 223-224
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EOC, immunosuppressive properties
of, 224-225
oncolytic therapy, 222-223
tumor vaccination, in situ, 226-228
biomarkers
candidates, 5-9
detection panel, 9-13
need for detection, 15
breastfeeding and, 56
candidate gene approaches, 62—63
classification, 23-31
clear cell tumors, 27-28, 31
clinical characteristics, 23
clinical epigenetic markers, 40-43
early diagnostic markers, 42—43
prognostic markers, 40—41
of therapeutic responsiveness, 4142
clinical trials, 131-141
defects of p/6 and Rb in, 103-104
development of drug resistance in cells of,
157
diagnosis stages and survival, 34
DNA methylation and, 35-36, 38-40,
42-44,71
early detection prior to symptoms, 9-13
epigenetically regulated genes, 3640
chromatin modifications influence,
38-39
hypermethylated and silenced, 36-38
hypomethylated, 39-40
epigenetic markers of, 35-44
genes expression profiling tumor
grades, 26-27
histotypes, 27-31
genetics, 100-106, 109
mutations in p53 pathway, 100-102,
109
mutations in RB pathway, 102-103,
109
p53 and RB function in, 103-106, 109
polymorphisms in susceptibility of,
53-63
genomic analysis, 23-31
GOG-USA clinical trials in, 131-141
healthy controls and, 8
HE4 biomarker for, 18—-19
histological analysis, 28
IP chemotherapy, 140-141
IP drug administration in, 145
loss of heterozygosity in, 36
microsimulation screening model, 6
miRNAs expression deregulated in, 70-71
molecular-targeted therapy in, 141
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mouse models for, 214-216
drug design, 106-107
imaging techniques development,
107-108
normal ovarian control, 24-25
OCAC studies, 53-55, 58-63
BRCA genes polymorphisms, 58-59
candidate gene approaches, 62—63
DNA repair genes polymorphisms, 61
inflammation pathways genes
polymorphisms, 61-62
progesterone receptor genes
polymorphisms, 59-61
whole genome studies, 63
oral contraceptives use and, 56, 58, 90-91,
100, 119, 124
paclitaxel for treatment of, 169—170
precursor cell, 91
pregnancy and, 56, 58, 90-91, 100, 119
process for maximising drug exposure in,
154
screening and mortality, 3-5, 13
second-look laparotomy (SLL),
137-139
serum biomarker, 3, 5-13
SMRP marker for, 15-19
surgical issues in, 136-137
survival rates, 3—4
susceptibility polymorphisms
clinical utility, 55-56
epidemiology, 56
genetic and epidemiological risk
factors, 58
genetic susceptibility, 56-57
theory of incessant ovulation and
development of, 171
treatment of, 153, 155, 162
VLCs in, 275-278
women at risk, 79-81

Ovarian cancer activating factors (OCAFs),
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Ovarian Cancer Association Consortium

(OCAC) studies, 53-55, 58-63
BRCA genes polymorphisms, 58-59
candidate gene approaches, 62—63
DNA repair genes polymorphisms, 61
inflammation pathways genes

polymorphisms, 61-62
progesterone receptor genes

polymorphisms, 59-61
whole genome studies, 63

Ovarian Cancer Specialized Program of

Research Excellence (SPORE)
sites, 10
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Ovarian carcinogenesis. See also Ovarian
cancer
animal models, 82-83
cell of origin, 83-84
ovulation correlations, 119-122
epidemiological evidence, 120-121
sporadic ovarian cancer, 81-82
women at risk, 79-81
Ovarian carcinoma. See Ovarian cancer
Ovarian epithelial tumors, 92
cell of origin of, 95
Ovarian oncogenesis, BRCA1-induced, 89-96
Ovarian specimens, MDS of, 25
Ovarian surface epithelial cells, 171
Ovarian surface epithelium (OSE), 79, 81, 83,
85, 99-100, 102, 105, 107, 109,
121-123
brushings, 24-25, 29-30, 37
Ovarian tumorigenesis, and BRCA1 gene, 91
Oviduct epithelium, 79, 85
Ovulation-cancer correlations, epidemiological
evidence for, 120-121
Ovulatory genotoxicity, carcinogenic
implication of, 121-122

P
Paclitaxel, 42, 132, 134-136, 141. See also
Nanotax®
formulation of nanoparticulate, 174-175
side effects of, 170
for treatment of cancers, 169—170
Panitumumab, 282
Papillary serous tumors, 23
Papillary thyroid carcinoma (PTC), 74
Paracrine-autocrine modulators, 123
Parametric empirical bayes (PEB) decision
rule, 6
Pasha, 70
pl6 (CDKN2A) gene, 37,43
PCNA gene, 27
PDC4 gene, 26
Peripheral blood mononuclear cells (PBMC),
240
Peripheral blood stem cell transplantation
(PBSCT), 154
Peritoneal cancer, 53
Permeability glycoprotein (PGP), 157
pl4 gene, 37,43
p73 gene, 38
p53 gene mutation, 58, 160
frequency in histological subtypes of EOC,
101
and ovarian cancer, 100-102, 109
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Pharmacokinetic treatment, 153

4-Phenylbutyric acid, 72

Phosphatidylinositol-dependent kinase 1
(PDK1), 189

Phosphatidylinositol 3-kinase (PI3K)
pathway, 189

Phosphoinositide-3-kinase (PTEN/PI3K)
pathway, 160

PIG gene, 61

Pituitary adenomas, 72

Placental growth factor (PIGF), 274

Platinum-refractory ovarian cancer, 156, 158

Platinum-resistant disease, 156

pS3lior mice, 105
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PML gene, 27

PMS?2 gene, 61

Poly(ADP-ribose) polymerase (PARP), 159

Poly(B—amino ester)s, 212-213. See also
Epithelial ovarian cancers (EOCs)

Polycystic ovarian syndrome, 124

Poly(ethylene imine) (PEI), 212

Poor tumor immunity mediators, 261

PPMIA gene, 27

Precipitation with compressed antisolvents
(PCA), 170, 174

Pregnancy and ovarian cancer, 56, 58, 90-91,
100, 119

Primary transcripts (pri-miRNA), 69-70

Progesterone, 60, 91, 121-122

Progesterone receptor, 58

genes polymorphisms, 59-61

Progestins, 120, 123

PROGINS, 59

Prognostic markers, 4041

Progression-free survival (PES), 147

Prohibitin, 58

Prolactin serum biomarker, 6

Promyelocytic leukemia zinc finger
(PLZF), 283

Prophylactic oophorectomy, 92

Prophylactic salpingoophorectomy, 53

Prostate cancer, 70, 122

Prostate, Lung, Colon, and Ovary (PLCO)
trials, 9—13

Proteosomes, 141

PSC-833, 157

PTGSI1, 62

PTTG gene, 27

R
RASSFIA tumor suppressor gene, 37-38, 43
RbloxprioxP mice, 105
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Real-time RT-PCR-based TagMan miRNA
assay, 70
Regulatory T cells (Tregs), 255, 256, 258
Relative light units (RLU), 216
Retinoblastoma 1 (RB) gene mutation
loss of heterozygosity of, 103
and ovarian cancer, 102—-103, 109
Reverse phase protein lysate array (RPPA), 186
utility of, 188-189
RFC4 gene, 27
Ribonucleotide reductase (RR), 221
Risk of ovarian cancer algorithm (ROCA)
method, 6
RNA-induced silencing complex (RISC), 70
miRNA microarray, 70
RNA-primed array-based Klenow enzyme
(RAKE) assay, 70
RNase III endonuclease Dicer, 70
miRNA serial analysis of gene expression
(miRAGE), 70

S
Satellite 2 (Sat2) DNA hypermethylation,
39-40
SCID. See Severe combined immune
deficiency
Secondary Miillerian system, 79
Second-look laparotomy (SLL), in clinical
trials in ovarian cancer, 137-139
Serous adenocarcinomas, 102
Serous carcinomas, p53 gene mutation
frequency in, 101-102
Serous EOC, 99
Serous ovarian adenocarcinomas, 79
Serous tubal carcinomas, 82-84
exfoliation theory, 84-85
metaplasia theory, 83
Sertoli cells, 92
Serum, SMRP marker for diagnostic assays of,
15-17
Severe combined immune deficiency, 222
SFRP1 gene, 37
Silenced genes, 36-38
Single nucleotides (SNPs), 57, 59, 62-63
SKBr3 (human breast cancer cell line), 71
SKOV3 cells, 285, 287-289
SOCS1 gene, 38
SOCS2 gene, 38
Soluble mesothelin-related proteins (SMRP)
marker
for diagnostic assays of serum and urine,
15-19
for other tumors detection by assaying, 19
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SPINT?2 serum biomarker, 6

Sporadic ovarian cancer, 37, 81-82.
See also Ovarian cancer

Squamous cell EOC, 99

Stem cell division, 69

STK6 gene, 27

STMNIgene, 27

Stroma-derived factor 1 (SDF-1), 274

Stromal fibroblasts, 156

Suicide gene therapy, 210-212

Sulindac, 106

Supercritical fluid (SCF), 174

Superoxide dismutase, 121

Surgical issues, in clinical trials in ovarian
cancer, 136137

SV40 large T antigen (SV40 Tag) technique,
24, 105

Syngeneic mouse model, of ovarian cancer,
169, 171

Synuclein-y (SNCG) gene, 39

Systemic drug delivery, 156

T

TAA-specific immunity, 255, 261, 263

Taxane-refractory ovarian cancer, 161

Taxane-resistant cells, 157

Taxol®, 175

T cell apoptosis, 267

T cell receptor zeta chain (TCR-§), 224

TCF2 gene, 38

Telomerase immortalization technique
(TIOSE), 24-25

Temozolomide, 244

Therapeutic responsiveness markers, 4142

Thrombocytopenia, carboplatin-associated,
155

T24 (human bladder cancer cell line), 71

Thymidine kinase gene (7K), 221

Thyroid cancer, 70

TMS]1 (target of methylation-induced
silencing) gene, 38

TNF-a, 62

a—Tocopherol, 122

D-a~Tocopherol, 122

TP53 gene, 121

TRAIL receptor DR4, 37

Transforming growth factor beta
(TGF-B), 224

Transitional cell EOC, 99

Transvaginal sonography (TVS), 5-6, 10, 12

Trastuzumab therapy, 236, 245

Treatment of cancer, new therapeutic
modalities, 246
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Tregs cells
depletion, 267
in malignancy, 244
Trichostatin A (TSA), 202
Tumor-associated antigens (TAA), 235, 255,
261
Tumor-associated macrophages (TAMs), 263
Tumor cell
alterations of drug-specific targets,
160-161
cytotoxicity of, 159
heterogeneous, 156
Tumorigenesis, histone deacetylation in,
203-204
Tumor infiltrating lymphocytes (TIL), 240
Tumors
angiogenesis and vasculogenesis, 273-274
biopsy, 186
genes expression profiling
grades, 26-27
histotypes, 27-31
low malignant potential, 23, 26-27
nodules, 146
suppressor gene, 89-90
vaccination for, 226-228
Tumor-specific cytotoxicity, 256
Tyrosine kinase inhibitors, 282

U
UBE2D] gene, 27
UGTIAI gene, 28
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UL39 gene, 221
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